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 Preface     

  This book presents the recent developments and future prospects of fl uorine in medicinal 
chemistry and chemical biology. The extraordinary potential of fl uorine - containing bio-
logically relevant molecules in peptide/protein chemistry, medicinal chemistry, chemical 
biology, pharmacology, and drug discovery as well as diagnostic and therapeutic applica-
tions, was recognized by researchers who are not in the traditional fl uorine chemistry fi eld, 
and thus the new wave of fl uorine chemistry has been rapidly expanding its biomedical 
frontiers. In 1996, I edited a book,  Biomedical Frontiers of Fluorine Chemistry  (American 
Chemical Society ’ s Symposium Series), together with Dr James R. McCarthy and Dr John 
T. Welch, covering the emerging new aspects of fl uorine chemistry at the biomedical 
interface. Since then, remarkable progress has been made. For example, in 2006, the best -
 selling and second - best - selling drugs in the world were Lipitor ®  (atorvastatin calcium) 
(by Pfi zer/Astellas;  $ 14.4 billion/year) and Advair ® (USA)/seretide ® (EU) (a mixture of 
fl uticasone propionate and salmeterol) (by GlaxoSmithKline;  $ 6.1 billion/year), which 
contain one and three fl uorine atoms, respectively. Also, risperidone with a fl uorine atom, 
for schizophrenia (by Janssen;  $ 4.2 billion/year) and lansoprazole, a proton pump inhibi-
tor, with a CF 3  moiety (by Takeda/Abbott;  $ 3.4 billion/year) were ranked 10th and 17th, 
respectively. As such, it is not an exaggeration to say that, at present, every new drug dis-
covery and development, without exception, explores fl uorine - containing drug candidates. 
Also, applications of  18 F PET (positron emission tomography), a powerful  in vivo  imaging 
technology in oncology, neurology, psychiatry, cardiology, and other medical specialties 
have already become an important part of medical care. In addition,  18 F PET has emerged 
as an important tool in drug development, especially for accurate measurements of phar-
macokinetics and pharmacodynamics. 

 Accordingly, I believe that it is the right time for us to review the recent advances 
and envision the new and exciting developments in the future. This book has a focus on 
the unique and signifi cant roles that fl uorine plays in medicinal chemistry and chemical 
biology, but also covers new and effi cient synthetic methods for medicinal chemistry,  18 F 
PET, and expanding applications of  19 F NMR spectroscopy to biomedical research. 

 The book starts with an introductory chapter, summarizing and discussing the unique 
properties of fl uorine and their relevance to medicinal chemistry and chemical biology. 
Then, several hot topics in medicinal chemistry as well as discovery and development of 
fl uorine - containing drugs and drug candidates are described, including fl uorinated pros-
tanoids (for glaucoma), fl uorinated conformationally restricted glutamate analogues (for 
CNS disorder), fl uorinated MMP inhibitors (e.g. for cancer metastasis intervention), 
fl uoro - taxoids (for cancer), trifl uoro - artemisinin (for malaria), and fl uorinated nucleosides 
(for viral infections). 



x Preface

 Development of effi cient synthetic methods is crucial for medicinal chemistry and 
optimization of fl uorine - containing drug candidates. Thus, the subsequent section presents 
the recent advances in synthetic methodology for  gem  - difl uoromethylene sugar nucleo-
sides, trifl uoroalanine oligopeptides, fl uoroalkene dipeptide isosteres, fl uorinated hetero-
cyclic systems, and oligo -  gem  - difl uorocyclopropanes. In addition, an emerging  “ fl uorous 
technology ”  for the effi cient synthesis and purifi cation of biomolecules is discussed. 

 As mentioned above, there has been a remarkable advance in the biomedical applica-
tions of  18 F PET imaging. Thus, the next chapter deals with  18 F radiopharmaceuticals. On 
the other hand, fl uorinated amino acids and peptides have been playing a key role in 
structural biology, chemical biology, and biological chemistry. Therefore, the subsequent 
section presents the recent advances in this growing fi eld of research, including the struc-
tural and chemical biology of fl uorinated amino acids and peptides, protein design using 
fl uorinated amino acids, and fl uorinated methionines as probes in biological chemistry. 

  19 F NMR spectroscopy, both in solution and in the solid state, has been expanding 
its utility in chemical biology as well as diagnostic tools. Accordingly, the last two chapters 
discuss the structure analysis of membrane - active peptides using fl uorinated amino acids 
by solid - state  19 F NMR and the applications of  in vivo   19 F - magnetic resonance spectros-
copy to metabolism, biodistribution and neuropharmacology studies. 

 Although several recent reviews and books claim that a large number of fl uorine -
 containing drugs have been approved by the Federal Drug and Food Administration (FDA) 
of the United States, there has not been an actual list of those drugs with structures. 
Accordingly, I organized a team to go through the FDA records to collect all FDA -
 approved fl uorine - containing drugs, to date, for humans and for animals, and they have 
produced a very useful list of those drugs, which is compiled in the Appendix. 

 I believe that this book is extremely informative for researchers who want to take 
advantage of the use of fl uorine in biomedical research such as rational drug design, theory 
and synthesis, the use of fl uorine labels for chemical and structural biology, metabolism 
and biodistribution studies, protein engineering, clinical diagnosis, etc. This book will 
serve as an excellent reference book for graduate students as well as scientists at all levels 
in both academic and industrial laboratories. 

 I am grateful to Professor Takeo Taguchi, Tokyo University of Pharmacy and Life 
Sciences for his valuable advice for the selection of world - leading contributors with 
cutting - edge research projects, especially from Asia. I also acknowledge the very helpful 
editorial assistance of Dr Qing Huang, Institute of Chemical Biology  &  Drug Discovery, 
State University of New York at Stony Brook. I also would like to thank the Wiley – Black-
well editorial team, Richard Davies, Rebecca Stubbs, Sarah Hall, and Sarahjayne Sierra, 
for their productive cooperation. 

   Iwao Ojima 
 Editor 
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        Abbreviations 

 acac   acetylacetonate 
 AIBN   azobisbutyronitrile 
 Bn   benzyl 
 Boc t - Boc tBoc    tert  - butoxycarbonyl 
 BSA    O,N  - bistrimethylsilyl acetamide 
 Bz   benzoyl 
 Cbz   carbobenzyloxy 
 Cp   cyclopentadienyl 
 CYP   cytochrome C P - 450 
 DAST   diethylaminosulfur trifl uoride 
 DBU   1,5 - diazabicyclo[4.3.0]non - 5 - ene 
 DCC    N,N ¢   - dicyclohexylcarbodiimide 
 DCM   dichloromethane 
 DDQ   2,3 - dichloro - 5,6 - dicyanobenzoquinone 
 DEAD   diethyl azodicarboxylate 
 DFM   difl uoromethionine 
 DHQ   decahydroquinoline 
 DIBAL, DIBAL - H   diisobutylaluminum hydride 
 DIC    N,N ¢   - diisopropylcarbodiimide 
 DIPE   diisopropylethylamine 
 DMAP   4 - ( N , N  - dimethylamino)pyridine 
 DMF    N,N  - dimethylformamide 
 DMPC   1,2 - dimyristoyl -  sn  - glycero - 3 - phosphocholine 
 DMSO   dimethylsulfoxide 
 dppe   1,2 - bis(diphenylphosphino)ethane 
 DPPP, dppp   1,3 - bis(diphenylphosphino)propane 
 EDC   1 - (3 - dimethylaminopropyl) - 3 - ethylcarbodiimide hydrochloride 
 Fmoc   9 - fl uorenylmethoxycarbonyl 
 HATU    O  - (7 - azabenzotriazol - 1 - yl) -  N , N , N  ′ , N  ′  - tetramethyluronium 

hexafl uorophosphate 
 HMPA, HMPT   hexamethylphosphoramide 
 HOAt   1 - hydroxy - 7 - azabenzotriazole 
 HOBt   1 - hydroxybenzotriazole 
 HYTRA   ( R ) - (+) - 2 - hydroxy - 1,2,2 - triphenylethyl acetate 
 IBX    o  - iodoxybenzoic acid 
 Im   Imidazolyl 



xvi Abbreviations

 KHMDS   potassium hexamethyldisilazide 
 LDA   lithium diisopropylamide 
 LHMDS   lithium hexamethyldisilazide 
 LTMP   lithium 2,2,6,6 - tetramethylpiperidine 
 MAP   methionine aminopeptidase 
 mCPBA,  m  - CPBA    meta  - chloroperbenzoic acid 
 MEM   2 - methoxyethoxymethyl 
 MFM   monofl uoromethionine 
 Ms   mesyl, methanesulfonyl 
 NBS    N  - bromosuccinimide 
 NIS    N  - iodosuccinimide  
 NMM    N  - methylmorpholine 
 NMNO    N  - methylmorpholine -  N  - oxide 
 NMP    N  - methylpyrrolidone 
 PDC   pyridinium dichromate 
 PG   protecting group 
 Phth   phtharyl 
 PMB    para  - methoxybenzyl, 4 - methoxybenzyl 
 PMP    para -  methoxyphenyl, 4 - methoxyphenyl 
 pPTS, PPTS   pyridinium p - toluenesulfonate 
 Pv   pivaloyl 
 Py   pyridine 
 PyBroP   bromotripyrrolidinophosphonium hexafl uorophosphate 
 SEM   2 - (trimethylsilyl)ethoxymethyl 
 TASF   tris(dimethylamino)sulfonium difl uorotrimethylsilicate 
 TBAF   tributyl ammonium fl uoride 
 TBAI   tributyl ammonium iodide 
 TBDMS, TBS    tert  - butyldimethylsilyl 
 TBDPS    tert  - butyldiphenylsilyl 
 TDS   thexyldiemethylsilyl 
 TEA   triethylamine 
 TEMPO   2,2,6,6 - tetramethylpiperidine - 1 - oxyl 
 TES   triethylsilyl 
 Tf   trifl ate, trifl uoromethanesulfonyl 
 TFAA   trifl uoroacetic anhydride 
 TFA   trifl uoroacetic acid 
 TFM   trifl uoromethionine 
 THF   tetrahydrofuran 
 THP   tetrahydropyran 
 TIPS   triisopropylsilyl 
 TMAI   tetramethylammonium iodide 
 TMS   trimethylsilyl  
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Plate 1.17 Electrostatic potential of the model compounds 30a to 30d (color alteration from 
red to blue describes the shift of the electronically rich to defi cient circumstance).
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(a)

(b)

Plate 1.28 Experimental (solid lines) and simulated (dashed lines) spin-echo spectra of 6F-
Trp41-M2TMD at 6.5 kHz MAS at pH 5.3 (a) and pH 8.0 (b). Side-chain conformations 
(bottom view) of Trp41 (blue) and His37 (green) in the TM channel structure of the homo-
tetrameric M2 protein are shown to the right side of the spectra. At pH 8.0, the structural 
parameters implicate an inactivated state, while at pH 5.3 the tryptophan conformation rep-
resents the activated state.
(Source: Reprinted with permission from Witter, R., Nozirov, F., Sternberg, U., Cross, T. A., 
Ulrich, A. S., and Fu, R. Solid-state 19F NMR spectroscopy reveals that Trp41 participates in 
the gating mechanism of the M2 proton channel of infl uenza A virus, J. Am. Chem. Soc. 
(2008) 130, 918–924. Copyright (2008) American Chemical Society.)
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Plate 1.32 [18F]N-methylspiroperidol images in a normal control and in a cocaine abuser 
tested 1 month and 4 months after last cocaine use. The images correspond to the four 
sequential planes where the basal ganglia are located. The color scale has been normalized 
to the injected dose.
(Source: Reprinted with permission from Volkow, N. D., Fowler, J. S., Wang, G. J., Hitzemann, 
R., Logan, J., Schlyer, D. J., Dewey, S. L., and Wolf, A. P. Decreased dopamine D2 receptor 
availability is associated with reduced frontal metabolism in cocaine abusers, Synapse (1993) 
14, 169-177. Reprinted with permission of Wiley-Liss Inc., a subsidiary of John Wiley & Sons, 
Inc. Copyright (1993) Wiley Interscience.)

Plate 4.3 (R)-19a in the MMP-9 active site (purple = Zn(II), cyan = F, red = O, blue = N, 
yellow = S).
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Plate 5.5 Computer-generated binding structures of fl uoro-taxoids to β-tubulin: (a) SB-T-
1284 (3′-CF2H); (b) SB-T-1282 (3′-CF3); (c) SB-T-12853 (3′-CF2=CH); (d) Overlay of SB-T-
12853 and SB-T-1213 (C3′-isobutenyl).

Plate 12.11 Working hypothesis for the origin of difference in DNA-cleaving activities 
between (S,S)-18 and (R,R)-18. The (R,R)-isomer may bind to DNA more tightly than the 
(S,S)-isomer via intercalation or minor-groove binding.



Plate 15.1 Schematic representation of a modelled antiparallel coiled coil homodimer in 
both a side view (top) and a view along the superhelical axis (bottom). Hydrophobic side-
chains (Leu) are represented in yellow, complementary salt bridges in red (Glu), and blue 
(Lys or Arg).

Plate 15.7 The rate of rep-
lication depends on the 
association–dissociation 
equilibrium. The data for 
time-dependent turnover 
raise the question whether 
fl uorous interactions inter-
fere with the association of 
the electrophilic fragment 
with the template thereby 
inhibiting catalysis [9]. 



Plate 16.2 Fluorous small-molecule microarrays. Small-molecule histone deacetylase 
(HDAC) binders are noncovalently immobilized onto a glass slide coated with fl uorocarbon 
compounds. An antibody labeled with a fl uorescent dye recognizes HDAC proteins.
(Source: Vegas, A. J., Brander, J. E., Tang, W. et al., Fluorous-based small-molecule microarrays 
for the discovery of histone deacetylase inhibitors, Angew. Chem. Int. Ed. (2007), 46, 7960–
7964. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)



Plate 16.3 The structure of apo-IFABP (PDB code: 1IFB). Eight Phe residues (shown in stick 
representation), the D–E and I–J regions, and location of G121 are indicated by labels. The 
structure was generated using MacPyMOL (DeLano Scientifi c LLC, Palo Alto, CA, U.S.A.).



Plate 16.4 Illustration of the S-state and T-state of the antimicrobial peptide PGLa in a DMPC 
membrane. At low concentrations, PGLa adopts an S-state. At high concentrations, PGLa 
assumes a tilted T-state. PGLa forms a dimer in the T-state (shown in purple).
(Source: Glaser, R. W., Sachse, C., Durr, U. H. N. et al., Concentration-dependent realignment 
of the antimicrobial peptide PGLa in lipid membranes observed by solid-state F-19-NMR, 
Biophys. J. (2005) 88, 3392–3397. Reproduced with permission from the Biophysical 
Society.)



Plate 16.5 The dimer structure of PG-1 (PDB code: 1ZY6) in POPC bilayers as determined 
by solid-state NMR. Isotopically labeled amino acids are shown in stick format; Phe12 was 
labeled with 19F, Cys12 with 15N and13C, and Val16 with 13C. Inter- and intramolecular dis-
tances were used to determine the relative position of the two monomers.



Plate 16.7 Fluorinated prolines in collagen. (a) The trans/cis isomerization of amide bonds 
and main-chain angles of proline residues. The n → π* interaction, depicted by a dashed line, 
helps stabilize backbone dihedral angles. (b) Electron-withdrawing groups at Cγ infl uence the 
ring conformation of proline residues through the “gauche effect.” The Cγ-endo pucker is 
favored when R1 = H and R2 = F, OH, or H. The Cγ-exo pucker is favored when R1 = OH or 
F, and R2 = H. Preorganization of the pyrrolidine ring contributes to the thermal stability of 
collagen and mimics. Flp: R1 = H and R2 = F; fl p: R1 = F and R2 = H; Hyp: R1 = H and 
R2 = OH; hyp: R1 = OH and R2 = H. (c) Model structure of collagen (PDB code: 1CAG). 
Three hydroxyprolines at Yaa positions from each peptide chain are shown in ball-and-stick 
representation. Carbon = gray; Nitrogen = blue; Oxygen = red.



Plate 16.9 (a) Sequences of transmembrane peptides TH1, TF1, TH2, and TF2. Asn (N) 
residues are assumed form interhelical hydrogen bonds in the core. L (green): hexafl uoroleu-
cine. (b) Structures of β-alanine, NBD (donor fl uorophore), and TAMRA (acceptor 
fl uorophore).

Plate 16.12 Front and back views of the CAT trimer. The three stabilizing mutations in L2-A1 
are S87N, M142I in orange, and K46M in pink. Trifl uorolecuines/leucines are colored blue 
and chloramphenicol red.
(Source: Montclare, J. K., Tirrell, D. A., Evolving proteins of novel composition. Angew. Chem. 
Int. Ed. (2006) 45, 4518–4521. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.)

Plate 17.3 Cartoon stereo diagram of the x-ray structure of wild-type bacteriophage lambda 
lysozyme as solved for the (GlcNAc)6 complex and showing the position of the three methio-
nine residues in the enzyme (PDB 1d9u) [32].



Plate 17.4 Close-up of the detailed interactions between Met14 and adjacent residues and 
the location of Met107 (PDB 1d9u) [32]. 

Plate 17.7 Crystal structure of the methionine–PtCl2 complex (coordinates from Wilson 
et al. [37]).



Plate 17.8 Ribbon diagram of the P. aeruginosa alkaline protease showing the active site 
Zn2+ and the invariant methionine residue (PDB 1kap. [38]).



Plate 17.9 Close-up of the active-site region of P. aeruginosa alkaline protease showing Zn2+ 
and protein ligands and the position of the thiomethyl group in close proximity to these side-
chains (PDB 1kap. [38]).

Plate 17.10 (a) Stereo view of the active-site structure of P. aeruginosa azurin (PDB 4azu) 
[46]. (b) Tube diagram of the P. aeruginosa azurin showing the section of protein that was 
contributed by intein ligation. 



Plate 17.11 X-ray structures of (a) DFM (PDB 1pfv) [48] and (b) TFM (PDB 1pfw) [48] 
complexes with Met-tRNA synthetase from E. coli. 

Plate 17.12 Stereo view of the active-site interactions of TFM with E. coli methionine ami-
nopeptidase (PDB 1c22) [49].
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Plate 19.7 Distribution of capecitabine and its metabolite FBAL in the liver of a patient 
treated with oral capecitabine at 3 T. (a) Spatially localized 19F MR CSI spectra overlaid on 
the axial proton image of the liver acquired using the same surface coil. (b) and (c) Color 
depiction of distribution of FBAL in the axial plane and capecitabine in the coronal plane, 
respectively. (d) and (e) Distribution of FBAL in the coronal and axial planes, respectively, 
depicted by CSI spectra. (f) Distribution of water signal in the axial plane.
(Source: Klomp D, van Laarhoven H, Scheenen T, Kamm Y, Heerschap A., Quantitative 19F 
MR spectroscopy at 3 T to detect heterogeneous capecitabine metabolism in human liver, 
NMR in Biomedicine (2007) 20, 485–492. Copyright (2007) John Wiley & Sons. Reprinted 
with permission.)
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 Unique Properties of Fluorine and Their 
Relevance to Medicinal Chemistry and 

Chemical Biology  

  Takashi   Yamazaki  ,   Takeo   Taguchi  , and   Iwao   Ojima        

  1.1   Fluorine - Substituent Effects on the Chemical, Physical and 
Pharmacological Properties of Biologically Active Compounds 

 The natural abundance of fl uorine as fl uorite, fl uoroapatite, and cryolite is considered to 
be at the same level as that of nitrogen on the basis of the Clarke number of 0.03. However, 
only 12 organic compounds possessing this special atom have been found in nature to date 
(see Figure  1.1 )  [1] . Moreover, this number goes down to just fi ve different types of com-
pounds when taking into account that eight  ω  - fl uorinated fatty acids are from the same 
plant  [1] . [ Note:  Although it was claimed that naturally occurring fl uoroacetone was 
trapped as its 2,4 - dinitrohydrazone, it is very likely that this compound was fl uoroacetal-
dehyde derived from fl uoroacetic acid  [1] . Thus, fl uoroacetone is not included here.]   

 In spite of such scarcity, enormous numbers of synthetic fl uorine - containing com-
pounds have been widely used in a variety of fi elds because the incorporation of fl uorine 
atom(s) or fl uorinated group(s) often furnishes molecules with quite unique properties that 
cannot be attained using any other element. Two of the most notable examples in the fi eld 
of medicinal chemistry are 9 α  - fl uorohydrocortisone (an anti - infl ammatory drug)  [2]  and 
5 - fl uorouracil (an anticancer drug)  [3] , discovered and developed in 1950s, in which the 
introduction of just a single fl uorine atom to the corresponding natural products brought 
about remarkable pharmacological properties. Since then, more than half a century has 
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4 Fluorine in Medicinal Chemistry and Chemical Biology

passed, and the incorporation of fl uorine into pharmaceutical and veterinary drugs to 
enhance their pharmacological properties has become almost standard practice. In 2006, 
the best -  and the second - best - selling drugs in the world were Lipitor ®  (atorvastatin 
calcium) by Pfi zer/Astellas ( $ 14.4 billion/year) and Advair ® (U.S.A.)/Seretide ® (E.U.) (a 
mixture of fl uticasone propionate and salmeterol; only the former contains fl uorine) by 
GlaxoSmithKline ( $ 6.1 billion/year) which contain one and three fl uorine atoms, respec-
tively (see Figure  1.2 )  [4] . These fl uorine - containing drugs are followed by risperidone 
(rank 10th, with one fl uorine and  $ 4.2 billion/year) for schizophrenia by Janssen, and 
lansoprazole (rank 17th, with a CF 3  moiety and  $ 3.4 billion/year), a proton pump inhibitor, 
by Takeda/Abbott  [4] .   

 These huge successes of fl uorine - containing drugs continue to stimulate research on 
fl uorine in medicinal chemistry for drug discovery. It would not be an exaggeration to say 
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 Figure 1.1     Naturally occurring fl uorine - containing compounds. 
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 Figure 1.2     Two fl uorine - containing drugs. 
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that currently every new drug discovery and development program without exception 
explores fl uorine - containing drug candidates. Accordingly, a wide variety of fl uorine - 
containing compounds based either on known natural products or on new skeletons have 
been synthesized and subjected to biological evaluation. In most cases, 1 – 3 fl uorines are 
incorporated in place of hydroxyl groups or hydrogen atoms. Representative examples 
include efavirenz (CF 3 ) (HIV antiviral)  [5] , fl uorinated shikimic acids (CHF or CF 2 ) 
(antibacterial)  [6] , and epothilone B analogue (CF 3 ) (anticancer)  [7]  (see Figure  1.3 ). 
In addition to these fl uorine - containing drugs or drug candidates, a smaller number of 
fl uorine - containing drugs include 6 – 9 fl uorines in a molecule. For example, torcetrapib 
(a potent inhibitor of cholesterol ester transfer protein) possesses three CF 3  groups (Pfi zer) 
 [8] , and sitagliptin (an antidiabetic for type 2 diabetes) has three fl uorine atoms and one 
CF 3  group (Merck)  [9]  (see Figure  1.3 ).   

 In order to synthesize a variety of fl uorine - containing biologically active compounds, 
development of effi cient synthetic methods applicable to fl uorine - containing organic com-
pounds is necessary  [10 – 19] . There is a strong demand for expansion of the availability 
of versatile fl uorine - containing synthetic building blocks and intermediates to promote 
target - oriented synthesis as well as diversity - oriented synthesis. The limited availability 
of fl uorochemicals for bioorganic and medicinal chemistry as well as pharmaceutical and 
agrochemical applications is mainly due to the exceptional properties and hazardous nature 
of fl uorine and fl uorochemical sources. Also, in many cases, synthetic methods developed 
for ordinary organic molecules do not work well for fl uorochemicals because of their 
unique reactivity  [10 – 19] . 

 In this chapter, characteristic properties associated with the incorporation of fl uorines 
or fl uorine - containing groups to organic molecules are described in detail based on the 
most updated literature sources  [20 – 32] . 
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6 Fluorine in Medicinal Chemistry and Chemical Biology

  1.1.1   Mimic Effect and Block Effect 

 Table  1.1  summarizes representative physical properties of fl uorine in comparison with 
other selected elements. As Table  1.1  clearly shows, the van der Waals (vdW) radius of 
fl uorine is 1.47    Å   [33]  which is only 20% larger than that of hydrogen and much smaller 
than those of other halogens (Cl and Br are 46% and 54% larger than hydrogen, respec-
tively). The C – F bond length in CH 3 F is 1.382    Å , which is 0.295    Å  longer than the meth-
ane ’ s C – H bond, but 0.403 and 0.551    Å  shorter than the C – Cl and C – Br bonds, respectively. 
Because of this similarity in size to hydrogen, it has been shown that microorganisms or 
enzymes often do not recognize the difference between a natural substrate and its analogue 
wherein a C – H bond of the substrate is replaced with a C – F bond. This observation is the 
basis of what is regarded as the  “ mimic effect ”  of fl uorine for hydrogen.   

 One of the best - known examples is the behavior of fl uoroacetic acid (CH 2 FCO 2 H) in 
the TCA (citrate acid or Krebs) cycle (see Scheme  1.1 )  [36] . As Scheme  1.1  illustrates, 
fl uoroacetic acid is converted to fl uoroacetyl - CoA ( 1b ), following the same enzymatic 
transformation to the original substrate, acetic acid. Then, fl uoroacetic acid is converted 
to (2 R ,3 R ) - fl uorocitric acid ( 2b ) by citrate synthase since this enzyme does not distinguish 
 1b  from acetyl - CoA ( 1a ). In the next step,  2b  is dehydrated by aconitase to give ( R ) - 
fl uoro -  cis  - aconitic acid ( 3b ) in the same manner as that for the natural substrate  2a  to 
afford  cis  - aconitic acid ( 3a ). In the normal TCA cycle,  3a  is hydroxylated to give isocitric 
acid ( 4 ), while  3b  undergoes hydroxylation - defl uorination in an S N 2 ′  manner to give 
( R ) - hydroxy -  trans  - aconitic acid ( 5 ). It has been shown that the high affi nity of  5b  for 
aconitase shuts down the TCA cycle, which makes  5b  as well as its precursors, fl uoroacetic 
acid and  2b,  signifi cantly toxic  [36] .   

 A number of protein structures determined by X - ray crystallography have been 
reported to date for the complexes of various enzymes with fl uorine - containing substrate 
mimics or inhibitors bearing multiple fl uorines. This strongly suggests that not only single 
fl uorine displacement but also various fl uorine - substitution patterns in substrate analogues 

 Table 1.1     Representative physical data of selected elements  [33 – 35]  

      Element (X)  

  H    C    O     F     Cl    Br  

  Electronegativity   a       2.20    2.55    3.44     3.98     3.16    2.96  
  van der Waals radius   b    ( Å )    1.20    1.70    1.52     1.47     1.75    1.85  
  H 3 C – X bond length   a    ( Å )    1.087    1.535   d       1.425   e        1.382     1.785    1.933  
  H 3 C – X dissociation 

energy   c    (kcal/mol)  
  103.1    88.0   d       90.2   e        108.1     81.1    67.9  

  Ionization potential   a    
(kcal/mol)  

  313.9    259.9    314.3     402.2     299.3    272.7  

  Electron affi nity   a    
(kcal/mol)  

  17.42    29.16    3.73     78.52     83.40    77.63  

     a      Ref.  [34]  .   
    b      Ref.  [33]  .   
    c      Ref.  [35]  .   
    d     X   =   CH 3 .   
    e     X   =   OH.   
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or inhibitors could be adapted to biological systems in a molecular - recognition mode 
similar to that of the natural substrates  [22, 37, 38] . 

 Since the H 3  C  –  F  bond is stronger than that of H 3  C  –  H  by 5.0   kcal/mol (see Table  1.1 ), 
the replacement of a specifi c C – H bond with a C – F bond can effectively block metabolic 
processes via hydroxylation of C – H bonds, predominantly by the cytochrome P - 450 
family of enzymes. This function is referred to as the  “ block effect, ”  and the strategic 
incorporation of fl uorine(s) into metabolism site(s) has been widely used to prevent deac-
tivation of biologically active substances  in vivo . For example, it was found that the 
hydroxylation of the methylene moiety at the 24 - position in the side - chain of vitamin D 3  
( 6a ) was a critical deactivation step prior to excretion  [39] . To block this undesirable 
metabolism, a strategic fl uorine substitution was used; that is, a difl uoromethylene group 
was introduced to the 24 - position of  6b   [40] , which indeed effectively blocked the hydrox-
ylation at this site. The resultant  6c  was then hydroxylated enzymatically at the 1 position 
to give  7b . 24,24 - Difl uoro - 25 - hydroxyvitamin D 3  ( 6c ) was found to be slightly more 
potent than  6b , and 24,24 - difl uoro - 1,25 - dihydroxyvitamin D 3  ( 7b ) exhibited 5 – 10 times 
higher potency than  7a   [41]  (see Scheme  1.2 ). 
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 Scheme 1.1     Conversion of acetyl - CoA and fl uoroacetyl - CoA in the TCA cycle. 
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 In addition to the  “ mimic effect ”  and  “ block effect, ”  introduction of just one fl uorine 
substituent can induce electronic effects on its neighbors by affecting the electron density 
of functional groups such as hydroxyl and amino groups. This electronic effect decreases 
the p K  a  value and Lewis basicity of these functional groups and retards their oxidation. 
For example, fl uticasone propionate (see Figure  1.2 ) and related anti - infl ammatory steroids 
contain fl uorine at the 9 α  position. The role of the 9 α  - fl uorine is to increase the acidity 
of the hydroxyl group at the 11 position, which promotes better binding to the enzyme 
active site and inhibits undesirable oxidation  [42, 43] .    

  1.1.2   Steric Effect of Fluorine and Fluorine - containing Groups 

 As Table  1.1  shows, fl uorine is the second smallest element, with size approximately 20% 
larger than the smallest element, hydrogen. Table  1.2  summarizes four steric parameters 
for various elements and groups: (i) Taft steric parameters  E  s   [44] , (ii) revised Taft steric 
parameters   ′Es   [45] , (iii) Charton steric parameters  υ   [46] , and (iv)  A  values  [47] . The 
steric parameters,  E  s ,   ′Es , and  υ  are determined on the basis of relative acid - catalyzed 
esterifi cation rates, while the  A  values are derived from the Gibbs free energy difference 
calculated from the ratios of axial and equatorial conformers of monosubstituted cyclo-
hexanes by NMR.   

 As Table  1.2  shows, a stepwise substitution of a methyl group with fl uorine gradually 
increases its bulkiness. For the bulkiness of CH 2 F compared to CH 3 ,  E  s ,   ′Es , and  υ  values 
all show about 20% increase in size. For the bulkiness of CHF 2  and CF 3 , however, the  E  s  
values indicate 50% increase for CHF 2  and 90% increase for CF 3  in size as compared 
to CH 3 , while the   ′Es  and  υ  values indicate only 30% and 70% increase in size, 
respectively. 

 In the case of  A  values, it is interesting to note that the fi rst introduction of a fl uorine 
atom into a methyl group leads to higher axial preference than that of a methyl group 
(i.e., CH 2 F is regarded as smaller than CH 3 ), and the second fl uorine substitution (i.e., 
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CHF 2 ) causes a rather small increase in the  A  value. The  A  values of CH 2 F and CHF 2  can 
be explained by taking into account a specifi c conformation of the axial conformers of 
monosubstituted cyclohexanes bearing these two substituents. As Figure  1.4  illustrates, 
the C – H of CH 2 F and CHF 2  substituents occupies the  endo  position and bulkier fl uorine(s) 
take(s)  exo  position(s) to minimize 1,3 - diaxial strain. However, in the case of a spherical 
CF 3  substituent, a C – F inevitably takes the  endo  position, which increases the 1,3 - diaxial 
strain. This would be the reason why the difference in  A  values between CF 3  and CHF 2  is 
considerably larger than that between CHF 2  and CH 2 F. The same trend is observed for 
CH 3 , CH 2 CH 3 , CH(CH 3 ) 2 , and C(CH 3 ) 3  (see Figure  1.4 )  [50] .  A  values for other substitu-
ents have recently been reported: C 2 F 5  (2.67), CF 3 S (1.18), CF 3 O (0.79), and CH 3 O (0.49) 
 [49] .   

 The bulkiness of a CF 3  group has been estimated on the basis of comparison of rota-
tional barriers along the biphenyl axis of 1,1 ′  - disubstituted biphenyls  8a  to  8c   [51]  as well 
as  9a  and  9b   [52] . These data clearly indicate that the bulkiness of a CF 3  group is similar 
to that of a (CH 3 ) 2 CH group (see Figure  1.5 )  [51 – 53] .    

 Table 1.2     Selected steric parameters of various elements and groups  [44, 46 – 49]  

       −  E  s    a         − ′Es    a        υ    b        A    c    (kcal/mol)  

  H    0.00    0.00    0.00    0.00  
  F    0.46    0.55    0.27    0.15  
  CH 3     1.24    1.12    0.52    1.70  
  Cl    0.97    1.14    0.55    0.43  
  CH 3 CH 2     1.31    1.20    0.56    1.75  
  CH 2 F    1.48 (1.19)   d       1.32 (1.18)   d       0.62 (1.19)   d       1.59   e    (0.94)   d     
  Br    1.16    1.34    0.65    0.38  
  CHF 2     1.91 (1.54)   d       1.47 (1.31)   d       0.68 (1.31)   d       1.85   e    (1.09)   d     
  (CH 3 ) 2 CH    1.71    1.60    0.76    2.15  
  CF 3     2.40 (1.94)   d       1.90 (1.70)   d       0.91 (1.75)   d       2.37   f    (1.39)   d     
  (CH 3 ) 2 CHCH 2     2.17    2.05    0.98     –   
  (CH 3 ) 3 C    2.78    2.55    1.24    4.89   e     

     a   Ref.  [44]  .   
    b      Ref.  [46]  .   
    c      Ref.  [47]  .   
    d     The ratio on the basis of the value of a CH 3  groups is shown in parentheses.   
    e      Ref.  [49]  .   
    f      Ref.  [48]  .   
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 Figure 1.4     Correlation of  A  values (kcal/mol) with 1,3 - diaxial strains. 
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  1.1.3   Lipophilicity of Fluorine and Fluorine - containing Groups 

 The absorption and distribution of a drug molecule  in vivo  are controlled by its balance 
of lipophilicity and hydrophilicity as well as ionization. Enhanced lipophilicity together 
with change in amine p K  a  often leads to increase in blood – brain barrier (BBB) permeabil-
ity or binding free energy through favorable partition between the polar aqueous solution 
and the less - polar binding site. It is generally conceived that incorporation of fl uorine or 
fl uorinated groups increases the lipophilicity of organic compounds, especially aromatic 
compounds. Table  1.3  shows selected Hansch  π  X  parameters  [54, 55]  for monosubstituted 
benzenes.   

 As Table  1.3  shows, fl uorobenzene is slightly more lipophilic than benzene, but 
chlorobenzene is much more lipophilic. In a similar manner, CF 3  - Ph is 57% more lipo-
philic than CH 3  - Ph. The comparison of CF 3  - Y - Ph and CH 3  - Y - Ph (Y   =   O, CO, CONH, SO 2 ) 
reveals that CF 3  - Y - Ph is substantially more lipophilic than CH 3  - Y - Ph. In these CF 3  - 
containing compounds, a strongly electron - withdrawing CF 3  group signifi cantly lowers 
the electron density of the adjacent polar functional groups Y, which compromises the 
hydrogen - bonding capability of these functional groups with water molecules, and hence 
decreases hydrophilicity. Along the same lines, CF 3  - benzenes with Lewis basic function-
alities such as amine, alcohol, ether, carbonyl, and amide at the  ortho  or  para  position, 
decreases the hydrogen - bond accepting capability of these functionalities in an aqueous 
phase, which leads to increase in hydrophobicity and thus lipophilicity. 

 In contrast, the introduction of fl uorine into aliphatic compounds results in 
decrease in lipophilicity. For example, pentane (log    P    =   3.11) is more lipophilic than 

H3C

R

8a: R=CH3, 338.2 kcal/mol
8b: R=(CH3)2CH, 388.7 kcal/mol
8c: R=CF3, 384.6 kcal/mol

F3C

R

9a: R=(CH3)2CH, 456.5 kcal/mol
9b: R=CF3, 459.0 kcal/mol

 Figure 1.5     Rotational barriers for  8  and  9 . 

 Table 1.3     Hansch hydrophobicity parameters for monosubstituted benzenes  [54, 55]  

  X in C 6 H 5  - X     π  X    a       X in C 6 H 5  - X     π  X     X in C 6 H 5  - X     π  X   

  F    0.14    OCH 3      − 0.02    CH 3 C(O)NH -      − 1.63  
  Cl    0.71    OCF 3     1.04    CF 3 C(O)NH -     0.55  
  OH     − 0.67    CH 3 C(O) -      − 1.27    CH 3 SO 2  -      − 1.63  
  CH 3     0.56    CF 3 C(O) -     0.08    CF 3 SO 2  -     0.55  
  CF 3     0.88                  

     a      π  X : log    P  X  −  log    P  H  (octanol – water).    
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1 - fl uoropentane (log    P    =   2.33). Likewise, (3 - fl uoropropyl)benzene ( ∆ log    P    =    − 0.7) and 
(3,3,3 - trifl uoropropyl)benzene ( ∆ log    P    =    − 0.4) are considerably less lipophilic than pro-
pylbenzene  [34] . In fact, the Hansch parameters  π  for CF 3  and CH 3  are 0.54 and 0.06, 
respectively, in aliphatic systems  [56] . 

 Table  1.4  shows selected log    P  values of straight - chain alkanols bearing a terminal 
CF 3  groups and comparisons with those of the corresponding nonfl uorinated counterparts 
 [57] . Trifl uoroethanol is more lipophilic than ethanol ( ∆ log    P    =    − 0.68), which can be 
ascribed to the signifi cant decrease in the basicity of the hydroxyl group by the strong 
electron - withdrawing effect of the CF 3  moiety. This strong through - bond  σ  - inductive 
effect of the CF 3  moiety extends up to three methylene inserts but diminishes beyond four. 
When the inductive effect of the CF 3  moiety does not affect the basicity of the hydroxyl 
group, reversal of relative lipophilicity is observed for 4 - CF 3  - butanol ( ∆ log    P    =    − 0.25) and 
5 - CF 3  - pentanol ( ∆ log    P    =    − 0.89) as compared with butanol and pentanol, respectively. In 
the case of amines, a large enhancement of lipophilicity is observed, in general, when 
fl uorine is introduced near to an amino group. This is attributed to the decrease in the 
amine basicity through the  σ  - inductive effect of fl uorine, resulting in increase in the neutral 
amine component as opposed to the ammonium ion in equilibrium  [58] .    

  1.1.4   Inductive Effect of Fluorine and Fluorine - containing Groups 

 Since fl uorine is the most electronegative element, it is natural that groups containing fl uo-
rine have unique inductive effects on the physicochemical properties of the molecules 
bearing them. For example, substantial changes in p K  a  values of carboxylic acids, alcohols, 
or protonated amines are observed upon incorporation of fl uorine into these molecules. 
Thus, when fl uorine(s) and/or fl uorine - containing group(s) are incorporated into bioactive 
compounds, these substituents will exert strong effects on the binding affi nity for the 
receptors or target enzymes, biological activities, and pharmacokinetics. 

 Halogen substitution at the 2 - position of acetic acid decreases the p K  a  values in the 
order Br    >    Cl    >    F, which is qualitatively parallel to electronegativity (see Table  1.5 ). Thus, 
fl uorine exerts the strongest effect ( ∆ p K  a    =    − 2.17 compared to 4.76 for acetic acid). Further 
substitutions with two fl uorines ( ∆ p K  a    =    − 3.43) and three fl uorines ( ∆ p K  a    =    − 4.26) at this 
position increase the acidity.   

 Since a CF 3  group withdraws electrons only in an inductive manner, insertion of a 
methylene group between CF 3  and CO 2 H moieties naturally diminishes its inductive effect. 

 Table 1.4     log     P   values of straight - chain alkanols  [57]  

  Alcohols    X   =   H    X   =   F     ∆ log    P  F     −    log    P  H   

  log    P  H     log    P  F   

  CX 3 CH 2 OH     − 0.32    0.36    0.68  
  CX 3 (CH 2 ) 2 OH    0.34    0.39    0.05  
  CX 3 (CH 2 ) 3 OH    0.88    0.90    0.02  
  CX 3 (CH 2 ) 4 OH    1.40    1.15     − 0.25  
  CX 3 (CH 2 ) 5 OH    2.03    1.14     − 0.89  
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Nevertheless, the p K  a  of 3,3,3 - trifl uoropropanoic acids is 3.06, which is still substantially 
more acidic than propanoic acid (p K  a    =   4.87) ( ∆ p K  a    =    − 1.81). Introduction of CF 3  groups 
to methanol dramatically increases the acidity of the resulting alcohols. Thus, p K  a  values 
of CF 3 CH 2 OH, (CF 3 ) 2 CHOH and (CF 3 ) 3 COH are 12.39, 9.3 and 5.4, respectively. The p K  a  
value of (CF 3 ) 3 COH is only 0.7 larger than that of acetic acid. 

 As discussed above, the introduction of fl uorine(s) to alkyl amines decreases their 
amine basicity, which results in higher bioavailability, in some cases, due to the increase 
in lipophilicity  [60] . For example, the p K  a  values of ethylamines decrease linearly upon 
successive fl uorine introductions: CH 3 CH 2 NH 2  (10.7), FCH 2 CH 2 NH 2  (9.0), F 2 CHCH 2 NH 2  
(7.3), and F 3 CCH 2 NH 2  (5.8)  [58] . Based on experimental data, a practical method has been 
developed for the prediction of p K  a  values of alkyl amines through the  “  σ  - transmission 
effect ”  (i.e., inductive effect) of fl uorine  [58] . The inductive effects of fl uorine and 
fl uorine - containing groups confer favorable properties on some enzyme inhibitors. For 
example, a signifi cant difference in potency was observed between CF 3 SO 2 NH 2  (p K  a    =   5.8; 
 K  i    =   2    ×    10  − 9    M) and CH 3 SO 2 NH 2  (p K  a    =   10.5;  K  i  in 10  − 4    M range) for the inhibition of 
carbonic anhydrase II (a zinc metalloenzyme)  [61, 62] . This can be attributed to the sub-
stantial increase in the acidity of the sulfonamide functionality by the introduction of a 
trifl uoromethyl group, which facilitates deprotonation and better binding to the Zn(II) ion 
in the catalytic domain of the enzyme  [61, 62] . 

 Perfl uorination of benzoic acid and phenol increases their acidity by 2.5 and 4.5 p K  a  
units, respectively (see Table  1.5 ). In these compounds, the  π  - electrons are localized at 
the center of the perfl uorobenzene ring because of strong electronic repulsion between the 
lone pairs of fi ve fl uorines on the ring. When fl uorine is bonded to an sp 2  - hybridized 
carbon, a signifi cant cationic charge distribution is observed at the carbon with fl uorine 
(C 1 ), while a substantial negative charge develops at C 2  (see  10b  and  10c ), as shown in 
Figure  1.6  [ Note:  DFT computation was performed using Gaussian 03 (Revision B.03) by 
one of the authors (T.Y.)]. This remarkable polarization of a carbon – carbon double bond 
is attributed to the strong electronic repulsion between the  π  - electrons of the carbon –
 carbon double bond and the lone pairs of fl uorine.   

 This phenomenon is unique to fl uoroethenes ( 10b  and  10c ) and the corresponding 
dichloroethene ( 10d ) shows much weaker  “ p –  π  repulsion. ”  This can be ascribed to the 
facts that (i) chlorine is a third - row element and its 3p lone pairs do not effectively interact 
with the 2p  z   olefi nic  π  - electrons, and (ii) the C – Cl bond is considerably longer than the 
C – F bond (1.744    Å  for  10d  vs. 1.326    Å  for  10c , see also Table  1.1 ). Another unique struc-
tural feature of  10c  is its unusually small F – C 1  – F bond angle (109.5    ° ), which is 10.5    °  

 Table 1.5     Selected  p   K   a  values of various fl uorinated compounds  [35, 59]  

  Compound    p K  a     Compound    p K  a     Compound    p K  a   

  CH 3 CO 2 H    4.76    CH 3 CH 2 CO 2 H    4.87    (CH 3 ) 2 CHOH    17.1   a     
  CH 2 FCO 2 H    2.59    CF 3 CH 2 CO 2 H    3.06    (CF 3 ) 2 CHOH    9.3   a     
  CH 2 ClCO 2 H    2.87    C 6 H 5 CO 2 H    4.21   a       (CH 3 ) 3 COH    19.0   a     
  CH 2 BrCO 2 H    2.90    C 6 F 5 CO 2 H    1.7   a       (CF 3 ) 3 COH    5.4   a     
  CHF 2 CO 2 H    1.33    CH 3 CH 2 OH    15.93   a       C 6 H 5 OH    9.99  
  CF 3 CO 2 H    0.50    CF 3 CH 2 OH    12.39   a       C 6 F 5 OH    5.5   a     

     a      Ref.  [59]  .   
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smaller than the angle expected for the ideal sp 2  hybridization  [63, 64] . This might suggest 
a substantial contribution of an F (+)  = C(F) –  ( − ) CH 2  resonance structure and an attractive 
electronic interaction between F (+)  and F:  [64] .  

  1.1.5   Gauche Effect 

 The strong electronegativity of fl uorine renders its related molecular orbitals relatively 
lower - lying. For example, a C – F bond can readily accept electrons to its vacant  σ  *  C – F  
orbital from a vicinal electron - donating orbital, while the electron - occupied  σ  C – F  orbital is 
reluctant to donate electrons. Such characteristics often infl uence the three - dimensional 
shape of a molecule in a distinct manner. Figure  1.7  illustrates basic examples.   

 Two conformations,  gauche  and  anti , are possible for 1,2 - difl uoroethane  [14] . Based 
on the fact that fl uorine is about 20% larger and much more electronegative than hydrogen, 
it is quite reasonable to assume that  anti   - 14  should be more stable than  gauche   - 14  from 
both steric and electrostatic points of view. However, this is not the case, and analyses by 
infrared spectroscopy  [65] , Raman spectroscopy  [65] , NMR  [66]  and electron diffraction 
 [67, 68]  have led to the unanimous conclusion that the latter conformation is preferred by 
approximately 1.0   kcal/mol, which was also confi rmed by  ab initio  calculations  [69, 70] . 
This phenomenon, termed the  “  gauche effect , ”  is rationalized by taking into account sta-
bilization through the critical donation of electrons from the neighboring  σ  C – H  orbital to 
the lower - lying vacant  σ  *  C – F  orbital as shown in Figure  1.7 , which is not possible in the 
corresponding  anti  isomer. In the case of vicinal 1,2 - dihaloethanes, this preference is 
observed specifi cally for 1,2 - difl uoroethane ( 14 ), because the increasing steric hindrance 
caused by two other halogens in the  gauche  geometry exceeds the energy gain by the 
orbital interaction using the energetically lowered  σ  *  C – Halogen   [69, 70] . For example, an 
exchange of one fl uorine in 1,2 - difl uoroethane ( 14 ) with chlorine (i.e., 1 - fl uoro - 2 - 
chloroethane) prefers the  anti  conformation on the basis of computational analysis as well 
as experimental results  [71] . 

 2 - Fluoroethanol ( 15 ) also takes the  gauche  conformation predominantly  [72 – 74] . 
Initially this preference was attributed to its possible formation of intramolecular  F ·  ·  · H  – O 
hydrogen bonding in addition to the  gauche  effect  [72 – 74] . However, it was later found 
that 1 - fl uoro - 2 - methoxyethane, which could not form a hydrogen bond, also took the 
 gauche  conformation as its predominant structure  [75, 76] . This fi nding clearly eliminated 
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14 Fluorine in Medicinal Chemistry and Chemical Biology

the contribution of the  F ·  ·  · H  – O hydrogen bonding as the major reason for the dominant 
 gauche  conformation of  15  wherein the O – H is in parallel to the C – F bond. Thus, it is 
most likely that  15  takes this particular conformation to minimize unfavorable electronic 
repulsion between the lone pairs of the oxygen and fl uorine  [75] . The absence of  F ·  ·  · H  – O 
and  F ·  ·  · H  –  N  hydrogen bonding was also confi rmed for  α  - fl uorocarboxamides  [77]  and 2 -
 fl uoroethyl trichloroacetate  [78] . 

 It has been shown that the  gauche  effect plays a key role in controlling the conforma-
tion of various acyclic compounds  [79] . For example, the x - ray crystallographic analysis 
of difl uorinated succinamides,  syn   - 16  and  anti   - 16  shows unambiguously that these com-
pounds take  gauche  conformation with  F  – C – C –  F  dihedral angles of 49.0    °  and 75.2    ° , 
respectively (see Figure  1.8 ).  Syn   - 16  and  anti   - 16  possess respectively two and one 
 σ  C – H  ·  ·  ·  σ  *  C – F  interactions which are refl ected in the lengths of their (F) C  –  C (F) bonds: 
1.495    Å  and 1.538    Å , respectively, the former being 0.043    Å  shorter than the latter (see 
Figure  1.7 ). Although the conformation of  syn   - 16  might look reasonable by taking into 
account the  antiperiplanar  placement of two bulky amide moieties, it is not the case for 
 anti   - 16 , indicating the importance of the  gauche effect . In the latter case, however, 
a 7 - membered ring hydrogen bond between two amide groups might also make some 
contribution. Similar  gauche  effects have been reported in other systems  [80 – 84] .   

 The  gauche  effect is also clearly observed in the conformational preference of 
4 - fl uoroprolines ( 17b  and  17c ) determined by  1 H NMR analysis  [85] . As Table  1.6  shows, 
(4 R ) - fl uoroproline ( 17b : R 1    =   F, R 2    =   H) strongly prefers the C  γ   -  exo  conformation in 
which an electron - releasing C  γ   – H bond should occupy the antiperiplanar position to 
the electron - accepting C – F group to maximize the  gauche  effect. On the other hand, its 
epimer (4 S ) - fl uoroproline ( 17c : R 1    =   H, R 2    =   F) takes the C  γ   -  endo  conformation almost 
exclusively to optimize the  σ  C – H  ·  ·  ·  σ  *  C – F  interaction for the  gauche  effect. It should be 
noted that the observed preferences are independent of the  trans  or  cis  amide linkage by 
calculation  [85] .   
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 Table 1.6     Conformational preference of  A c -  X  aa  -  OM  e  ( X  aa    =   proline and its derivative)  [85]  
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  Xaa in Ac - Xaa - OMe    R 1     R 2   
  Conformation  

   ∆  E endo      −    E  exo   
(kcal/mol)  

   endo     :     exo      trans      cis   

  Proline ( 17a )    H    H    66    :    34     − 0.41     − 0.60  
  (4 R ) - 4 - Fluoroproline ( 17b )    F    H    14    :    86    0.85    1.18  
  (4 S ) - 4 - Fluoroproline ( 17c )    H    F    95    :    5     − 0.61     − 1.99  

  1.1.5.1   Unique Electronic Effects of Fluorine Related to the Origin of 
the Gauche Effect 

 The interaction of the  σ  *  C – F  orbital with the lone pairs of fl uorine in fl uorinated methanes 
is substantial  [83] . In these compounds, the C – H bond length is almost constant regardless 
of the number of fl uorines in a molecule. In sharp contrast, the C – F bond length decreases 
as the number of fl uorines increases due to substantial n F  –  σ  *  C – F  interaction mentioned 
above  [83] . Alternatively, a signifi cantly strong positive charge developed on carbon may 
play a key role in strengthening C – F bonds in an electrostatic manner  [82] . 
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  “ Negative hyperconjugation ”  of fl uorine  [86 – 89] , essentially the same electron dona-
tion pattern as that of the  gauche  effect, that is, interaction of an electron - rich bond with 
the lower - lying vacant orbital of a polarized neighboring C – F bond ( σ  *  C – F ), has been 
clearly observed in the X - ray structure of [(CH 3 ) 2 N] 3 S + CF 3 O  −   ( 18 ) (see Figure  1.9 )  [90] . 
The counter - anion, CF 3 O  −  , of  18  possesses a signifi cantly short C – O bond (1.227    Å ) and 
long C – F bonds (1.390 and 1.397    Å ). For comparison, the gas - phase structures of elec-
tronically neutral counterparts, CF 3 OR (R   =   F, Cl, CF 3 ), show 1.365 – 1.395    Å  and 1.319 –
 1.327    Å  for the C – O and C – F distances, respectively  [90] . It is worthy of note that the 
C – O single bond length in CF 3 O  −   (1.227    Å ) is close to that of a C = O bond length (e.g., 
1.171    Å  for F 2 C = O) and the F – C – F bond angle is extraordinarily small (101.7    °  and 
102.2    ° ) compared with the ideal sp 3  bond angle (109.5    ° ). This phenomenon strongly 
indicates the effective orbital interaction of the electron rich  n  O  orbital with lower - lying 
 σ  *  C – F  orbital, i.e., negative hyperconjugation.     

  1.1.6   Hydrogen Bonding 

 Fluorine can share three sets of lone - pair electrons with electron - defi cient atoms intramo-
lecularly or intermolecularly, in particular with a relatively acidic hydrogen bound to a 
heteroatom. In addition, as described in section 1.4, strongly electron - withdrawing per-
fl uoroalkyl groups increase the acidity of proximate functional groups such as alcohol, 
amine, amide, and carboxylic acid. 

 It is readily anticipated that the acidity of CF 3  - containing benzylic alcohol  19  is as 
high as or higher than that of phenol (see Table  1.5  for hexafl uoro - 2 - propanol). Moreover, 
a fl uorine atom of the CF 3  groups at the 3 -  and 5 - positions should increase its anionic 
character by negative hyperconjugation (see above). Thus, it is reasonable to assume that 
the benzylic hydroxyl group would form a hydrogen bond with a proximate CF 3  group 
 [91, 92] . In fact, the X - ray crystallographic analysis of  19  shows that  19  forms a unique 
dimer structure in the solid state through two strong intermolecular hydrogen bonds (H ·  ·  · F 
distance is 2.01    Å ), as illustrated in Figure  1.10   [91] . The strength of this hydrogen bond 
is obvious by comparing the sum of the van der Waals radii of H and F (2.67    Å ) with the 
observed H ·  ·  · F bond length (2.01    Å ). On the other hand,  19  appears to form an intramo-
lecular hydrogen bonding between the same benzylic hydroxyl CF 3  groups in a hexane 
solution on the basis of low - temperature  13 C NMR analysis, as illustrated in Figure  1.10 . 
Although the  C F 3  carbon appeared as a normal quartet ( J  C – F    =   274   Hz) at 24    ° C, the cou-
pling pattern was changed to the doublet of triplet ( J  C – F    =   261, 279   Hz, respectively) at 
 − 96    ° C. The result appears to indicate the nonequivalence of three fl uorine atoms in the 
CF 3  groups, and only one of the three fl uorine atoms participates in the hydrogen bonding. 
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However, very recently, a counterargument on this hydrogen bonding suggested that the 
nonequivalence of three fl uorine atoms of the CF 3  groups should be attributed to steric 
crowding and not H – F hydrogen bonding  [93] . Accordingly, the interpretation of the NMR 
data is still unsettled.   

 Similar hydrogen bonding has been observed between fl uorine and amine or amide 
hydrogen. The NH ·  ·  · F hydrogen bond is especially favorable with an amide hydrogen 
because of its acidity compared with that of an amine. Figure  1.11  illustrates three repre-
sentative compounds,  20 ,  21 , and  22  whose structures were determined by X - ray crystal-
lography. The H ·  ·  · F distance of  20  is 2.08    Å , which is 0.59    Å  shorter than the sum of the 
van der Waals radii  [94] . Compound  21  includes two hydrogen bonds with six -  and fi ve -
 membered ring systems, bearing NH ·  ·  · F distances 1.97    Å  and 2.18    Å , respectively  [95] . 
The NH moiety of  N  - fl uoroacetylphenylalanine ( 22 ) also formed a bifurcated intramolecu-
lar hydrogen bonds with F and O with practically the same bond lengths: 2.27    Å  and 
2.29    Å , respectively  [96] .   

 Fluorinated benzenes, in general, have been shown to form intermolecular hydrogen 
bonds in the solid state. Among those fl uorobenzenes, the X - ray crystal structure of 
1,2,4,5 - tetrafl uorobenzene ( 24 ) exhibited the shortest intermolecular H ·  ·  · F distance of 
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2.36    Å   [97]  (see Figure  1.12 ). Although it is not H ·  ·  · F bonding, a related hydrogen bonding 
pattern has been reported. As Figure  1.12  illustrates, the X - ray crystallographic analysis 
of chromone  23  shows the  O ·  ·  · H  – CF 2  distance of 2.31    Å  (the sum of the van der Waals 
radii of H and O is 2.72    Å )  [98, 99] . Other C =  O ·  ·  · H  – CF 2  bonding examples have been 
reported  [100] .    

  1.1.7   Orthogonal multipolar  C  –  F  Bond – Protein Interactions 

 It has recently been shown that polar C – F bond – protein interactions play a critical role in 
the stabilization of fl uorine - containing drugs and their target proteins  [101] . These polar 
interactions are found in the X - ray crystal structures of drug - protein complexes compiled 
in the Cambridge Structural Database (CSD) and the Protein Data Bank (PDB)  [20 – 32, 
101] . A large number of examples for the polar C – F bond – protein interactions, found in 
the CSD and PDB through database mining, include those between a C – F bond and polar 
functional groups such as carbonyl and guanidinium ion moieties in the protein side chains, 
that is, C –  F  ·  ·  ·  C  = O and  C  –  F  ·  ·  · C(NH 2 )( = NH). The majority of examples from the protein 
crystallographic database indicate that a C – F bond unit serves as a poor hydrogen - bond 
acceptor. Instead of hydrogen bonding, however, a C – F bond forms polar interactions 
with a large number of polarizable bonds in the manner as C – F ·  ·  · X(H) (X   =   O, N, S) and 
C – F ·  ·  · C  α   – H (C  α     =    α  - carbon of the  α  - amino acid), in which the F ·  ·  · H – X separation is well 
beyond hydrogen - bonded contact distance  [101] . 

 For example, a thrombin inhibitor  25  ( K  i    =   0.25    µ M) is more potent than the nonfl uo-
rinated counterpart ( K  i    =   1.6    µ M) and the X - ray crystal structure of the inhibitor – enzyme 
complexes showed remarkable conformational differences between the two inhibitors. 
This conformational change is caused by the dipolar C – F ·  ·  · N(H)(Gly216) interaction with 
a F – N distance of 3.5    Å , as illustrated in Figure  1.13 a  [25] .   

 A large number of examples for the orthogonal dipolar C – F ·  ·  · C = O interactions have 
been found in the CSD and PDB  [101] . For example, Figure  1.13 b illustrates a rather 
unique double interaction, that is, C – F ·  ·  · (C = O) 2 , in the inhibitor – enzyme complex of  26  
with p38 MAP kinase, wherein the fl uorine atom of the 4 - fl uorophenyl moiety of  26  
interacts with the amide carbonyl carbons of Leu104 and Val105 with equal distance of 
3.1    Å   [102] . 

 Table  1.7  summarizes systematic SAR studies of tricyclic thrombin inhibitors,  rac -   27  
and  rac -   28 , through  “ fl uorine scan ”  to map the effects of fl uorine introduction on 
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 Table 1.7     Enzyme inhibitory activity of tricyclic thrombin inhibitors  [105]  
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  Inhibitor    Substituent   a        K  i    b    (mM)    Selectivity   c       log    D   

   27a      –     0.31    15     − 1.24  
   27b     2 - F    0.50    9.8     <  − 1.00  
   27c     3 - F    0.36    26     − 1.24  
   27d     4 - F    0.057    67     − 1.08  
   27e     2,3 - F 2     0.49    18     –    d     
   27f     2,6 - F 2     0.61    9.0     –    d     
   27g     3,4 - F 2     0.26    29     –    d     
   27h     3,5 - F 2     0.59    25     − 1.25  
   27i     2,3,4,5,6 - F 5     0.27    44     − 1.14  
   27j     4 - Cl    0.19    30     –    d     
   28     4 - F    0.005    413     –    d     

     a     Substituents on the benzene ring of the benzylimide moiety.  
    b     With  ± 20% uncertainty.  
    c      K  i  (trypsin)/ K  i  (thrombin).  
    d     Not determined  .   
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inhibitory activity, change of amine basicity, and favorable interactions of C – F bonds with 
the protein  [103 – 106] .   

 Inhibitory activity, selectivity between thrombin and trypsin and lipophilicity (log  D ) 
of  rac   - 27  are shown in Table  1.7 , which indicates that 4 - monofl uorinated analog  rac   - 27d  
is the most potent inhibitor in this group ( K  i    =   0.057   mM;  K  i (trypsin)/ K  i (thrombin) selectiv-
ity   =   67)  [105] . The inhibitory activity  K  i  is further optimized to 5   nM by changing the 
imide ring of  rac   - 27  to a lactam bearing an isopropyl group,  rac   - 28 , wherein the isopropyl 
group fi ts better in the P - pocket (see Figure  1.14 ). The trypsin/thrombin selectivity of 
 rac   - 28  is also dramatically improved to 413  [105] .   

 The X - ray crystallographic analysis of the enantiopure  27d  – thrombin complex indi-
cates that the H – C  α   – C = O fragment of the Asn98 residue possesses signifi cant  “ fl uoro-
philicity ”   [105] . As Figure  1.14  illustrates, the C – F residue of enantiopure  27d  has strong 
multipolar C – F ·  ·  · C  α   – H [ d (F – C  α  )   =   3.1    Å ] and C – F ·  ·  · C = O [ d (F – C = O)   =   3.5    Å ] interac-
tions with the Asn98 residue in the distal hydrophobic pocket ( “ D pocket ” ) of thrombin. 
It is worthy of note that the C – F bond and the electrophilic carbonyl group are positioned 
in a nearly orthogonal manner along the pseudotrigonal axis of the carbonyl group  [105] . 
This preferred geometry for the C – F ·  ·  · C = O interactions is further corroborated by the 
X - ray crystal structure analyses of fl uorine - containing small molecules  [103 – 106]  and 
the database mining of PDB and CSD  [107 – 110] . The latter furnished numerous cases 
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of C – F ·  ·  · C = O contacts with the F ·  ·  · C distance below the sum of the van der Waals radii 
and the C – F ·  ·  · C = O torsion angle toward 90    ° . A similar but intramolecular orthogonal 
polar interaction between a CF 3  groups and a spatially close amide C = O group, which 
plays a role in the folding of an extended indole molecule, has recently been reported 
 [111] . 

 Figure  1.15  illustrates an example of the polar interaction of a C – F bond with the 
guanidinium carbon of the Arg residue in an enzyme, revealed by the X - ray crystal struc-
ture of atorvastatin - HMG - CoA reductase (HMG - CoA   =   3 - hydroxy - 3 - methylglutaryl -
 coenzyme A; the rate - determining enzyme in the biosynthesis of cholesterol). As mentioned 
above (see section  1.1 ), atorvastatin is the best - selling cholesterol - lowering drug, which 
binds to HMG - CoA reductase tightly (IC 50    =   8   nM). In the early stage of the drug discov-
ery, a series of phenylpyrrole - hydroxylactones were evaluated for their inhibitory activity 
against HMG - CoA reductase, as shown in Figure  1.15 a. Then, the SAR study on the 
4 - substituted phenyl analogues identifi ed that the 4 - fl uorophenyl analogue (R   =   F) was 
the most active; that is, fl uorine was better than hydrogen, hydroxyl or methoxy group 
at this position  [112] . This fi nding eventually led to the discovery of atorvastatin. The 
X - ray crystal structure of atorvastatin – HMG - CoA reductase  [113]  shows a strong 
C – F ·  ·  · C(NH 2 )( = NH) polar interaction between the 4 - fl uorophenyl moiety and the 
Arg590 residue of the enzyme with a very short F ·  ·  · C distance (2.9    Å ), as illustrated in 
Figure  1.15 b  [101] .   

 Several other examples of similar polar interactions between a C – F bond in a ligand 
and the guanidinium ion moiety of an Arg residue in protein have been found in PDB. 
However, no linear C – F ·  ·  · H – N interactions are identifi ed, refl ecting the poor hydrogen -
 bond accepting ability of a C – F bond. Instead of hydrogen bonding, a C – F bond is found 
to orient either parallel or orthogonal to the plane of the guanidinium ion moiety, bearing 
a delocalized positive charge. These examples confi rm the fl uorophilic character of the 
guanidinyl side - chain of an Arg residue.  
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 Figure 1.15     (a)  In vitro  activity of HMG - CoA reductase inhibitors. (b) Orthogonal polar 
interaction of the fl uorine substituent of atorvastatin with Arg590 in HMG - CoA reductase. 
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  1.1.8   Isostere 

 A variety of natural and synthetic peptides exhibit biological activities, which can be 
developed as pharmaceutical drugs or biochemical agents. However, those peptides con-
sisting of amide linkages are, in most cases, easily deactivated through cleavage of key 
amide bonds by hydrolytic enzymes. Accordingly, it is very useful if a key amide bond is 
replaced with noncleavable bond, keeping the characteristics of the amide functionality. 

 An amide linkage in a peptide such as  29a  has an imidate - like zwitterioninc resonance 
structure  29b . Since the contribution of this resonance structure is signifi cant, free rotation 
around the C – N bond is partially restricted because of the substantial double - bond char-
acter of the C – N bond (see Figure  1.16 ). Accordingly, it might be possible to replace an 
amide linkage with its isostere (i.e., a molecule having the same number of atoms as well 
as valence electrons  [114] ), regarded as a  “ peptide isostere. ”    

 The fi rst and simplest attempt at the  “ peptide isostere ”  was made by replacing an amide 
bond of enkephalin with a  trans  - olefi n unit  [115] , but it did not give a desirable effect. 
However, computational analysis of a model amide,  N  - methylacetamide ( 30b ) and its iso-
steres, by semiempirical molecular orbital calculation revealed that fl uoroolefi n  30c  resem-
bled  30a  much more closely than  30b   [116] . To confi rm this fi nding based on a semiempirical 
method, the  ab initio  analysis of  30a , ( E ) - 2 - butene ( 30b ), ( Z ) - 2 - fl uoro - 2 - butene ( 30c ) and 
( Z ) - 1,1,1 - trifl uoro -  2 - methyl - 2 - butene ( 30d ) was carried out using the Gaussian 03 program 
(B3LYP/6 – 311++G *  * )  [117]  by one of the authors (T. Y.), which gave electrostatic poten-
tials of these compounds. The results are illustrated in Figure  1.17 .   

 As readily anticipated,  30a  has a very negative oxygen, a highly positive carbonyl 
carbon, a highly negative nitrogen, and a very positive NH hydrogen. In sharp contrast, 
 30b  has a nonpolarized negative C = C bond and only weakly positive CH hydrogen. Thus, 
it is apparent that  30b  does not mimic  30a  electronically. In contrast,  30c  has an appro-
priately polarized C = C double bond, a negative fl uorine atom in place of the oxygen atom 
of amide  30a , and a positive CH in place of the NH moiety of amide  30a . Thus,  30b  
indeed mimics  30a  electronically. Finally,  30d  has a nonpolarized C = C bond, a modestly 
positive CH hydrogen, and three negative fl uorine atoms. Thus,  30d  mimics  30a  electroni-
cally to some extent, although sterically the CF 3  group is much bulkier than an oxygen 
atom. 
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 Figure 1.16     Resonance structures of amide  29 , amide  30a , and its isosteres  30b – d . 
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30b30a

30d30c

 Figure 1.17     Electrostatic potential of the model compounds  30a  to  30d  (color alteration 
from red to blue describes the shift of the electronically rich to defi cient circumstance). See 
color plate 1.17. 

 A fl uoroolefi n isostere was successfully introduced to a physiologically important 
neuropeptide, Substance P ( 31 )  [118] . As Figure  1.18  shows, the ( E ) - fl uoroethene isostere 
replaced the peptide linkage between the Phe 8  - Gly 9  residues of  31  to give Substance P 
analogue  32a  and its epimer  32b   [119] . The neurokinin - 1 receptor binding assay of  32a  
disclosed that  32a  was almost as potent as the original peptide  31 . On the other hand, its 
epimer  32b  was 10 times less potent than  32a , as anticipated.   

 Another fl uoroolefi n isostere, ( E ) - trifl uoromethylethene, was also introduced to 
antibiotic Gramicidin S ( 33a ), replacing the peptide linkage between Leu and Phe (two 
sites) to give an analogue  33b , as illustrated in Figure  1.19   [120] . Variable - temperature 
NMR measurements of  33a  and  33b  indicated that the NH(Leu) and NH(Val) protons were 
forming intramolecular hydrogen bonds. In addition, NOESY experiments of  33a  and  33b  
showed interstrand NOEs between NH(Leu) and NH(Val) as well as NH(Leu) and H  α  (Orn) 
in both compounds. Moreover, X - ray crystallographic analysis of  33c  confi rmed the pres-
ence of a pair of intramolecular hydrogen bonds between NH(Leu) and C = O(Val) (1.96    Å  
and 2.00    Å ). However, the replacement of the Leu - Phe amide linkage with the bulky ( E ) -
 trifl uoromethylethene isostere caused a 70    °  twist in the plane of the C = C double bond 
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 Figure 1.18     Substance P ( 31 ) and its fl uoroolefi n dipeptide isosteres ( 32a, b ). 
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 Figure 1.19     Gramicidin S ( 33a ) and its CF 3  - containing isostere ( 33b ). 

compared with the amide moiety in the original  β  - turn structure of  33a . This is very likely 
attributable to the bulkiness of the CF 3  groups, which are diffi cult to be accommodated 
inside the  β  - turn hairpin structure. In spite of some conformational difference,  33b  was 
found to possess high antibiotic activity against  Bacillus subtilis  equivalent to that of  33a  
 [120] . The use of the ( E ) - trifl uoromethylethene peptide isostere as  β  - turn promoter 
and peptide mimetics in general has also been studied  [121] . A fairly large dipole moment 
of this isostere ( µ    =   2.3 D) appears to play a key role in the improved mimicry of the 
electrostatic potential surface of the amide linkage (dipole moment of the amide unit: 
 µ    =   3.6 D)  [120] .   

 Although fl uoroethene and trifl uoroethene peptide isosteres were successfully 
employed as nonhydrolyzable amide substitutes, more recently trifl uoroethylamines have 
emerged as highly promising peptide isosteres. The trifl uoroethylamine isostere has been 
studied for partially modifi ed retro -  and retro - inverso  Ψ [NHCH(CF 3 )]Gly peptides  [122, 
123] . Furthermore, it has been demonstrated that the CF 3  group of the trifl uoroethylamine 
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isostere can function as the carbonyl group of an amide to provide a metabolically stable, 
nonbasic amine that has excellent hydrogen - bonding capability due to the strong inductive 
effect of the CF 3  group  [124, 125] . These unique characteristics of the trifl uoroethylamine 
isostere have been exploited and quite successfully applied to the optimization of cathepsin 
K inhibitors, which are promising antiresorptive agents for treatment of osteoporosis  [124] . 
As Figure  1.20  shows, trifl uoroethylamine analogue  34a  exhibits 1000 time better potency 
than the corresponding ethylamine analogue  34b . Pentafl uoroethylamine analogue  34c  
possesses a somewhat reduced activity, but still in a comparable level to  34a . Tosylmethyl-
amine analogue  34d  shows virtually the same activity as that of  34c . The docking study 
using the cathepsin K crystal structure has revealed that  34a  forms a critical hydrogen 
bond with the carbonyl oxygen of Gly66, as anticipated. The fact that the CF 3  group of 
this isostere is attached to an sp 3  carbon provides fl exibility in the orientation of the NH 
bond to form hydrogen bonding in the most favorable manner  [124] . Optimization of the 
aromatic group of  34a  led to the discovery of the exceptionally potent inhibitor  35a , 
exhibiting an IC 50  of 5   pM or less. The corresponding amide  35  is also extremely potent 
(IC 50    =   0.015   nM) but is metabolically labile. Thus,  35a  has been identifi ed as the most 
potent and promising drug candidate in this study  [124] .   

 It has been shown that 2,3 - difl uorotoluene ( 36 ) serves as a nonpolar shape mimic of 
thymine ( 37 ) and difl uorotoluene deoxyriboside ( 38 ) is, surprisingly, an excellent nonpolar 
nucleoside isostere of thymidine ( 39 ) (see Fig.  1.21 )  [126, 127] . Thus, the nucleotide of 
 36  was incorporated into DNA by several high - fi delity DNA polymerases  [126, 128] , 
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forming a positional pair with adenine ( 40 ) in place of  37  without perturbing the double 
helix structure, which was confi rmed by X - ray crystallography (see Fig.  1.21 )  [127] . It 
has also been shown that difl uorotoluene does not form appreciable hydrogen bonds with 
adenine, and hence it is nonselective in base pairing and destabilizing DNA  in the absence 
of  DNA polymerases  [128] . The probability of thymidine triphosphate choosing a wrong 
partner is less than 0.1% and that of the triphosphate of  38  is less than 0.3%  [126] . Thus, 
the results clearly indicate that  36  is virtually a perfect shape mimic of  37  for DNA 
polymerases.   

 Since these surprising fi ndings, fi rst made in 1997, challenge the Watson – Click base -
 pairing principle in DNA (although the difl uorotoluene isostere is only a minor part of 
DNA), there has been a debate on the interpretation of the results, including the polarity 
of  36  and possible F ·  ·  · HN as well as CH ·  ·  · N hydrogen bonding interactions  [129] . However, 
the X - ray crystallographic data  [127]  as well as extensive computational analysis  [130]  
unambiguously confi rmed that  36  is indeed a nonpolar thymine isostere. Thus, these 
fi ndings have opened a new avenue of research on a variety of nonpolar nucleoside 
isosteres  [128] .  

  1.1.9   Difl uoromethylene as Isopolar Mimic of the Oxygen Component of 
 P  –  O  –  C  Linkage 

 Difl uoromethylene has been recognized as an isopolar mimic of the oxygen component 
of P – O – C or P – O – P linkage in phosphates, which can be used to generate nonhydrolyz-
able phosphate analogues of nucleotides, enzyme substrates, and enzyme inhibitors  [131 –
 137] . For example, a difl uoromethylene linkage was successfully introduced to a 
protein - tyrosine phosphatase (PTP) inhibitor of insulin receptor dephosphorylation  [132]  
(see Figure  1.22 ). A comparison of a hexamer peptide inhibitor bearing a phosphonometh-
ylphenylalanine (Pmp) residue ( 41a ) with that having a phosphonodifl uoromethylphenyl-
alanine (F 2 Pmp) residue ( 41b ) revealed that  41b  was 1000 times more potent than  41a , 
retaining high affi nity for the SH2 domain of PTP  [132] . The marked difference in potency 
observed for  41a  and  41b  can be ascribed to the fact that the difl uoromethylene group 
increases the acidity of the phosphonic acid moiety and maintains appropriate polarity.   
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 A similar incorporation of a P – CF 2  unit as a P – O bond surrogate to sphingomyelin 
was reported  [134]  for the development of nonhydrolyzable inhibitors of sphingomyelin-
ase (SMase), which cleaves sphingomyelin to release ceramide. As Figure  1.23  shows, 
difl uoromethylene analogue  42b  is twice as potent as methylene analogue  42a  in the 
inhibition of SMase from  B. cereus   [134] .   

 Norcarbovir triphosphate ( 43d ) is a potent inhibitor of HIV reverse transcriptase, 
comparable to AZT and carvovir, but is amenable to enzymatic hydrolysis  in vivo   [135] . 
Thus, methylenediphosphonate, fl uoromethylenediphosphonate, and difl uoromethylenedi-
phosphonate analogues of  43d  were synthesized to block the enzymatic hydrolysis and 
evaluated for their potency and stability in human fetal blood serum  [135] . As Figure  1.23  
shows, the methylenediphosphonate analogue ( 43a ) is inactive, and the fl uoromethylene-
diphosphonate analogue ( 43b ) shows only a moderate potency. Difl uoromethylenediphos-
phonate analogue  43c  is the most active among these nonhydrolyzable analogues with IC 50  
of 5.8    µ M, which is 10 times weaker than that of  43d . Nevertheless,  43c  possesses  > 40 
times longer half - life (45   h) than the natural enantiomer of  43d  (65   min) and  > 500 times 
more stable than AZT triphosphate (5   min)  [135] . 

 The fl uoromethylene and difl uoromethylene linkages have also been incorporated 
into an aspartyl phosphate, providing the fi rst synthetic inhibitors of aspartate semialde-
hyde dehydrogenase  [136]  as well as lysophosphatidic acid analogues, which increased 
the half - lives of analogues in cell culture  [137] . 

 The use of a difl uoromethylene unit as a surrogate of a carbonyl group is another 
logical extension. In fact, difl uoromethylene analogues of the inhibitors of the rotamase 
activity of FK506 binding protein 12 (FKBP12), which catalyzes  cis – trans  isomerization 
of a peptidyl - prolyl bond, have been investigated  [138] . As Table  1.8  shows, the  K  i  values 
of difl uoromethylene analogues,  44a  and  44d , for the FKBP12 inhibition (rotamase activ-
ity) are comparable to or better than those of the carbonyl counterparts,  44b  and  44e . It 
should be noted that the corresponding simple methylene analogues,  44c  and  44f  do not 
show any appreciable activity, which suggests that the  gem  - difl uoromethylene group par-
ticipates in some specifi c interactions with the protein. After optimization of the proline 
and its ester moieties, the most potent inhibitor  45  ( K  i  19   nM) was developed. The X - ray 
crystal structure of the  45  – FKBP12 complex strongly suggests that the two fl uorine atoms 
participate in the moderate - to - weak hydrogen bonding interactions with the Phe36 phenyl 
ring as well as Tyr26 hydroxyl group.    
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  1.1.10   High Electrophilicity of Fluoroalkyl Carbonyl Moieties 

 Successive substitution of hydrogen atoms in acetone with fl uorine atoms clearly lowers 
the frontier orbital energy levels by 0.2 – 0.6   eV on the basis of  ab initio  computation (see 
Table  1.9 ). It is worthy of note that the positive charge at the carbonyl carbon and the 
negative charge at the oxygen atoms in these ketones,  decrease  as the number of fl uorine 
atoms increases. The validity of the computational analysis is confi rmed experimentally 
by the  13 C NMR chemical shifts of these carbons, which decrease from 206.58   ppm for 
acetone to 172.83   ppm for hexafl uoroacetone, in good agreement with the carbonyl carbon 
charges, as shown in Table  1.9 .   

 The substantial decrease in the HOMO (highest occupied molecular orbital) energy 
level of trifl uoroacetophenone ( 46b ), compared with acetophenone ( 46a ) was observed 
 [139]  by  13 C NMR when a 1:1 mixture of  46a  and  46b  was treated with BF 3     ·    OEt 2 . Thus, 
a 16.7   ppm downfi eld shift took place only for the carbonyl carbon atom of  46a , showing 
the coordination of the carbonyl group to the Lewis acid, while no change in the  13 C 
chemical shift was observed for  46b  (see Scheme  1.3 ). This marked difference in reactivity 
is attributed to the substantially decreased basicity of the carbonyl oxygen in  46b  caused 
by the strong inductive effect of the trifl uoromethyl moiety. This selectivity was demon-
strated in the highly chemoselective reduction of  46a  and  46b  under two different reaction 
conditions, as illustrated in Scheme  1.3 . Thus, the reduction of a 1:1 mixture of  46a  and 
 46b  with tributyltin hydride gave 1 - phenyl - 2,2,2 - trifl uoroethanol ( 48b ) as the sole product 
in 40% yield, while the same reaction in the presence of one equivalent of BF 3     ·    OEt 2  at 
 − 78    ° C afforded 1 - phenylethanol ( 48a ) exclusively in 82% yield.    

 Table 1.8      FKBP 12 rotamase inhibition  [138]  
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   44d     F 2     CH    1.30  
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 Table 1.9     Calculated  HOMO  and  LUMO  levels of fl uorinated acetones   a    

  Compound    Energy Level (eV)    Charges     13 C NMR chemical 
shift of  C  = O  

  HOMO    LUMO     C  = O    C =  O   

  CH 3 C(O)CH 3      − 7.054     − 0.784    0.573     − 0.553    206.58   b     
  CH 2 FC(O)CH 3      − 7.507     − 1.247    0.544     − 0.547    205.62   c     
  CHF 2 C(O)CH 3      − 7.911     − 1.873    0.518     − 0.513    197.38   c     
  CF 3 C(O)CH 3      − 8.278     − 2.098    0.505     − 0.486    189.33   c     
  CF 3 C(O)CF 3      − 9.384     − 3.476    0.421     − 0.419    172.83   b     

     a     Computation was carried out by one of the authors (T.Y.) using the Gaussian 03W at the B3LYP/6 – 311++G *  *  level.  
    b      Ref.  [132]  .  
    c      Ref.  [140]  .   

Ph

O

CH3 Ph

O

CF3

Ph

OH

CH3 Ph

OH

CF3

46a 46b

48a 48b

+

+
conditions

n-Bu3SnH (1.0 equiv)/
C3H7CN, rt, 5 h

n-Bu3SnH, BF3·OEt2 (1.0 equiv)/
CH2Cl2, –78 °C, 1 h

40%

82%

0%

0%

Ph

O

CH3 Ph

O

CF3

47a 46b

+

BF3

BF3·OEt2
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  1.1.11   Use of Difl uoromethyl and Trifl uoromethyl Ketones as Transition State 
Analogues in Enzyme Inhibition 

 Tetrahedral transition state analogues of ester and amide substrates are known to function 
as effi cient enzyme inhibitors of hydrolytic enzymes such as serine and aspartyl proteases 
as well as metalloproteinases (see Fig.  1.24 )  [141 – 144] . Although ketals of alkyl or aryl 
ketones are usually not stable, those of difl uroalkyl or trifl uoromethyl ketones have con-
siderable stability, as exemplifi ed by their facile formations of the corresponding stable 
hydrates  [145, 146] . Therefore, substrate analogues, containing difl uoroalkyl or trifl uoro-
methyl ketone moiety in appropriate positions, have been studied as effective transition 
state inhibitors of hydrolytic enzymes  [141, 147 – 150] .   
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 For example, the rather simple difl uoroalkyl ketone  49c  and trifl uoromethyl ketone 
 49b  were designed as inhibitors of acetylcholinesterase (AchE), a serine esterase  [151] . 
As Figure  1.25  shows, these fl uoroketones exhibit excellent AchE inhibitory activities with 
nanomolar level  K  i  values, and  49c  possesses 200,000 times higher potency ( K  i    =   1.6   nM) 
than the corresponding alkyl ketone  49a   [151] . This remarkable result can be readily 
rationalized by taking into account the strong electrophilicity of the carbonyl group of 
difl uoroalkyl and trifl uoromethyl ketones, described in the preceding section.   

 In a similar manner, a variety of transition state analogues bearing a trifl uoroacetyl 
moiety as the key functional group have been designed and synthesized as the inhibitors 
of human neutrophil elastase  [152, 153] , human cytomegalovirus protease  [154, 155] , 
human leukocyte elastase  [156, 157] , and other enzymes. Some of these inhibitors exhibit 
extremely high potency. For example,  51  has a  K  i  of 3.7   pM against AchE  [158]  and  50  
has an IC 50  of 0.88   nM against insect juvenile hormone esterase  [159]  (see Figure  1.26 ).   

 Difl uoroalkyl ketones have also been successfully employed as the key structure of 
renin inhibitors. Renin is an aspartyl protease and transforms angiotensinogen (452 amino 
acid residues for human) to angiotensin I, which is further cleaved by angiotensin - 
converting enzyme (ACE) to angiotensin II, which exerts a vasoconstricting effect  [160] . 
Accordingly, renin inhibitors have been extensively studied for their use in controlling 
hypertension. Although human angiotensinogen has 452 amino acid residues, the fi rst 
dodecapeptide sequence is the most important for its activity (see Figure  1.27 )  [160] . 
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 Figure 1.27     Renin inhibitors containing difl uorostatine and difl uorostatone residues. 

Renin cleaves the Leu 10  - Val 11  linkage of angiotensinogen to generate angiotensin I. Thus, 
the tetrahedral transition state analogues of this peptide sequence should act as excellent 
renin inhibitors. In addition, the naturally occurring aspartyl peptidase inhibitor pepstatin 
 [161] , active against renin, contains a unique non - proteinogenic amino acid residue, 
 “ statine, ”  which mimics the tetradedral transition state (see Figure  1.27 )  [162] . Accord-
ingly, peptidomimetics, containing difl uorostatine residue and its oxidized form, difl uo-
rostatone residue, have been synthesized and their activities evaluated. For example, 
difl uorostatine - containing  52b  and difl uorostatone - containing  53b  represent this class 
of renin inhibitors (see Figure  1.27 )  [163, 164] . In comparison with the corresponding 
hydrocarbon counterparts  52a  and  53a, 52b  shows several times reduced potency, while 
 53b  exhibits 65 times enhanced potency  [163] . Apparently, the difl uoromethylene group 
of  52b  reduces the basicity of the hydroxyl group, which would be counterproductive if 
this hydroxyl group acts as a hydrogen - bond acceptor, which explains the reduced potency 
of  52b  as compared to  52a . In contrast, the difl uorostatone moiety of  53b  should form a 
stable ketal with a water molecule, which mimics the tetrahedral transition state very 
well, which is the most likely reason for the two orders of magnitude enhancement in 
potency as compared to  53a .     
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  1.2   The Use of  19  F  and  18  F  Probes in Biophysical and Analytical Methods 
Relevant to Bioorganic and Medicinal Chemistry 

  1.2.1    19  F   NMR  Spectroscopy 

 Fluorine - 19 is an attractive probe nucleus for NMR because of its relatively small size, a 
nuclear spin of 1/2, natural abundance, high NMR sensitivity, and pronounced long - range 
effects. Solid - state  19 F NMR is an excellent tool for studying membrane - active peptides in 
their lipid - bound environment. The prerequisite of  19 F NMR experiments is the inclusion 
of a specifi c  19 F - reporter group into peptides and proteins. In structural studies, the most 
preferable labeling is with CF 3  - groups that are rigidly attached to the peptide backbone. 
Problems of  19 F - labeled amino acid incorporation, including HF - elimination, racemization, 
and slow coupling, can easily be overcome.  19 F NMR data analysis will provide information 
about conformational changes, the structure and orientation of peptides, or the kinetics of 
ligand binding, properties that are intimately related to the function of the peptide. For 
example, solid - state  19 F NMR spectroscopy revealed that Trp41 participates in the gating 
mechanism of the M2 proton channel of infl uenza A virus  [165]  (see Figure  1.28 ). The 
integral membrane protein M2 of infl uenza A virus assembles as a tetrameric bundle to form 
a proton - conducting channel that is activated by low pH. A synthetic 25 - residue peptide 
containing the M2 transmembrane (TM) domain was labeled with 6F - Trp41 and studied in 
lipid membranes by solid - state  19 F NMR. Through this solid - state  19 F NMR analysis in 
combination with computational energy calculations, it was demonstrated that the side -
 chain conformation and position of Trp41 differs signifi cantly in the two pH - dependent 
states of the proton channel of the TM domain of the M2 protein, suggesting that the four 
tryptophan residues actively participate in activating the channel mechanically.   

 In another application,  19 F NMR studies have provided critical information on the 
bioactive conformation of taxoids. Fluorine - containing taxoids have been used as probes 
for NMR analysis of the conformational dynamics of paclitaxel in conjunction with 
molecular modeling  [166] . The dependence of the  19 F chemical shifts and the  J  H2 ′  – H3 ′   values 
of these fl uorinated analogues is examined through  19 F and  1 H variable - temperature (VT) 
NMR measurements. The experiments clearly indicate highly dynamic behavior of these 
molecules and the existence of equilibrium between conformers. The analysis of the VT 
NMR data in combination with molecular modeling, including restrained molecular 
dynamics (RMD), has identifi ed three key conformers, which were further confi rmed by 
the  19 F –  1 H heteronuclear NOE measurements. 

 Fluorine - probe protocol has been applied to solid - state magic - angle spinning 
(SSMAS)  19 F NMR analysis with the radiofrequency - driven dipolar recoupling (RFDR) 
method to measure the F – F distance in the microtubule - bound conformation of F 2  - 10 - Ac -
 docetaxel (see Figure  1.29 a)  [167] . Moreover, fi ve intramolecular distances of the key 
atoms in the microtubule - bound  19 F/ 2 H/ 13 C - labeled paclitaxel were determined by the 
rotational echo double resonance (REDOR) method (see Figure  1.29 b and c)  [168, 169] .    

  1.2.2    In vivo   19  F  Magnetic Resonance Spectroscopy 

 Magnetic resonance (MR) spectroscopy is used to measure the levels of different 
metabolites in body tissues. With the increasing popularity of fl uorinated compounds in 
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(a)

(b)

 Figure 1.28     Experimental (solid lines) and simulated (dashed lines) spin - echo spectra of 
6F - Trp41 - M2TMD at 6.5 kHz MAS at pH 5.3 (a) and pH 8.0 (b). Side - chain conformations 
(bottom view) of Trp41 (blue) and His37 (green) in the TM channel structure of the homo-
tetrameric M2 protein are shown to the right side of the spectra. At pH 8.0, the structural 
parameters implicate an inactivated state, while at pH 5.3 the tryptophan conformation rep-
resents the activated state. See color plate 1.28. 
  ( Source:  Reprinted with permission from Witter, R., Nozirov, F., Sternberg, U., Cross, T. A., 
Ulrich, A. S., and Fu, R. Solid - state  19 F NMR spectroscopy reveals that Trp41 participates in 
the gating mechanism of the M2 proton channel of infl uenza A virus,  J. Am. Chem. Soc.  
(2008)  130 , 918 – 924. Copyright (2008) American Chemical Society.)  
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 Figure 1.29     Solid - state NMR studies on the microtubule - bound conformation of taxoids 
using fl uoro - taxoid probes. 
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pharmaceutical research,  in vivo   19 F MR spectroscopy has become a valuable tool for 
identifying and monitoring fl uorinated compounds and metabolites. Although almost all 
 19 F MR examinations are limited by the relatively low signal – noise ratio (SNR) of the 
spectra,  19 F MR spectroscopy has a unique role in clinical research applications and is 
complementary to other structural and functional imaging tools. It is able to identify and 
measure fl uorine - containing drugs and their metabolites in biofl uids due in part to the lack 
of naturally occurring MR - visible fl uorine metabolites. In addition, it is noninvasive and 
therefore provides options for investigating the long - term disposition of pharmaceuticals. 
A wide range of fl uorine - containing pharmaceuticals and metabolites have been evaluated 
in patients using  in vivo   19 F MR spectroscopy. The most frequently examined organs have 
been the brain and the liver, although heart and extremity muscle, as well as bone marrow, 
have also been evaluated. Assessment of fl uorine - containing drugs using human  in vivo  
fl uorine ( 19 F) MR spectroscopy has proved to be an important technique in drug design 
and preclinical studies. One good example is seen in the application of  19 F NMR to 
metabolic studies of capecitabine, the recently developed oral prodrug of 5 - fl uorouracil 
 [170] . 

 The degradation pathway of capecitabine, incorporating the new fl uorinated metabo-
lites found in urine using  19 F NMR, is depicted in Figure  1.30 , and a typical  19 F NMR 
spectrum of urine is presented in Figure  1.31 . The mean percentage of dose excreted in 
urine as parent drug and its fl uorinated metabolites up to 48   h post dosing, measured by 
 19 F NMR, was 84.2%, close to 92.3% of the radioactivity recovered at that time. This dif-
ference of less than 10% demonstrates that  19 F NMR spectroscopy is a suitable technique 
for quantitative studies.  19 F NMR was also able to measure the relevant level of each fl uo-
rinated metabolite.    

  1.2.3   Positron Emission Tomography 

 Positron emission tomography (PET) is a powerful  in vivo  imaging technique that pro-
duces three - dimensional images or maps of functional processes in the body. It is used 
heavily in clinical research and diagnosis, as well as in drug development. Figure  1.32  
shows an example of assessing dopamine D 2  receptor availability in cocaine abusers 
by the use of PET  [171] . When compared with normal controls, cocaine abusers showed 
signifi cant decreases in dopamine D 2  receptor availability that persisted 3 – 4 months 
after detoxifi cation, as indicated by the marked reduction in the binding of [ 18 F] N  - 
methylspiroperidol in PET scans.   

 Since PET works by detecting pairs of  γ  - rays emitted directly by a positron - emitting 
radioisotope introduced into the body on a metabolically active molecule, the use of PET 
is driven by the characteristics and availability of appropriately labeled radiopharmaceu-
ticals that are specifi cally designed for measurement of targeted biochemical processes. 
Fluorine - 18 has particularly appealing properties as positron - emitting radionuclide for 
PET imaging: (i) addition of a fl uorine atom to a large molecule can often (but not always) 
be accomplished without signifi cant changes to the physiochemical or biological properties 
of the compound; (ii) fl uorine - 18 has a relatively long half - life, which permits longer 
synthesis times, thus opening up possibilities for multistep radiolabeling procedures, as 
well as the option for commercial manufacture at an offsite location. 
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 Figure 1.30     Catabolic pathway of capecitabine from  19 F NMR analysis of patients ’  urine. 
All the compounds are represented in neutral form. CAP, capecitabine; 5 ′ dFCR, 5 ′  - deoxy - 
5 - fl uorocytidine; FC, 5 - fl uorocytosine; OHFC, 6 - hydroxy - 5 - fl uorocytosine; 5 ′ dFUR, 5 ′  - 
deoxy - 5 - fl uorouridine; FU, 5 - fl uorouracil; FUH 2 , 5,6 - dihydro - 5 - fl uorouracil; FUPA, 
 α  - fl uoro -  β  - ureidopropionic acid; FBAL,  α  - fl uoro -  β  - alanine; F  −  , fl uoride ion; FHPA, 2 - fl uoro - 3 -
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  ( Source:  Reprinted with permission from Malet - Martino, M., Gilard, V., Desmoulin, F., and 
Martino, R. Fluorine nuclear magnetic resonance spectroscopy of human biofl uids in the fi eld 
of metabolic studies of anticancer and antifungal fl uoropyrimidine drugs,  Clin. Chim. Acta  
(2006)  366 , 61 – 73. Copyright (2006) Elsevier.)  
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 Figure 1.31      19 F NMR spectrum at 282   MHz with proton decoupling of a urine sample from 
a patient receiving oral capecitabine at a dose of 3800   mg/day, administered twice daily at 
12 - hour interval, as a second treatment 3 months after the fi rst one. Urine fraction 0 – 12   h 
collected after the fi rst dose of 1900   mg and 10 - fold concentrated, pH of the sample: 5.45. 
The chemical shifts are expressed relative to the resonance peak of TFA (5% w/v aqueous 
solution) used as external reference. 
  ( Source:  Reprinted with permission from Malet - Martino, M., Gilard, V., Desmoulin, F., and 
Martino, R. Fluorine nuclear magnetic resonance spectroscopy of human biofl uids in the fi eld 
of metabolic studies of anticancer and antifungal fl uoropyrimidine drugs,  Clin Chim. Acta  
(2006)  366 , 61 – 73. Copyright (2006) Elsevier.)  

 Development of methods for fl uorine - 18 labeling has been actively pursued in the 
last two decades (see Figure  1.33 )  [172, 173] . Nucleophilic and electrophilic fl uorinations 
have been successfully applied to generate an increasingly diverse assortment of chemical 
structures. Recent application of  “ click ”  chemistry and the use of protic solvents in nucleo-
philic fl uorinations will signifi cantly impact both the types of compounds labeled and the 
yields obtained.     

  1.3   Summary 

 This introductory chapter concisely summarizes the unique properties of fl uorine and 
fl uorine - containing substituents and functional groups from a physical organic chemistry 
point of view and then the applications of those characteristics to organic, bioorganic, and 
medicinal chemistry as well as chemical biology and biomedical research. The following 
chapters will further elaborate and discuss a wide range of topics in the rapidly expanding 
scope of fl uorine in medicinal chemistry and chemical biology.  



 Unique Properties of Fluorine and Their Relevance 37

N
O

18F

N

N
O

CH3

[18F]N-methylspiroperidol 

Normal control

Cocaine abuser
1 month

Cocaine abuser
4 months

Bnl/suny
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reduced frontal metabolism in cocaine abusers,  Synapse  (1993)  14 , 169 - 177. Reprinted with 
permission of Wiley - Liss Inc., a subsidiary of John Wiley & Sons, Inc. Copyright (1993) Wiley 
Interscience.)  
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 Fluorinated Prostanoids: 

Development of Tafl uprost, 
a New Anti - glaucoma Agent  

  Yasushi   Matsumura       

   2.1   Introduction 

  2.1.1   Background 

 Prostanoids, consisting of prostaglandins (PGs) and thromboxanes (TXs), are members 
of the lipid mediators derived enzymatically from fatty acids. Arachidonic acid, a C 20  
essential fatty acid for most mammalians, is freed from the phospholipid molecule by 
phospholipase A 2 , which cleaves off the fatty acid precursor. Prostanoids are produced in 
a wide variety of cells throughout the body from the sequential oxidation of arachidonic 
acid by cyclooxygenase, PG hydroperoxidase, and a series of prostaglandin synthases 
(Figure  2.1 ).   

 Prostanoids have extensive pharmacological actions in various tissues in order to 
maintain homeostasis  [1] . They play an important role as local hormones that mediate 
infl ammation, pain, fever, vasoconstriction or vasodilation, coagulation, calcium regula-
tion, cell growth, and so on. The prostanoids have been thought to exert their multiple 
physiological actions via specifi c protein receptors on the surface of target cells. The 
prostanoid receptors were pharmacologically identifi ed from the functional data and clas-
sifi ed into DP, EP, FP, IP and TP receptors, which are specifi c for PGD 2 , PGE 2 , PGF 2 α  , 
PGI 2  (prostacyclin), and TXA 2 , respectively  [2] . The recent molecular cloning of cDNAs 
that encode the prostanoid receptors has identifi ed the receptor structures and confi rmed 
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 Figure 2.1     Biosynthesis of prostanoids. 

the receptor classifi cation including further subdivision for the EP receptor subtypes, 
EP1 – EP4  [3, 4] . 

 The prostanoid receptors belong to the G - protein - coupled rhodopsin - type receptors 
with seven transmembrane domains. They include an extracellular amino group terminus, 
an intracellular carboxyl group terminus, three extracellular loops, and three intracellular 
loops (Figure  2.2 )  [3] . The overall homology among the receptors is not high, though these 
receptors conserve important amino acid sequences in several regions, especially in the 
seventh transmembrane domain. It is proposed that the conserved arginine residue in the 
domain serves as the binding site for the terminal carboxyl group of the prostanoid mole-
cules. Information obtained from studies on the receptor structures and properties has been 
utilized recently for computer - aided molecular modeling and structure - based drug design. 
The use of expressed receptors aids in screening of compounds for the specifi c receptor 
agonists or antagonists.   

 The properties of the prostanoid receptors, such as second messengers in signal 
transduction pathways, and localization in the eye are summarized in Table  2.1 . Prostanoid 
receptors are widely distributed in the monkey and human eyes  [5] . The expression and 
localization of the FP and EP receptor subtypes in the tissues was studied intensely by in -
 situ hybridization and immunohistochemistry to gain a better understanding of the ocular 
effects of the prostanoids and their analogues. This work suggests a wide distribution but 
differential expression of FP and EP receptor subtypes in human ocular tissues. The highest 
expression of FP receptor mRNA and protein was found in the corneal epithelium, ciliary 
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 Figure 2.2     Prostanoid receptor. 

 Table 2.1     Properties of prostanoid receptors 

  PGs    Receptor    Signal transduction    Localization in the human eye  

  PGD 2     DP    cAMP  ↑     Retina  
  PGE 2     EP 1     Ca 2+  ↑     Ciliary body, trabecular meshwork, retina, iris, 

lens, cornea, conjunctiva  
  EP 2     cAMP  ↑     Trabecular meshwork, cornea, choroid  
  EP 3     cAMP  ↓     Ciliary body, trabecular meshwork, retina, iris, 

cornea, conjunctiva  
  EP 4     cAMP  ↑     Ciliary body, trabecular meshwork, retina, iris, 

cornea, conjunctiva  
  PGF 2 α      FP    PI response    Ciliary body, trabecular meshwork, iris, cornea  
  PGI 2     IP    cAMP  ↑ , PI response    Trabecular meshwork  
  TXA 2     TP    PI response    Trabecular meshwork, corneal epithelium, 

ciliary processes, retina  

   PI response: phosphatidylinositol response.   

epithelium, ciliary muscle, and iris muscles by immunohistochemistry  [6] . In the trabecu-
lar meshwork, the gene expression of the EP2 receptor is more abundant than that of other 
receptors  [7] .    

  2.1.2   Fluorinated Prostanoids Research 

 It is well known that introduction of fl uorine atoms into biologically active substances 
may lead to improvements in pharmacological properties and an increase in therapeutic 
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effi cacy  [8] . These advantageous pharmacological effects of fl uorinated molecules are 
mainly derived from the following physicochemical characters of fl uorine: (1) relatively 
small atomic size, (2) high carbon – fl uorine bond energy, (3) high electronegativity, and 
(4) enhancement of lipophilicity. 

 The main problems with the use of natural prostanoids utilized as drugs have been 
perceived to be both chemical and metabolic instability, and separation of side - effects from 
the multiple physiological actions. In order to overcome these diffi culties, chemical modi-
fi cations of natural prostanoids have been studied extensively along with the development 
of new synthetic methodologies since the 1970s  [9] . Taking advantage of the unique 
characteristics of fl uorine, a large number of fl uorinated prostanoids have also been 
reported (Figure  2.3 )  [10] . For example, fl uprostenol, with a  m  - trifl uoromethylphenoxy 
group in the  ω  - chain, emerged in 1974 was one of the fi rst successfully marketed analogues 
with application as a potent luteolytic agent in veterinary medicine  [11] . The compound 
is known as a selective FP receptor agonist and is widely used as a pharmacological tool. 
The strong inductive effect and enhancement in lipophilicity caused by the CF 3  group 
should contribute to improvement of the biological profi le. The 16,16 - difl uoro - PGE 2  was 
reported in 1975 to be metabolically stabilized by 15 - dehydrogenase inhibition of the 
degradation pathways  in vitro   [12] . The inhibition of enzymatic oxidation is explained by 
the destabilization effects of electron - withdrawing fl uorine atoms causing a shift to the 
reduced form between the allyl alcohol and the enone in equilibrium. Fried  et al.  reported 
that 10,10 - difl uoro - 13,14 - dehydro - PGI 2   [13]  and 10,10 - difl uoro - TXA 2   [14]  showed an 
increase in the stability against hydrolysis in comparison with PGI 2  and TXA 2 , respec-
tively. Our group studied a 7,7 - difl uoro - PGI 2  derivative (AFP - 07) for modifi cation of the 
physical and physiological properties of natural PGI 2  by the inductive effects of fl uorine 
atoms  [15] . AFP - 07 showed not only higher stability in aqueous media of at least 10   000 

 Figure 2.3     Fluorinated prostanoids. 
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times that of the natural compound, but also potent and selective affi nity for the IP receptor 
 [16] . These instances demonstrate the high potential of chemical modifi cation of pros-
tanoids with fl uorine for lead discovery and optimization in drug development, if fl uorine 
atoms can be introduced into the right positions of the prostanoid structure on the basis 
of rational drug design.     

  2.2   Therapy of Glaucoma 

  2.2.1   Glaucoma 

 Glaucoma is one of the most common but serious eye diseases and that can damage the 
optic nerve and result in loss of vision and blindness. There may be no symptoms in the 
early stages of the disease. A recent epidemiological survey of glaucoma conducted in 
Japan (the Tajimi study) showed that the prevalence of glaucoma in residents aged 40 
years and older is about 5.0%, which is higher than that of previous surveys and demon-
strates that the number of patients with glaucoma has been increasing in Japan  [17] . 
Worldwide, it is the second leading cause of blindness, according to the World Health 
Organization. 

 It is thought that high pressure within the eye (intraocular OP) is the main cause of 
the optic nerve damage. Although elevated IOP is clearly a risk factor, other factors must 
also be involved because even people with normal levels of pressure can experience vision 
loss from glaucoma. The Tajimi study in Japan revealed that a substantial number of 
glaucoma patients are diagnosed as suffering normal tension glaucoma (NTG). The evi-
dence suggests that in patients with NTG a 30% reduction in IOP can slow the rate of 
progressive visual fi eld loss  [18] . IOP can be lowered with medication, usually eye drops. 
There are several classes of drugs for treating glaucoma, with several medications in each 
class. The fi rst - line therapy of glaucoma treatment is currently prostanoids, which will 
allow better fl ow of fl uid within the eye. IOP - lowering eye drops, by acting on their 
respective receptors to decrease the secretion of aqueous humor such as  β  - blockers or  α  2  
agonists, also might be considered, although these may not be used in people with heart 
conditions, because they can affect cardiovascular and pulmonary functions.  

  2.2.2   Prostanoids in the Therapy of Glaucoma 

 Since the discovery in 1980s that PGF 2 α   reduces IOP in an animal model  [19] , extensive 
efforts have been devoted to developing FP receptor agonists as promising new anti - 
glaucoma agents  [20] . Most reported analogues are esters used as prodrugs that are rapidly 
hydrolyzed by corneal enzymes to the free acids to account for the ocular hypotensive 
effects by activation of the FP prostanoid receptor (Figure  2.4 ).   

 Unoprostone  [21] , a docosanoid, a structural analogue of an inactive biosynthetic 
metabolite of PGF 2 α  ,was developed by Ueno  et al.  and fi rst marketed in Japan for the 
treatment of glaucoma in 1994. Clinical studies showed that in patients with mean baseline 
IOP of 23   mmHg, it lowered IOP by approximately 3 – 4   mmHg throughout the day. The 
recommended dosage is one drop in the affected eyes twice daily. 
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 Stjernschantz  et al.  later developed latanoprost  [22] , which has potent IOP - reducing 
effects with topical administration once daily in the evening. Compared with a representa-
tive  β  - blocker, timolol, it demonstrated superior effi cacy in clinical studies in reducing 
IOP by approximately 27 – 34% from baseline. Latanoprost is the FP receptor agonist most 
widely used worldwide as an anti - glaucoma drug. 

 Bimatoprost and travoprost are recently approved prostanoids with high effi cacy in 
reducing IOP. The chemical structure of bimatoprost differs from that of latanoprost only 
in a double bond of the  ω  - chain and an ethylamide in the C - 1 position. Although the clas-
sifi cation of bimatoprost is still subject of controversy, it has been demonstrated as a 
 “ prostamide, ”  a class of drugs distinct from PGs  [23] . Travoprost is an isopropyl ester of 
a single enantiomer of fl uprostenol, which was already known as a potent and selective 
FP receptor agonist  [24] . A new synthetic route of travoprost from a tricyclic ketone with 
ring cleavage by the attack of a vinyl cuprate has recently been reported  [25] . 

 The aqueous humor fl ows out the eye mainly via the conventional route of the tra-
becular meshwork and Schlemm ’ s canal. However, about 10 – 20% of outfl ow is via the 
uveoscleral (nonconventional) route whereby the aqueous humor passes between the 
ciliary muscle bundles and into the episcleral tissues, where it is reabsorbed into orbital 
blood vessels and drained via the conjunctival vessels. The IOP - lowering effect of these 
prostanoid drugs occurs predominantly through enhancement of uveoscleral outfl ow  [26] , 
although unoprostone and bimatoprost also increase fl ow via the trabecular meshwork to 
a lesser extent. 

 The prostanoids have been widely used for the treatment of ocular hypertension in 
many countries because they have good IOP - reducing effects without causing serious 
systemic side - effects. However, the drugs cause local adverse effects, such as hyperemia 
and iris/skin pigmentation  [27] . Moreover, the existing ocular hypotensive drugs, even 
latanoprost, do not produce satisfactory IOP control in all patients. It is therefore hoped 
that a new - generation prostanoid having powerful and prolonged IOP - reducing effi cacy 
together with improvement in ocular circulation, and causing fewer side - effects, will 
become available for patients with glaucoma.   

 Figure 2.4     Anti - glaucoma prostanoids. 
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  2.3   Development of Tafl uprost 

  2.3.1   Screening and Discovery 

 Prostanoids are generally fl exible molecules that change their conformation in response 
to changes in their environment through the intramolecular hydrogen bonding between the 
terminal carboxylic acid and the hydroxyl group at C - 9, C - 11, or C - 15  [28] . In the drug –
 receptor complex, the prostanoids can adopt a preferred conformation through the forces 
involved ionic interactions and dipole – dipole interactions, including hydrogen bonding, 
between these functional groups and the corresponding amino acid residues of receptors 
 [29] . If a specifi c position of the prostanoids is substituted by fl uorine, it should affect not 
only the molecular conformation but also the drug – receptor complex through possible 
participation of the fl uorine in the interactions. 

 The substitution of the hydroxyl group at C - 15 of PGF 2 α   with fl uorine atoms and the 
biological effects of the molecule has not been well - studied  [30]  because the 15 - hydroxyl 
group is believed to be essential for pharmacological activity of PGs  [31] . The carbon –
 fl uorine bond (van der Waals radius   =   1.47    Å ) is nearly isosteric with the carbon – oxygen 
bond (van der Waals radius   =   1.52    Å ). Compared to the hydroxylated carbon, the fl uori-
nated atom should be much more electronegative because of the strong electron - withdraw-
ing effect of fl uorine. In contrast to the hydroxyl group, the fl uorine cannot be a donor in 
hydrogen bonding; it can be a weak acceptor for hydrogen bonding, although this is still 
a matter of controversy  [32] . In addition, the enhancement of lipophilicity on introducing 
fl uorine atoms in a position close to a rigid pharmacophore such as an aromatic functional-
ity in the  ω  - chain may be an effective way to increase the specifi c affi nity for a hydro-
phobic pocket of the receptors. 

 Our research group at Asahi Glass Co., Ltd. has collaborated with Santen Pharma-
ceutical Co., Ltd. to fi nd a new FP receptor agonist having more potent IOP - reducing 
activity and weaker side - effects. We have recently discovered a 15 - deoxy - 15,15 - difl uoro -
 17,18,19,20 - tetranor - 16 - phenoxy - PGF 2 α   isopropyl ester, tafl uprost (AFP - 168), which 
shows highly potent and selective affi nity for the FP receptor  [33] . We have synthesized 
newly designed PGF 2 α   derivatives and investigated their prostanoid FP receptor - mediated 
functional activities both  in vitro  and  in vivo . A functional prostanoid FP - receptor - affi nity 
assay was performed using iris sphincter muscle isolated from cat eyes, which predomi-
nantly expresses the prostanoid FP receptor. The results on constrictions induced by 
PG - derivatives are shown in Table  2.2 . A carboxylic acid of latanoprost induced constric-
tion with an EC 50  value of 13.6   nM. In the functional FP receptor affi nity assay, we found 
that 15 - deoxy - 15 - fl uoro - 16 - aryloxy - tetranor - PGF 2 α   derivatives (AFPs - 159 and 120) 
caused strong constriction of the isolated cat iris sphincter  [34] . This suggested that 
exchanging the 15 - hydroxy group for fl uorine preserved agonistic activities on FP recep-
tor. In contrast, the diastereomers of these derivatives with the fl uorine atom attached at 
C - 15 showed much weaker binding affi nities (data not shown). Interestingly, 15,15 -
 difl uorinated analogues  –  AFPs - 164, 157, 162, and 172  –  demonstrated much more potent 
agonistic activities than the monofl uorinated derivatives. The introduction of a chlorine 
atom into the  meta  - position of the benzene ring of these difl uorinated derivatives reduced 
the prostanoid FP - receptor functional activities. The 13,14 - dihydro analogues AFP - 164 
and AFP - 162 had a weaker affi nities than the unsaturated ones, AFPs - 157 and 172. 
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 Table 2.2     Functional assay of  PG  derivatives on  FP  receptor a  

  

   

HO

HO

X

CO2H

R1 R2

A

R3 R4    

  Compounds    A    X    R 1     R 2     R 3     R 4     EC 50  (nM)  

  Latanoprost acid form    Single bond    CH 2     H    OH    H    H    13.6  
  AFP - 159    Single bond    O    H    F    H    H    6.6  
  AFP - 120    Double bond    O    H    F    Cl    Cl    37.9  
  AFP - 164    Single bond    O    F    F    H    Cl    9.4  
  AFP - 157    Double bond    O    F    F    H    Cl    1.9  
  AFP - 162    Single bond    O    F    F    H    H    2.4  
  AFP - 172    Double bond    O    F    F    H    H    0.6  

     a     Constriction effects of PG derivatives on cat iris sphincters.   

Overall, AFP - 172, the active carboxylic acid form of tafl uprost, displayed the most potent 
activity.    

  2.3.2   Synthesis of Tafl uprost 

 A synthetic route for tafl uprost is shown in Scheme  2.1   [33] . The synthesis was started 
from the Corey aldehyde  1 , which was converted to enone  2  by Horner – Emmons reaction. 
Since a general method to prepare allyl difl uorides from enones had not been reported, we 
studied the fl uorination reaction. It was found that the reaction of the enone  2  with mor-
pholinosulfur trifl uoride  3  and successive deprotection gave the desired geminal difl uoride 
 4  in good yield. Reduction of the lactone  4  with diisobutylaluminum hydride in THF –
 toluene at  − 78    ° C afforded the lactol  5 . The Wittig reactions of the lactol  5  with the ylide 
prepared from 4 - carboxybutyltriphenylphosphonium bromide with various bases yielded 
the 15 - deoxy - 15,15 - difl uoro - PGF 2 α   derivative as a mixture of 5 Z  and 5 E  isomers. The 
Wittig reaction using sodium bis(trimethylsilyl)amide as base gave the best result for ste-
reoselectivity (5 Z /5 E    =   99/1). The esterifi cation of the crude acid treated with isopropyl 
iodide and 1,8 - diazabicyclo[5.4.0]undec - 7 - ene (DBU) afforded the desired 15 - deoxy -
 15,15 - difl uoro - PGF 2 α   derivative (tafl uprost).    

  2.3.3   Pharmacology of Tafl uprost 

  2.3.3.1   Prostanoid Receptor Affi nities 

 The affi nity of the corresponding carboxylic acid of tafl uprost for the recombinant human 
FP receptor expressed in clonal cells was 0.4   nM, which was 12 times and 1700 times 
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 Scheme 2.1     Synthesis of tafl uprost. 

higher than those of latanoprost and isopropyl unoprostone, respectively (Table  2.3 )  [35] . 
It should be noted that substitution of difl uoro - moiety for the hydroxyl group at C - 15 of 
PGF 2 α   derivatives increases binding to the FP receptor to such a large extent because the 
hydroxyl group was thought to be indispensable to exhibit biological activity  [31] .   

 Since the acid form of tafl uprost did not show signifi cant affi nities for other pros-
tanoid receptors, the drug proved to be a highly selective compound  [35] . Compared with 
the other prostanoids  [26b, 36] , tafl uprost is regarded as one of the most selective pros-
tanoid FP receptor agonists.  

 Table 2.3     Affi nities of prostanoids for the human prostanoid  FP  receptor 

  Compound (acid form)     K  i  (nM)    Ratio (tafl uprost   =   1)  

  Tafl uprost    0.40    1  
  Latanoprost    4.7    12  
  Unoprostone    680    1700  



58 Fluorine in Medicinal Chemistry and Chemical Biology

  2.3.3.2    IOP  - Reducing Effects 

 Tafl uprost has a potent IOP - reducing effect in animal models. For example, the maximal 
IOP reduction achieved with tafl uprost at 0.0025% was greater than with latanoprost at 
0.005% in both laser - induced glaucomatous and ocular normotensive monkeys  [35] . The 
effects of tafl uprost and latanoprost on IOP reduction in conscious ocular normotensive 
monkeys are indicated in Figure  2.5 . The peak time for the IOP reduction induced by taf-
luprost was 6 – 8   h after its application, similar to that of latanoprost. The duration of the 
IOP reduction seen with tafl uprost was greater than that seen with latanoprost. Once - daily 
applications of tafl uprost led to progressive increases in the daily maximal IOP reduction 
and in the IOP reduction at the trough time - point (just before the next application), while 
these effects at the trough time - point were not observed with latanoprost in the monkey 
study. These results indicate that the IOP - lowering effect of tafl uprost is stronger and more 
continuous than that of latanoprost. 

 The mechanism underlying the IOP - lowering effect of tafl uprost was investigated in 
ocular normotensive monkeys (Table  2.4 )  [35] . The methods used in this study were vali-
dated by their ability to reveal the effects of positive controls, such as timolol, PGF 2 α   - iso-
propyl ester, and pilocarpine. Tafl uprost decreased the fl ow to blood (FTB, conventional 
outfl ow) and increased the uveoscleral outfl ow. The effect of tafl uprost on aqueous humor 
formation (AHF) was similar by the different methods, increases of 10% by fl uoropho-
tometry (not signifi cant) and 14% by isotope perfusion ( p     <    0.05). Compared with the 
increase in uveoscleral outfl ow, this increase in AHF is relatively small. Thus, tafl uprost 
may affect AHF slightly, as do the other PGF 2 α   analogues. Tafl uprost also decreased FTB 
and the mechanism may due to rerouting of fl ow to the uveoscleral pathway. Thus, the 
primary mechanism underlying the IOP - reducing effect of tafl uprost is via an increase in 
uveoscleral outfl ow, as with other PG derivatives  [26, 37] .      
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 Figure 2.5     Effects of tafl uprost and latanoprost on maximal reduction of intraocular pressure 
(IOP) in conscious ocular normotensive monkeys. 
 ( Source:  Reprinted from Takagi, Y., Nakajima, T., Shimazaki, A.,  et al.  Pharmacological char-
acteristics of AFP - 168 (tafl uprost), a new prostanoid FP receptor agonist, as an ocular hypo-
tensive drug.  Exp. Eye Res. , (2004)  78 , 767 – 776, with permission from Elsevier)  
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 Table 2.4     Effects of tafl uprost on aqueous humor dynamics in anesthetized ocular 
normotensive monkeys 

  Experiments/treatments ( n )    Control 
(contralateral eye)  

  Treayed eye    Ratio of 
treated/control  

   Fluorophotometry for aqueous humor formation (AHF,  m l/min)   
  Baseline (8)    1.49    ±    0.14    1.43    ±    0.12    0.97    ±    0.03  
  Tafl uprost (8)    1.73    ±    0.13    1.88    ±    0.12    1.10    ±    0.04  
  Baseline (8)    1.55    ±    0.14    1.64    ±    0.17    1.06    ±    0.05  
  Timolol - gel (8)    1.39    ±    0.15    1.06    ±    0.10    0.77    ±    0.02  *  *    

   Isotope perfusion for AHF ( m l/min), fl ow to blood (FTB,  m l/min), and uveoscleral 
outfl ow (Fu,  m l/min)   
  AHF tafl uprost (12)    1.54    ±    0.12    1.73    ±    0.15    1.14    ±    0.06  *    
  FTB tafl uprost (12)    0.78    ±    0.16    0.61    ±    0.14    0.78    ±    0.06  *  *    
  Fu tafl uprost (10)    0.92    ±    0.17    1.22    ±    0.14    1.65    ±    0.24  *    
  AHF PGF 2 α   - ie (8)    1.45    ±    0.17    1.54    ±    0.19    1.11    ±    0.14  
  FTB PGF 2 α   - ie (8)    0.43    ±    0.12    0.14    ±    0.03    0.41    ±    0.08  *  *    
  Fu PGF 2 α   - ie (8)    1.01    ±    0.22    1.40    ±    0.20    2.31    ±    0.99  

   Two - level constant - pressure perfusion for total outfl ow facility ( m l/min/mmHg)   
  Tafl uprost (12)    0.45    ±    0.08    0.57    ±    0.11    1.33    ±    0.13  *    
  PGF 2 α   - ie (8)    0.60    ±    0.10    0.58    ±    0.09    1.15    ±    0.23  
  Pilocarpine (8)    0.83    ±    0.16    2.23    ±    0.40    2.84    ±    0.33  *  *    

   PGF 2 α   - ie: prostaglandin F 2 α   - isopropyl ester.  
  Data represent the mean    ±    SEM. For ratio values,  *     p     <    0.05,  
   *  *     p     <    0.01 for difference from 1.0 (two - tailed paired  t  - test).   
  Source:  Reprinted from Ref.  35 , Copyright (2004) with permission from Elsevier Limited. 

  2.3.3.3    IOP  - Lowering Effects in Prostanoid Receptor - Defi cient Mice 

 Ota  et al.  reported the IOP - lowering effects of tafl uprost in wild - type mice  [38]  and pros-
tanoid receptor - defi cient mice  [39] , topically administered by a microneedle method. The 
IOP - lowering effect of tafl uprost was compared with that of latanoprost in ddY mice over 
a 24   h period. By area - under - the - curve analysis, tafl uprost was more effective in reducing 
mouse IOP, and its ocular hypotensive effect lasted longer than that of latanoprost  [38] . 
In B6 mice, both tafl uprost and latanoprost lowered IOP in a dose - dependent manner from 
1 to 6   h after administration, but the magnitude of IOP reduction induced by tafl uprost was 
signifi cantly greater than that induced by latanoprost. The more effective IOP reduction 
of tafl uprost may be the result of its higher affi nity for FP receptor. In EP1KO and EP2KO 
mice, there was no signifi cant difference in IOP reduction induced by tafl uprost and 
latanoprost as compared with B6 mice. Although tafl uprost and latanoprost signifi cantly 
lowered IOP in EP3KO mice, the magnitude of IOP reduction was signifi cantly less than 
the effect in B6 mice. The EP3 receptor may play a role in IOP reduction induced by 
tafl uprost and latanoprost. In FPKO mice, tafl uprost and latanoprost had no obvious IOP 
reduction. These results suggest that tafl uprost lowers IOP and produces endogenous PG 
via mainly prostanoid FP receptor, and the endogenous PG may lower IOP via prostanoid 
EP3 receptor, similarly to the fi ndings with travoprost, bimatoprost, and unoprostone in a 
previous study  [40] .  
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  2.3.3.4   Increase of Ocular Blood Flow 

 Tafl uprost signifi cantly increases retinal blood fl ow and blood velocity in animal models. 
The improvement of ocular blood fl ow is thought to be relevant in glaucoma therapy, 
especially for normal - tension glaucoma patients since it is assumed that optic nerve 
damage is involved not only in mechanical compression caused by IOP but also in impair-
ment of ocular blood fl ow. 

 The effects of tafl uprost on IOP and retinal blood fl ow (RBF) were studied in adult 
cats  [41] . A single drop of tafl uprost was placed in one eye and IOP, vessel diameter, blood 
velocity, and RBF were measured simultaneously by laser Doppler velocimetry. Measure-
ments carried out at 30 and 60   min after dosing showed 16.1% and 21.0% IOP reduction, 
respectively, as well as 1% and 2.4% reduction in mean vessel diameter, respectively. The 
mean blood velocity increases were 17.4% and 13.7%, respectively, and the mean RBF 
increases were 20.7% and 18.8%, respectively, 30 and 60   min after dosing. 

 Another study aimed to evaluate and compare the effect of tafl uprost, latanoprost, and 
travoprost on optic nerve head (ONH) blood fl ow in rabbits  [42] . A quantitative index of 
blood fl ow, squared blur rate (SBR), was determined with the laser speckle method, when 
50    µ l of 0.0015% tafl uprost, 0.005% latanoprost, or 0.004% travoprost were topically 
administrated once a daily for 28 days. After 28 days ’  administration of tafl uprost, latano-
prost, and travoprost, the trough SBR values became 111.9    ±    3.9%, 107.2    ±    4.3% and 
106.7    ±    3.5%, respectively, compared with the value before administration. Sixty minutes 
after fi nal administration on day 28, the SBR value with tafl uprost, latanoprost, and travo-
prost become 116.1    ±    3.5%, 106.1    ±    3.0%, and 104.2    ±    3.7%, respectively, compared with 
the value before administration. These results indicate that topical administrations of these 
compounds stably increase the ONH blood fl ow in rabbits. The magnitude of increase in 
ONH blood fl ow produced by tafl uprost was greater than that of latanoprost or travoprost.  

  2.3.3.5   Protective Effect of Tafl uprost on Glutamate - Induced Cytotoxicity 

 The protective effect of tafl uprost on the cytotoxicity and intracellular Ca 2+  increase 
induced by l - glutamate (Glu) using primary cultures obtained from the fetal rat retina has 
been reported  [43] . Tafl uprost acid form signifi cantly prevented Glu - induced cytotoxicity 
in a concentration - dependent manner of more than 10   nM. However, latanoprost acid form 
did not show any effect on Glu - induced cytotoxicity. Tafl uprost acid form showed the cell 
protective effect on Glu - induced cytotoxicity through the inhibition of intracellular Ca 2+  
increase in retinal cells. 

 Glaucoma is a progressive neuropathy characterized by loss of the visual fi eld result-
ing from neuronal cell death  [44] . These results suggest that tafl uprost is an effective 
therapy for glaucoma to prevent the retinal cell damage in addition to its effects of lower-
ing IOP and increasing the activity of ocular blood fl ow.  

  2.3.3.6   Melanogenesis 

 In long - term clinical use, prostanoids are known to cause iris pigmentation as a charac-
teristic side - effect; this has been observed in 5 – 15% of patients treated  [27] . In cultured 
melanoma cells, a carboxylic acid of latanoprost has been reported to increase melano-
genesis  [45] . However, a carboxylic acid of tafl uprost did not have the stimulatory effects 
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on melanin content in cultured B16 - F10 melanoma cells  [34, 35] . The melanogenesis -
 promoting effects of latanoprost acid and tafl uprost acid  in vitro  are compared in Figure 
 2.6 . This fi nding implies that the application of tafl uprost may cause less iris pigmentation 
than that of latanoprost.     

  2.3.4   Pharmacokinetics and Metabolism 

 To evaluate the distribution and metabolism of [ 3 H]tafl uprost in ocular tissues and to study 
the IOP - lowering effects of the major metabolites of tafl uprost, single ocular doses of 
[ 3 H]tafl uprost were administered to male/female cynomolgus monkeys (1    µ g/eye for tissue 
distribution studies and 10    µ g/eye for metabolic studies)  [46] . Tafl uprost was rapidly 
absorbed into ocular tissues and subsequently entered the systemic circulation. The highest 
concentrations of radioactivity were observed in the bulbar conjunctiva and the palpebral 
conjunctiva (323 and 180   ng - eq/g, respectively) at 0.083   h after administration, and in the 
cornea (784   ng - eq/g) at 0.25   h after administration. Nonvolatile radioactivity in plasma 
peaked (0.907   ng - eq/g) at 0.083   h after administration and then declined steadily. Three 
major metabolites shown in Figure  2.7 , a carboxylic acid of tafl uprost (AFP - 172), 1,2 -
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 Figure 2.6     Effects of tafl uprost acid and latanoprost acid on melanin contents of cultured 
B16 - F10 melanoma cells. 

 Figure 2.7     Metabolites of tafl uprost. 
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 dinor - AFP - 172, and 1,2,3,4 - tetranor - AFP - 172, accounted for most of the radioactivity in 
the aqueous humor and other ocular tissues. AFP - 172 was demonstrated to be the most 
abundant and the only pharmacologically active metabolite in ocular tissues. A small 
amount of tafl uprost was detected in the ciliary body, cornea, and iris.     

  2.4   Conclusion 

 A novel 15,15 - difl uorinated prostanoid, tafl uprost was discovered as a highly potent and 
selective prostanoid FP receptor agonist. Tafl uprost demonstrates powerful and prolonged 
IOP - lowering effects in animal models. The maximal IOP reduction achieved with tafl u-
prost was greater than that with latanoprost in both normotensive and glaucomatous 
monkeys. Tafl uprost showed signifi cantly increasing effi cacy of ocular blood fl ow and 
protective effect on glutamate - induced cytotoxicity. In its pharmacological characteristics, 
tafl uprost may be superior to latanoprost: potent IOP - reducing effi cacy, effective increase 
in ocular blood fl ow, and weak melanogenetic side - effect. Tafl uprost has completed clini-
cal trials, and new drug applications for tafl uprost have been fi led in Japan and the EU. 
Tafl uprost is expected to become a new - generation prostanoid FP agonist that strongly 
reduces IOP and effectively improves ocular circulation in patients with glaucoma.  
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 Fluorinated Conformationally Restricted 

Glutamate Analogues for  CNS  Drug 
Discovery and Development  

  Atsuro   Nakazato        

  3.1   Introduction 

 (1 S ,2 R ,5 R ,6 S ) - 2 - Aminobicyclo[3.1.0]hexane - 2,6 - dicarboxylic acid ( 4 ; see Figure  3.2 ), 
a conformationally restricted glutamate analogue, is a selective group II metabotropic 
glutamate receptor (mGluR2/3) agonist. Orally active mGluR2/3 agonists and antagonists 
have been successfully discovered by the introduction of fl uorine atoms onto the 
bicyclo[3.1.0]hexane ring of  4 . (1 S ,2 S ,3 S ,5 R ,6 S ) - 2 - Amino - 3 - fl uorobicyclo[3.1.0]hexane -
 2,6 - dicarboxylic acid ((+) -  6a , MGS0008), (1 R ,2 S ,5 R ,6 R ) - 2 - amino - 6 - fl uorobicyclo[3.1.0]
hexane - 2,6 - dicarboxylic acid (( − ) -  7a , MGS0022) and (1 R ,2 S ,5 S ,6 S ) - 2 - amino - 6 - fl uoro - 4 -
 oxobicyclo[3.1.0]hexane - 2,6 - dicarboxylic acid monohydrate ((+) -  7b , MGS0028) are 
typical fl uorinated mGluR2/3 agonists. Among these agonists, the orally administered 
compounds (+) -  6a  (MGS0008) and (+) -  7b  (MGS0028), in particular, show potent anti-
psychotic - like effects in laboratory animals. (1 R ,2 R ,3 R ,5 R ,6 R ) - 2 - Amino - 3 - (3,4 - dichloro-
benzyloxy) - 6 - fl uorobicyclo[3.1.0]hexane - 2,6 - dicarboxylic acid ( 14a , MGS0039) is a 
typical fl uorinated mGluR2/3 antagonist, and its  n  - heptyl 6 - carboxylate  15a , a compound 
that was designed by utilizing the chemical characteristics of  α  - fl uoro carboxylic acid, is 
the most effective prodrug for  14a  (MGS0039).   

 In this chapter, the design strategy, synthesis, pharmacology, and pharmacokinetics 
of fl uorinated conformationally restricted glutamate analogues are described in compari-
son with those of the corresponding hydrocarbon - based compounds.  
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  3.2   Metabotropic Glutamate Receptors 

  l  - Glutamate ( 2 ) acts as a neurotransmitter at the vast majority of excitatory synapses in 
the brain. The normal functioning of glutamatergic synapses is required for all major brain 
functions  [1, 2] . Glutamate receptors are broadly classifi ed into two types: ionotropic 
glutamate receptors (iGluRs), in which the receptors have an ion channel structure, and 
metabotropic glutamate receptors (mGluRs), which are coupled to G - proteins. mGluRs 
are classifi ed into eight subtypes, identifi ed as subtypes 1 through 8, which are further 
classifi ed into three groups (I – III) on the basis of sequence homology, signal transduction 
mechanisms, and pharmacology  [3 – 9] . Group I mGluRs (mGluR1/5) are positively coupled 
to phospholipase C, and their activation produces phosphoinositide turnover and diacylg-
lycerol within target neurons. In contrast, both group II mGluRs (mGluR2/3) and group 
III mGluRs (mGluR4/6/7/8) are located in glutamatergic terminals and are negatively 
coupled to the activity of adenyl cyclase (see Figure  3.1 )  [9 – 11] .   

 mGluRs have been implicated in the pathology of major psychiatric disorders such 
as depression, anxiety, and schizophrenia  [12]  because of their critical role as modulators 
of synaptic transmission, ion channel activity, and synaptic plasticity  [7] . Indeed, the effi -
cacy of mGluR2/3 agonists in animal models and in clinical trials suggests that, by inhibit-
ing the glutamatergic system, agonists of mGluR2/3 may be useful for the treatment of 
many diseases and conditions including schizophrenia  [3 – 17] , anxiety  [13, 14, 18 – 21] , 
and panic disorder  [22] . 

 In contrast, clarifi cation of the effi cacy of mGluR2/3 antagonists in animal models 
has taken longer than that of mGluR2/3 agonists. This delay might be due to the lack 
of potent and selective mGluR2/3 antagonists capable of penetrating the blood – brain 
barrier (BBB). The antidepressant - like and anxiolytic effects of mGluR2/3 antagonists, 
 14a  (MGS0039)  [23 – 31]  and (2 S ) - amino - 2 - [(1 S ,2 S ) - 2 - carboxycycloprop - 1 - yl] - 3 - (9 -
 xanthyl)propionic acid ( 11 , LY341495)  [32, 33] , have been reported. Compound  14a  
(MGS0039) exerted dose - dependent antidepressant - like effects in the rat forced - swim test 

Ionotropic glutamate receptors (iGluRs)

- NMDA
- AMPA
- Kainate

- Group I

- Group II

- Group III

- Positively coupled to phospholipase C

- Located in glutamatergic terminals
- Negatively coupled to the activity of 
adenyl cyclase

Metabotropic glutamate receptors (mGluRs)

mGluR1
mGluR5

mGluR2
mGluR3

mGluR4
mGluR6
mGluR7
mGluR8

 Figure 3.1     Glutamate receptors (GluRs). 
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and the mouse tail suspension test, but had no apparent effects on classical models of 
anxiety, such as the rat social interaction test and the rat elevated plus - maze (0.3 – 3   mg/kg, 
i.p.). However, compound  14a  (MGS0039) showed dose - dependent anxiolytic - like 
activities when evaluated using the conditioned fear stress test in rats, the marble - burying 
behavior test in mice, and the stress - induced hyperthermia test in single housed mice. 
These fi ndings suggest that mGluR2/3 antagonists may be useful for the treatment of 
depression and anxiety.  

  3.3    m  G  lu  R 2/3 Agonists and Antagonists 

 Typical mGluR2/3 antagonists that have been derived from the corresponding agonists are 
shown in Figure  3.2 . The 2 - methyl analogue ( 8 , MAP - 4) of agonist  1  is a weak but selec-
tive antagonist for group III mGluRs  [34] . A potent and relatively selective antagonist for 
mGluR2/3, compound  9 , was obtained by introducing a 4,4 - diphenybutyl group at the C - 4 
position of glutamic acid ( 2 ). Furthermore, the introduction of a phenyl group to the C - 2 ′  
position of  3  or a 9 - xanthylmethyl group at the C - 2 position of  3  yielded moderately potent 
and very potent mGluR2/3 antagonists  10   [35]  and  11  (LY341495)  [32, 33] , respectively. 
Compound  11  (LY341495) binds to rat brain mGluRs with a very high affi nity 
(IC 50    =   2.9   nM) and is a very potent functional antagonist (IC 50    =   23   nM and 10   nM for 
human mGluR2 and mGluR3, respectively). Additionally, the intraperitoneal administra-
tion of  11  (LY341495) resulted in good plasma and acceptable brain concentrations, but 
the oral bioavailability of  11  (LY341495) was low ( < 5%)  [33] . A selective mGluR2/3 
agonist  4  (LY354740) exhibits oral activity  [21]  and has been chemically modifi ed to dis-
cover better drug candidates. Among these compounds, compound  5  (LY404039) is a 
typical agonist for mGlu2/3 receptors with a good pharmacokinetic profi le in laboratory 
animals  [14] . In contrast, the introduction of a hydroxyl group or a methyl group at the 
C - 3 position of a typical group II mGluR agonist  4  (LY354740) yielded mGluR2/3 antago-
nists  12a  (Ro 65 – 3479)  [36]  and  12b   [37] , respectively. 

 On the basis of the chemical properties of fl uorine, the introduction of a fl uorine atom 
into compound  4  (LY354740) was an interesting endeavor, resulting in compounds  6  and 
 7 . Fluorine is not a sterically demanding substituent, since its small van der Waals radius 
resembles that of hydrogen. In molecules where conformational recognition is important, 
minimal steric disturbance by a substituent is especially critical. The electronegativity of 
fl uorine can have pronounced effects on the electron density within molecules, affecting 
the basicity or acidity of neighboring groups, dipole moments within molecules, and the 
overall reactivity and stability of neighboring functional groups. Once introduced, the high 
carbon – fl uorine bond energy renders the substituent relatively resistant to metabolic trans-
formation  [38] . Given the nature of fl uorine, the C - 3 or C - 6 position of the conformation-
ally restricted glutamate analogue  4  (LY354740)  –  an orally active, potent, and selective 
mGluR2/3 agonist  –  was selected for the introduction of fl uorine, since its introduction 
was expected to infl uence the functional groups (carboxylic acid and the amino group 
at the C - 2 position or the carboxylic acid at the C - 6 position) in a direct manner. 
Fluoro - compounds  6a  (MGS0008) and  7a  (MGS0022) exhibited the best inhibitory effects 
on cAMP formation, with the same EC 50  values as that of compound  4  (LY354740). In 
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 Figure 3.2     Group II mGluR agonists and antagonists. 

addition,  6a  (MGS0008) had a higher oral activity in laboratory animals than compound 
 4  (LY354740)  [15] . Moreover, chemical modifi cation based on the replacement of the CH 2  
group at the C - 4 position of compound ( − ) -  7a  (MGS0022) with a carbonyl group produced 
(+) -  7b  (MGS0028), which displayed the best mGluR2/3 agonist properties in both  in vitro  
and  in vivo  pharmacological profi les  [15] . In contrast, the introduction of an alkoxy group 
at the C - 3 position of ( − ) -  7a  (MGS0022) yielded a potent and selective mGluR2/3 anta-
gonist,  14a  (MGS0039)  [25] . The antagonist  14a  (MGS0039) showed acceptable BBB 
penetration, and its low oral bioavailability in laboratory animals has been improved by 



 Fluorinated Conformationally Restricted Glutamate Analogues 71

the discovery of prodrug  15a  (MGS0210), which was designed by applying the charac-
teristics of  α  - fl uoro carboxylic acid  [39, 40] .  

  3.4    m  G  lu  R 2/3 Agonists (+) - 6a ( MGS 0008), ( − ) - 7a ( MGS 0022), 
and (+) - 7b ( MGS 0028) 

 In this section, the original syntheses and pharmacological profi les of racemic and optically 
active compounds  6a ,  6b ,  6c ,  7a,  and  7b  are presented  [15] . The process chemistry for 
(+) -  6a  (MGS0008)  [41]  and (+) -  7b  (MGS0028)  [42 – 45]  is also described. Structures in 
the following schemes illustrate the absolute confi gurations corresponding to (+) -  6a  
(MGS0008) and (+) -  7b  (MGS0028) for simplicity, Thus, only one structure is shown for 
racemic compounds and the structures of enantiomers corresponding to ( − ) -  6a  and ( − ) -  7b  
are not depicted. 

  3.4.1   Synthesis of (+) - 6a ( MGS 0008) 

 Racemic compounds ( ± ) -  6a , ( ± ) -  6b , and ( ± ) -  6c , and optically pure compounds (+) -  6a  
(MGS0008) and ( − ) -  6a , were originally synthesized via racemic fl uorinated intermediates, 
( ± ) -  17a - 1 , ( ± ) -  17b , and ( ± ) -  17c , respectively, which were synthesized by the fl uorination 
of the racemic compound ( ± ) -  16  (see Scheme  3.1 )  [15] .   

 Racemic compound ( ± ) -  16  was reacted with trimethylsilyl chloride (TMSCl) and 
lithium hexamethyldisilazide (LHMDS) to give a silyl enolate, which was electrophilically 
fl uorinated with  N  - fl uorobenzenesulfonamide (NFSI)  [46, 47]  to yield a mixture of mono-
fl uoro compounds (59% yield), ( ± ) -  17a - 1  and ( ± ) -  17b , as well as the difl uoro compound 
( ± ) -  17c  (25% yield)after column chromatography on silica gel. The mixture of ( ± ) -  17a - 1  
and ( ± ) -  17b  was subjected to the Bucherer – Bergs conditions (ammonium carbamate and 
potassium cyanide) to yield  β  - fl uorohydantoin ( ± ) -  18a - 1  (8% yield) and  α  - fl uorohydan-
toin ( ± ) -  18b  (6% yield), respectively, after column chromatography on silica gel and 
recrystallization. In a similar manner, difl uorohydantoin ( ± ) -  18c  was prepared from com-
pound ( ± ) -  17c  under the Bucherer – Bergs conditions (47% yield). Hydantoins ( ± ) -  18a - 1 , 
( ± ) -  18b , and ( ± ) -  18c  were hydrolyzed under acidic or basic conditions to yield the corre-
sponding amino acids, ( ± ) -  6a  (25% yield), ( ± ) -  6b  (21% yield), and ( ± ) -  6c  (56% yield), 
respectively (see Scheme  3.1 ). 

 Optically pure (+) -  6a  (MGS0008) (64% yield) and its enantiomer ( − ) -  6b  (73% yield) 
were produced by acidic hydrolysis of carboxylic acids (+) -  19  and ( − ) -  19 , respectively. 
Compounds (+) -  19  and ( − ) -  19  were obtained through selective saponifi cation of the ester 
moiety of ( ± ) -  18  under basic conditions (93% yield), followed by optical resolution of the 
resulting ( ± ) -  19  with ( R ) -  and ( S ) - 1 - phenylethylamine [(+) -  19 : 39% yield, ( − ) -  19 : 36% 
yield], respectively (see Scheme  3.1 ). 

 Next, the process chemistry for a large - scale synthesis of (+) -  6a  (MGS0008) is pre-
sented (see Scheme  3.2 )  [41] . The reaction of racemic ( ± ) -  16  with TMSCl and LHMDS, 
followed by dehydrosilylation with palladium acetate afforded enone ( ± ) -  20  (90% yield), 
which was stereoselectively epoxidized using  tert  - butyl hydroperoxide (TBHP) in the 
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 Scheme 3.1     Synthesis of (+) -  6a  (MGS0008) and its congeners (1).  Reagents and conditions:  
(a) (i) LHMDS, TMSCl, THF, (ii) (PhSO 2 ) 2 NF, CH 2 Cl 2 ; (b) (NH 4 ) 2 CO 3 , KCN, EtOH, H 2 O; (c) 
60% aq. H 2 SO 4 , 2.5 or 3.0   M aq. NaOH; (d) 2   M aq. NaOH; (e) ( R ) - PhCH(NH 2 )Me, 
acetone, H 2 O and then 1   M aq. HCl. 

presence of Triton B to yield epoxide ( ± ) -  21 - 1 . Ethyl ester ( ± ) -  21 - 1  was transformed to 
2,4 - dimethyl - 3 - pentyl ester ( ± ) -  21 - 2  in two steps to avoid hydrolysis and transesterifi ca-
tion of the ethyl ester under the fl uorination conditions. Thus, ( ± ) -  21 - 1  was hydrolyzed 
under basic conditions (92% yield), followed by esterifi cation with 2,4 - dimethyl - 3 - 
pentanol in the presence of dicyclohexylcarbodiimide (DCC) to give ( ± ) -  21 - 2 , which 
was used in the next step without purifi cation. The nucleophilic fl uorination of epoxide 
( ± ) -  21 - 2  with potassium hydrogen difl uoride  [48]  in ethylene glycol yielded fl uoroenone 
( ± ) -  22 . The hydrogenation of ( ± ) -  22  over palladium on carbon proceeded in a highly ste-
reoselective manner to give ( ± ) -  17a - 2  (48% yield for three steps). Fluoroketone ( ± ) -  17a - 2  
was converted to optically pure (+) -  6a  in a four - step process: (i) formation of hydantoin 
( ± ) -  18a - 2  under the Bucherer – Bergs conditions (75% yield); (ii) selective hydrolysis of 
the ester moiety with 48% aqueous HBr to give ( ± ) -  19a - 2  (82% yield); (iii) optical resolu-
tion of ( ± ) -  19a - 2  with ( R ) - 1 - phenylethylamine afforded optically pure hydantoin (+) -  19a - 2  
(48% yield,  > 99% ee); and (iv) hydrolysis of (+) -  19a - 2  under acidic conditions to give 
(+) -  6a  (MGS0008) (74% yield).    

  3.4.2   Synthesis of ( − ) - 7a ( MGS 0022) 

 Racemic ( ± ) -  7a  and optically pure (+) -  7a  and ( − ) -  7a  (MGS0022) were originally synthe-
sized from fl uorobicyclo[3.1.0]cyclohexanecarboxylates ( ± ) -  25 , (+) -  25 , and ( − ) -  25 , 
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 Scheme 3.2     Synthesis of (+) -  6a  (MGS0008) and its congeners (2).  Reagents and conditions:  
(a) (i) LHMDS, TMSCl, TFA, (ii) Pd(OAc) 2 , MeCN; (b) TBHP, Triton B, PhMe; (c) (i) 2   M 
aq. NaOH, (ii) (i - Pr) 2 CHOH, DCC, DMAP, CHCl 3 ; (d) KF - HF, ethylene glycol, (e) H 2 , 5% 
Pd/C, EtOH; (f) (NH 4 ) 2 CO 3 , KCN, EtOH, H 2 O; (g) 48% HBr. 

respectively, through (i) hydrolysis of the ethyl ester moieties of ( ± ) -  25 , (+) -  25 , and ( − ) -  25 , 
(ii) formation of hydantoins under Bucherer – Bergs conditions (99%, 88%, and 90% yields 
(two steps), respectively), and (iii) hydrolysis of hydantoins ( ± ) -  25  (34% yield), (+) -  25  
(72% yield), and ( − ) -  25  (73% yield), under acidic conditions (see Scheme  3.2 )  [15] . The 
key intermediate ( ± ) -  25  was synthesized by Cu(TBS) - catalyzed (TBS   =    N  -  tert  - butylsali-
cylaldimine) intramolecular cyclopropanation of diazoketo - fl uoroalkenoate  24 , which was 
prepared from  23  through reaction with oxalyl chloride and then diazomethane (27% total 
yield from  23  to  25 )  [49, 50] . Effective optical resolution of ( ± ) -  25  was achieved using 
chiral HPLC. Enantioselective intramolecular cyclopropanation of  24  was also examined 
using chiral copper catalysts. Among the catalysts examined, the Cu(II) complex with 
( S ) - ( − ) - 2,2 ′  - isopropylidenebis(4 - phenyl - 4,5 - dihydro - 1,3 - oxazole) was found to be the 
best, yielding ( − ) -  26  with up to 65% ee  [42] .  

  3.4.3   Synthesis of (+) - 7b ( MGS 0028) 

 Racemic ( ± ) -  7b  as well as optically pure (+) -  7b  (MGS0028) and ( − ) -  7b  were originally 
synthesized via hydroxy - keto compounds ( ± ) -  29 , (+) -  29 , and ( − ) -  29 , respectively (see 
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Scheme  3.4 )  [15] . The key intermediates ( ± ) -  29  and (+) -  29  were prepared from the corre-
sponding ( ± ) -  25  and (+) -  25  in three steps: (i) reaction with TMSCl and LHMDS, followed 
by dehydrosilylation catalyzed by palladium acetate (89% and 89% yields), (ii) stereose-
lective epoxidation by TBHP in the presence of Triton B (98% and 88% yields), and (iii) 
regioselective reduction of  α , β  - epoxy ketone ( ± ) -  28  with benzeneselenol, which was 
generated  in situ  from diphenyl diselenide (PhSe) 2  and sodium borohydride in the presence 
of acetic acid (76% and 71% yields). Hydroxyketones ( ± ) -  29  and (+) -  29  were converted 
to their  tert  - butyldimethylsilyl (TBS) ethers, followed by thioketalization (the TBS – O 
bond was cleaved during the work - up) to give ( ± ) -  30  (85% yield) and (+) -  30  (94% yield), 
respectively. Hydroxythioketals ( ± ) -  30  and (+) -  30  were oxidized with dimethyl sufoxide 
(DMSO) and DCC in the presence of pyridine and trifl uoroacetic acid to afford the corre-
sponding ketones (85% and 76% yields, respectively). The resulting ketone ( ± ) -  31 , was 
converted to ( ± ) -  7b  (12% yield from ( ± ) -  32 ), in three steps via ( ± ) -  32  (79% yield) using 
a protocol similar to that described above for ( ± ) -  6  (see Scheme  3.2 ). Also, optically active 
(+) -  7b  (MGS0028) (45% yield, from highly polar isomer  33 ) and ( − ) -  7b  (28% yield, from 
slightly polar isomer  33 ) were obtained by separating the diastereomers of hydantoin -
 amides  33  (highly polar isomer  33 : 46% yield and slightly polar isomer  33 : 46% yield, 
from ( ± ) -  32 ), which were prepared by coupling ( ± ) -  32  with ( R ) - (+) - 1 - phenylethylamine 
(see Scheme  3.4 ).   

 Next, process chemistry for the practical synthesis of  7b  (MGS0028) is discussed 
(Schemes 3.5 – 3.7)  [42 – 45] . First, the synthesis of key intermediate (+) -  29  from racemic 
acetoxycyclopentene ( 34 ) is shown in Scheme  3.5   [43] . The key reaction in this approach 
was Trost ’ s asymmetric allylic alkylation reaction of ethyl 2 - fl uoroacetoacetate with  34 , 
which afforded  35  in high yield and high enantioselectivity, especially when a bulky tetra -
  n  - hexyl ammonium bromide was used as a phase - transfer reagent (89% yield, 94 – 96% 

 Scheme 3.3     Synthesis of ( − ) -  7  (MGS0022) and its congeners.  Reagents and conditions:  (a) 
(i) (COCl) 2 , hexane, (ii) CH 2 N 2 , Et 2 O; (b) Cu(TBS) 2 , PhH; (c) chiral HPLC; (d) (i) 1   M aq. 
NaOH, (ii) KCN, (NH 4 ) 2 CO 3 , EtOH, H 2 O; (e) 60% H 2 SO 4 . 
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 Scheme 3.4     Synthesis of (+) -  7b  (MGS0028) and its congeners.  Reagents and conditions:  
(a) (i) LHMDS, TMSCl, THF, (ii) Pd(OAc) 2 , MeCN; (b) TBHP, Triton B, PhMe; (c) (PhSe) 2 , 
NaBH 4 , AcOH, EtOH; (d) (i) TBSCl, imidazole, DMF, (ii) HS(CH 2 ) 2 SH, BF 3  - Et 2 O, CHCl 3 ; (e) 
DMSO, DCC, Py, TFA; (f) (i) 1   M aq. NaOH, (ii) KCN, (NH 4 ) 2 CO 3 , EtOH, H 2 O; (g) (i) ( R ) -
 (+) - PhCH(NH 2 )CH 3 , EDC - HCl, HOBt, DMF, (ii) chromatography on silica gel. (h) 60% 
H 2 SO 4 . 

ee). Cleavage of the acetyl group of  35 , diastereoselective epoxidation via bromohydrin 
( cis   :   trans    =   8   :   1) and intramolecular epoxide opening, followed by oxidation with 1 -
 hydroxy - 1,2 - benziodoxal - 3(1 H ) - one - 1 - oxide (IBX) gave intermediate (+) -  25   [43] . Ketone 
(+) -  25  was converted to enone (+) -  27  in fi ve steps: (i) bromination of (+) -  25  (100% yield), 
(ii) azeotropic ketalization (92% yield), (iii) dehydrobromination, (iv) deketalization (92% 
yield for two steps), and (v) treatment with diazomethane (90% yield). Finally, enone 
(+) -  27  was transformed to  β  - hydroxy ketone  29  through epoxidation, followed by reduc-
tion with benzeneselenol generated  in situ .   
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 Scheme 3.5     Synthesis of the key intermediate (+) -  29  for (+) -  7b  (MGS0028) (1).  Reagents 
and conditions:  (a) ( R,R ) - Trost ligand, allylpalladium chloride dimer, ( n  - hex) 4 NBr, NaH, 
AcCHFCO 2 Et, CH 2 Cl 2 ; (b) 0.1   M, EtONa, EtOH; (c) (i) NBS, acetone, H 2 O, (ii) DBU, CH 2 Cl 2 ; 
(d) LHMDS, Et 3 Al, THF; (e) IBX, DMSO, PhMe; (f) (i) Br 2 , CH 2 Cl 2 , (ii) ethylene glycol,  p  -
 TsOH - H 2 O, PhMe, (iii)  t  - BuOK, H 2 O (1 eq.) THF, (iv) 1   M HCl; (v) CH 2 N 2 , (g) (i) TBHP, 
Triton B, PhMe, (ii) (PhSe) 2 , NaBH 4 , AcOH, EtOH. 

 Scheme 3.6     Synthesis of key intermediate (+) -  29  for (+) -  7b  (MGS0028) (2).  Reagents and 
conditions:  (a) LDA, NFSI, THF; (b) TBHP, VO(acac) 2 , PhMe; (c) TBSCl, imidazole, DMF; 
(d) Et 3 Al, LHMDS; (e) (i) NaClO, RuCl 3  (1   mol%), MeCN, (ii) 1   M HCl. 

 Next, the most effi cient route to (+) -  7b  (MGS0028), to date, via monoprotected fl uo-
rinated diol  43  and ketal  45  as key intermediates is discussed (see Schemes 3.6 and 3.7) 
 [45] . Key intermediate  43  was synthesized from hydroxycyclopentenylacetate  39  in four 
steps: (i) fl uorination of the dianion of  39  (85% yield) to form  40 , (ii) vanadium - mediated 
epoxidation of  40  to give epoxide  41  (93% yield), (iii) protection of the hydroxyl moiety 
of  41  to form TBS - ether  42  (95% yield), and (iv) cyclopropanation of  42  through ring -
 opening of the epoxide moiety to afford key intermediate  43  (96% yield). It should be 
noted that the epoxidation of  40  proceeded with excellent stereoselectivity to give the 
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desired  trans  - epoxide  41  by exploiting the effi cient directing effect of the free hydroxyl 
group. RuCl 3  - mediated oxidation of  43 , followed by desilylation gave (+) -  29  in 95% yield 
(see Scheme  3.6 ).   

 The key intermediate (+) -  29  was converted to the second key intermediate  45  through 
ketalization with the bis -  O  - TMS ester of ( S , S ) - hydrobenzoin to form  44  (quantitative 
yield), and the subsequent RuCl 3  - mediated oxidation (93% yield). Strecker reaction of  45  
gave aminonitrile  46  with a very good diastereomer ratio (13.1   :   1 by HPLC analysis) as 
highly crystalline product. Thus, the desirable diastereomer of  46  was isolated as single 
product from the reaction mixture in 80 – 85% yield. Hydrolysis of ketal - aminonitrile  46  
proceeded under much milder conditions than those for dithioketal - hydantoin  32  (see 
Scheme 4), and (+) -  7b  was isolated without utilizing ion - exchange column chromatogra-
phy (94% yield) (see Scheme  3.7 )  [45] . Thus, this optimized process was able to avoid 
cumbersome handling, resolution using chiral HPLC and ion - exchange column chroma-
tography, which were included in the original synthesis of (+) -  7b  (see Scheme  3.5 ).    

  3.4.4   Pharmacology and Pharmacokinetics of (+) - 6a ( MGS 0008), 
( − ) - 7a ( MGS 0022) and (+) - 7b ( MGS 0028) 

  3.4.4.1    In vitro  Pharmacology of Compounds 6 and 7 

 The  in vitro  pharmacological data of fl uorine - containing conformationally restricted 
glutamate analogues  6  and  7  are summarized in Table  3.1   [15] . Optically active (+) -  6a  
(MGS0008), bearing a fl uorine atom at the C - 3 position of  4  (LY354740), is a potent and 
selective agonist for mGluR2/3. Compound (+) -  6a  exhibited a high agonist activity for 
mGluR2 (EC 50    =   29.4   nM) and mGluR3 (EC 50    =   45.4   nM) as well as a high binding affi nity 
to mGluR2 ( K  i    =   47.7   nM) and mGluR3 ( K  i    =   65.9   nM), but did not exhibit signifi cant 

 Scheme 3.7     Synthesis of (+) -  7b  (MGS0028) from key intermediate (+) -  29 .  Reagents and 
conditions:  (a) ( S,S ) - PhCH(OTMS) - CH(OTMS)Ph, TfOH, CH 2 Cl 2 ; (b) NaClO, RuCl 3  
(0.5   mol%), MeCN; (c) NH 3 /MeOH, Ti(O - Pr -  i ) 4 , TMSCN; (d) (i) HCl (8   M), AcOH, (ii) H 2 O. 
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agonist or antagonist activities for mGluR1a, mGluR4, mGluR5, mGluR6 or mGluR7, 
which was similar to compound  4  (LY354740). The agonist activity of (+) -  6a  was found 
to be highly stereospecifi c, since its enantiomer ( − ) -  6a  showed approximately 90 - fold 
lower agonist activity (EC 50    =   2,640   nM) than (+) -  6a  for mGluR2. Racemic ( ± ) -  6b , dia-
stereomer of ( ± ) -  6a  at the C - 3 position, did not exhibit signifi cant agonist (EC 50     >    100   000   nM) 
or antagonist (EC 50    =   17   100   nM) activities for mGluR2. The conspicuous difference in 
activities between ( ± ) -  6a  and ( ± ) -  6b  does not seem to be ascribable to the steric effect of 
fl uorine incorporation, because mGluR2/3 antagonists  12a  (Ro 65 – 3479) or  12b  , bearing 
a hydroxyl group or a methyl group at the C - 3 α  position of  4 , exhibited high or moderate 
binding affi nities to mGluR2 ( K  i    =   52   nM or 983   nM) and mGluR3 ( K  i    =   89   nM or 146   nM) 
 [36, 37] . These results suggest that the decrease in the activity of ( ± ) -  6b  for mGluR2 is 
due to the large electronegativity of the incorporated fl uorine atom, which infl uences the 
electron density of the amino and/or carboxyl groups at the C - 2 position, depending on 
its stereochemistry. Similarly, the difl uoro analogue ( ± ) -  6c  did not exhibit appreciable 
agonist (EC 50    =    >    100   000   nM) or antagonist (EC 50    =   36   200   nM) activities for mGluR2. 
This lack of activity may be due to the  α  - fl uorine atom of ( ± ) -  6c , since ( ± ) -  6b  with a fl uo-
rine atom at the C - 3 α  position exhibited neither agonist nor antagonist activities for 
mGluR2, as mentioned above.   

 Racemic ( ± ) -  7a , bearing a fl uorine at the C - 6 position of ( ± ) -  4 , exhibited a strong 
mGluR2 agonist activity (EC 50    =   34.2   nM), which was also found to be highly stereospe-
cifi c. The optically active ( − ) -  7a  (MGS0022) exhibited an approximately 67 - fold higher 
agonist activity (EC 50    =   16.6   nM) than its enantiomer (+) -  7a  (EC 50    =   1   120   nM). Further-
more, compound ( − ) -  7a  exhibited a high agonist activity for mGluR3 (EC 50    =   80.9   nM), 
but did not for mGluR4, mGluR6, mGluR7, mGluR1a, or mGluR5. No signifi cant antago-
nist activity of ( − ) -  7a  was observed for mGluR1a and mGluRs2 – 7. In contrast, ( ± ) -  7c , 
bearing a methyl group at the C - 6 position of ( ± ) -  4 , exhibited neither agonist nor antagonist 
activities for mGluR2 (EC 50     >    100   000   nM). The dramatic difference in activity between 
( ± ) -  7a  and ( ± ) -  7c  may be ascribed to the difference in stereoelectronic properties between 
fl uorine and a methyl group. 

 Interestingly, the replacement of the methylene group at the C - 4 position of  7a  with 
a carbonyl group has substantially enhanced the agonist activity, that is, the resulting 
(+) -  7b  (MGS0028) is one of the best known agonists for mGluR2/3 to date. Compound 
(+) -  7b  demonstrated a potent and stereospecifi c agonist activity for mGluR2 (EC 50    =   0.57   nM) 
and mGluR3 (EC 50    =   2.07   nM), but neither showed agonistic effect on mGluR1a or 
mGluR4 – mGluR7 or antagonistic effect on mGluR1a or mGluR2 – mGluR7. The agonist 
activity of (+) -  7b  for mGluR2 was approximately 165 - fold higher than that of its enan-
tiomer ( − ) -  7b  (EC 50    =   94.7   nM). The greatly enhanced agonist activity of (+) -  7b  as com-
pared with ( − ) -  7a  may be ascribed to a conformational change caused by the replacement 
of the C - 4 methylene moiety to a carbonyl group, especially the relative positions of the 
three key functional groups (i.e., one amino group and two carboxylic acids), as well as 
the stereoelectronic effects of the carbonyl group introduced.  

  3.4.4.2   Behavioral Pharmacology of (+) - 6a ( MGS 0008) and (+) - 7b ( MGS 0028) 

 The antipsychotic - like effects of (+) -  6a  (MGS0008) and (+)  - 7b  (MGS0028) on laboratory 
animals are shown in Table  3.2   [15, 51] . It was recently found that phencyclidine 
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 Table 3.2     Antipsychotic - like effects of (+) -  6a  ( MGS 0008) and (+) -  7b  ( MGS 0028) on 
laboratory animals 
  

   

Y

CO2R2X3

H
H

C O2HX2

NH2X1

   

  Compound    X 1     X 2     X 3     Y    PCP - induced 
hyperactivity  

  PCP - induced 
head - weaving 

behavior  

  Conditioned 
avoidance  

  ED 50  (mg/kg)    ED 50  ( µ g/kg)    ED 50  (mg/kg)  

   4  (LY354740)    H    H    H    CH 2      > 100    3000     > 30  
  (+) -  6a  (MGS0008)    F    H    H    CH 2     5.1    260    6.55  
  (+) -  7b  (MGS0028)    H    H    F    CO    0.30    0.090    1.67  

   ED 50 : 50% effective dose.   

(PCP) - induced head - weaving behavior in rats was inhibited by the intraperitoneal admin-
istration of  4  (LY354740)  [17] . The oral administration of  4  (LY354740) also inhibited 
PCP - induced head - weaving behavior (ED 50    =   3.0   mg/kg), but did not affect PCP - induced 
hyperactivity (ED 50     >    100   mg/kg) or conditioned avoidance responses (ED 50     >    30   mg/kg) 
in rats. In contrast, the oral administration of (+) -  6a  (MGS0008) (ED 50    =   0.26   mg/kg) 
inhibited PCP - induced head - weaving behavior in rats more effectively (11 - fold) than  4 . 
Furthermore, (+) -  6a  antagonized PCP - induced hyperactivity (ED 50    =   5.1   mg/kg) and 
impaired conditioned avoidance responses (ED 50    =   6.55   mg/kg) in rats. These results indi-
cate that the PCP - induced head - weaving behavior is a sensitive method for screening 
mGluR2/3 agonists and the introduction of fl uorine to  4  has clearly increased the oral activ-
ity. It has been reported that the oral bioavailability of  4  in rats is low ( F    =   10%), apparently 
because of ineffi cient drug transfer across the intestinal epithelial membrane  [52] . The 
enhanced oral activity of (+) -  6  can be attributed to the increase in oral bioavailability and 
BBB penetration as a result of the introduction of fl uorine to the drug molecule, which 
would enhance lipophilicity as well as bring in unique properties associated with fl uorine.   

 The oral administration of (+) -  7b  (MGS0028) very strongly inhibited PCP - induced 
head - weaving behavior in rats (ED 50    =   0.090    µ g/kg), that is, (+) -  7b  was much more effec-
tive than  4  (LY354740) and (+) -  6a  (MGS0008). Furthermore, the oral administration of 
(+) -  7b  strongly antagonized PCP - induced hyperactivity in rats (ED 50    =   0.30   mg/kg) and 
impaired the conditioned avoidance responses (ED 50    =   1.67   mg/kg) in rats. Excellent anti-
psychotic - like effects of (+) -  6a  (MGS0008) and (+) -  7b  (MGS0028) as mGluR2/3 agonists 
are very encouraging for their potential use in the treatment of schizophrenia.  

  3.4.4.3   Pharmacokinetics of (+) - 7b ( MGS 0028) 

 The metabolism and disposition of (+) -  7b  (MGS0028) in three preclinical species (rats, 
dogs, and monkeys) are summarized in Table  3.3   [53] . In rats, (+) -  7b  (MGS0028) was 
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widely distributed and was primarily excreted in the urine as the parent compound or as 
a single reductive metabolite, (1 R ,2 S ,4 R ,5 S ,6 S ) - 2 - amino - 6 - fl uoro - 4 - hydroxybicyclo[3.1.0] 
hexane - 2,6 - dicarboxylic acid. Compound (+) -  7b  showed a low brain - to - plasma ratio at 
effi cacious doses in rats and was eliminated more slowly in rat brain than in plasma. 
Plasma concentration was proportional to the drug dosage (1   mg/kg and 10   mg/kg) in rats, 
with good bioavailability (70.7% and 75.3%, respectively). This pharmacokinetic profi le 
supported the oral antipsychotic - like effects of (+) -  7b  in rats. In dogs, oral bioavailabilities 
of (+) -  7b  were 63.4% and 69.0% at 0.1 and 0.3   mg/kg dosages, respectively; and no reduc-
tive metabolite was detected. In monkeys, however, the bioavailability was only 20.3% 
and a reductive metabolite was found at a relatively high level in the plasma.  In vitro  
metabolic studies of (+) -  7b  in liver subcellular fractions (microsomes and cytosol) showed 
the presence of the reductive metabolite in specimens from rats, monkeys, and humans, 
but not in specimens from dogs. The metabolism of (+) -  7b  was not detected in liver 
microsomes from any of the examined species. Similar to the  in vivo  result, (+) -  7b  was 
metabolized to the reductive metabolite in the cytosol in a stereospecifi c manner. The order 
of  in vitro  metabolite formation (monkey    >  >    rat    ∼    human    >  >    dog) was consistent with the 
 in vivo  results in rats, dogs, and monkeys.      

  3.5    m  G  lu  R 2/3 Antagonist 14a ( MGS 0039) and Its Prodrug 
15a ( MGS 0210) 

 The original synthesis, pharmacology, and pharmacokinetics of compound  14  and its 
prodrug  15  are discussed in this section  [25, 34] . 

  3.5.1   Synthesis of 14a ( MGS 0039), Its Analogue, and Prodrugs of 14a ( MGS 0039) 

 The syntheses of mGluR2/3 antagonists,  13a ,  13b , and  14 , as well as prodrug  15  (a prodrug 
of  14a , MGS0039) from ( − ) -  25  (see Scheme  3.3 ) via key intermediates,  50  and  52 , are 
illustrated in Schemes 3.8 3.9  [25, 39] .   

 First, the synthesis of mGluR2/3 antagonists,  13a ,  13b , is discussed (see Scheme  3.8 ) 
 [25] . Ketone ( − ) -  25  was converted to the corresponding enol trifl ate by reacting with  N -  p
henylbis(trifl uoromethanesulfonimide) and LHMDS, which was then subjected to the Pd -
 catalyzed carboalkoxylation with an alcohol (R 1 OH) at room temperature and atmospheric 
pressure of carbon monoxide to give  α , β  - unsaturated ester  47  (71% (Et) and 33% (Bn) 
yields). Compound  47  was converted to key intermediate  50  using the protocol 
reported by Shao  [54] . Thus, the stereoselective dihydroxylation of  47  with OsO 4  and  N  -
 methylmorphine -  N  - oxide (NMO) afforded  48  (91% (Et and Bn) yields) as single product, 
wherein OsO 4  reacted exclusively with the olefi n moiety of  47  from the opposite face ( exo  
face) of the fused cyclopropane ring. Then,  48  was converted to 2,3 - cyclic sulfi tes with 
SOCl 2 , followed by oxidization to cyclic sulfate  49  (93% (Et and Bn) yields). The regio -  
and stereoselective nucleophilic ring - opening of  49  with NaN 3 , followed by hydrolysis 
gave key intermediate  50  (91% (Et) and 89% (Bn) yields).   
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 Scheme 3.8     Synthesis of  13a  and  13b .  Reagents and conditions:  (a) (i) LHMDS, TfNPh, 
THF, (ii) CO, Pd(OAc) 2 , ( i  - Pr) 2 NEt, PPh 3 , EtOH or PhCH 2 OH, DMF; (b) OsO 4 , NMO, MeCN; 
(c) (i) SOCl 2 , Et 3 N, CH 2 Cl 2 , (ii) NaIO 4 , RuCl 3 , H 2 O, CCl 4 , MeCN; (d) (i) NaN 3 , DMF – H 2 O, 
(ii) 20 % H 2 SO 4 ; (e) (i) 10 % Pd/C, H 2 , AcOH, H 2 O, (ii) 10% HCl. (f) Tf 2 O, pyridine, 
CH 2 Cl 2 ; (g) KNO 2 , 18 - crown - 6, DMF, rt; (h) (i) Me 3 P, THF, H 2 O, rt or 10% Pd/C, H 2 , AcOH, 
H 2 O (ii) LiOH, THF, H 2 O. 

 Compound  13a  was obtained from key intermediate  50  through reduction (hydroge-
nation) of the azido group to an amino group as well as deprotection (hydrogenolysis) of 
the benzyl ester over 10% Pd on carbon as the catalyst, followed by hydrolysis of the ethyl 
ester moiety with 10% HCl (79% yield)  [25] . 

 Compound  13b  was synthesized in four steps via key intermediate  52 , in which the 
confi guration of the hydroxyl group at the C - 3 position of  50  was inverted. Compound  50  
was reacted with trifl uoromethanesulfonyl anhydride and pyridine to give trifl ate  51  (96% 
yield), which was then reacted with KNO 2  in the presence of 18 - Crown - 6, followed by 
post - treatment of the resulting nitrous ester with water to afford key intermediate  52  (80% 
yield)  [55, 56] . Reduction of the azide moiety of  52  by trimethylphosphine or hydrogena-
tion on Pd on carbon, followed by hydrolysis of the ester moieties gave  13b  (48% 
yield). 

 Etherifi cation of the hydroxyl group at the C - 3 position of  50  through benzylation 
using benzyl trichloroacetimidate under acidic conditions  [57, 58]  or an alkyl trifl ate under 
basic conditions gave  53  (42% (Et) and 17 – 90% (Bn) yields). Azide  53  was reduced to 
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amine  54  by the Staudinger reaction  [59, 60]  or catalytic hydrogenation over Pd on carbon 
(89% (Et) and 59 – 81% (Bn) yields). Amino - diester  54  was hydrolyzed under basic (LiOH) 
or acidic (HCl) conditions to afford  14  (18 – 82% yield). Finally, alkyl ester prodrugs  15  
were obtained by the esterifi cation of  14a  (MGS0039) with an alcohol R 2 OH (see Table 
 3.4  for R 2 ) and thionyl chloride (40 – 81% yield). The structure of  15a  is shown as an 
example.    

  3.5.2   Pharmacology and Pharmacokinetics of 14a ( MGS 0039) and Its Analogue 

 mGluR2/3 antagonists bearing a bicyclo[3.1.0]hexane skeleton have been reported  [24, 
25, 61] . Among them, 3 - alkoxy - 2 - amino - 6 - fl uorobicyclo[3.1.0]hexane - 2,6 - dicarboxylic 
acids  14 , especially  14a  (MGS0039), is one of the best known mGluR2/3 antagonists, 
based on their pharmacological  [23 – 31]  and pharmacokinetic profi les  [25] . 

  3.5.2.1    In Vitro  Pharmacology of Compound 14a ( MGS 0039) and Its Derivatives 

 The  in vitro  pharmacological profi les of  14a  (MGS0039) and its analogue are summarized 
in Table  3.3   [24, 25, 61] . Optically active  13a , bearing a hydroxyl group at the C - 3 α  posi-
tion of ( − ) -  7a  (MGS0022), exhibits binding affi nities for mGluR2 ( K  i    =   32.9   nM) and 
mGluR3 ( K  i    =   67.1   nM), which are similar to those of ( − ) -  7a  (mGluR2,  K  i    =   22.5   nM; 
mGluR3,  K  i    =   41.7   nM) as shown in Tables  3.1  and  3.3 . Interestingly, however,  13a  shows 
a moderate antagonist activity (IC 50    =   476   nM), but no signifi cant agonist activity 
(EC 50     >    100   000   nM) for mGluR 2. This makes a sharp contrast with ( − ) -  7a  (MGS0022), 
which is a strong mGluR2 agonist (EC 50    =   16.6   nM) as shown in Table  3.1 . The (3 S ) -
 isomer ( β  - OH)  13b , exhibits a 3 - fold lower affi nity for mGluR2 than its (3 R ) -  isomer 

 Scheme 3.9     Synthesis of  14a  (MGS0039) and related compounds.  Reagents and conditions:  
(a) R 1 OC( = NH)CCl 3 , TfOH, CHCl 3 , cyclohexane or R 1 OTf, 2,6 -  tert  - butylpyridine; (b) Me 3 P, 
THF, H 2 O or 10% Pd/C, H 2 , AcOH, H 2 O; (c) LiOH, THF, H 2 O or 10 % HCl; (d) R 2 OH, 
SOCl 2 . 
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( α  - OH)  13a . The result indicates that the binding affi nity of  13  depends on the stereo-
chemistry of the hydroxyl group at the C - 3 position of the bicyclo[3.1.0]hexane ring and 
the (3 R ) - confi guration ( α  - OH) is critical for a high affi nity for mGluR2. 

 The introduction of a methoxy group in place of the hydroxyl group at the C - 3 posi-
tion of  13a , which provides  14b , does not change the binding affi nity for mGluR2 
( K  i    =   39.2   nM) or mGluR3 ( K  i    =   88.1   nM) or the antagonist activity for mGluR2 
(IC 50    =   229   nM). However, the introduction of a larger substituent as R 1 , such as  n  - propyl 
( 14c ) and benzyl ( 14d ) groups, resulted in binding affi nities for mGluR2 several - fold 
higher than that of  14b . 3 - Benzyloxy derivative  14d  exhibits a moderate antagonist activity 
for mGluR2 (IC 50    =   131   nM). 

 These fi ndings indicate that the agonist/antagonist activities of 2 - amino - 6 - fl uorobicy
clo[3.1.0]hexane - 2,6 - dicarboxylic acids,  13  and  14 , for mGluR2/3 are controlled by the 
C - 3 substituent in a size - independent manner. This observation is supported by the results 
on nonfl uorinated congeners, 3 - alkoxy - 2 - aminobicyclo[3.1.0]hexane - 2,6 - dicarboxylic 
acids  14i   [61] ,  12a  (Ro 653479)  [36] , and  12b   [37] . 

 Since  14d , bearing a benzyl group at the C - 3 position, showed promising binding 
affi nity and antagonist activity for mGluR2/3, the optimization of  14d  by varying the 
substituents on the benzene ring and replacing the phenyl group with other aryl groups 
has been undertaken to fi nd better mGluR2/3 antagonists. It has been found, to date, that 
3,4 - dichlorobenzyl derivative  14a  (MGS0039) is the best mGluR2/3 antagonist with 
regard to binding affi nity, antagonist activity, selectivity, oral bioavailability, and BBB 
penetration. 

 Compound  14a  (MGS0039) exhibited a high affi nity for mGluR3 ( K  i    =   4.46   nM) as 
well as mGluR2 ( K  i    =   2.38   nM). Furthermore,  14a  exhibited a lower affi nity ( K  i    =   664   nM) 
for mGluR7 than the standard antagonist  11  (LY341495) ( K  i    =   110   nM). Compound  14a  
exhibited potent antagonist activities for both mGluR2 and mGluR3 (IC 50    =   20.0   nM and 
24.0   nM, respectively), and much weaker antagonist activities for mGluR4 (IC 50    =   1740   nM), 
mGluR6 (IC 50    =   2060   nM), mGluR1 (IC 50    =   93   300   nM) and mGluR5 (IC 50    =   117   000   nM). 
In addition,  14a  did not exhibit signifi cant agonist activities for mGluR2, mGluR3, 
mGluR4, mGluR6, mGluR1, and mGluR5 (EC 50     >    100   000   nM). In contrast,  11  (LY341495) 
possesses an affi nity for mGluR7 and mGluR8  [62] . Compound  14a  exhibited a 300 - fold 
lower affi nity for mGluR7 than that for mGluR2, while  11  exhibited a 35 - fold lower 
affi nity for mGluR7 than for mGluR2, as determined by [ 3 H] -  11  binding to recombinant 
mGluR7. Thus,  14a  may possess a greater specifi city for mGluR2/3, although its effects 
on mGluR8 have yet to be determined. It should be noted that  14a  did not interact with 
other receptors and transporters, including  N  - methyl -  d  - aspartic acid (NMDA),  α  - amino -
 3 - hydroxy - 5 - methylisoxazole - 4 - propionate (AMPA), and kainite receptors  [24] . More-
over, in a preliminary experiment,  14a  did not inhibit glutamate transport through glutamate 
transporters, such as excitatory amino acid transporter (EAAT) 1, EAAT2, and EAAT3, 
even at 10    µ M concentration  [24] . These fi ndings indicate that  14a  (MGS0039) is one of 
the most potent and selective antagonists for mGluR2/3 developed to date.  

  3.5.2.2   Behavioral Pharmacology of 14a ( MGS 0039) 

 Antidepressant - like and anxiolytic - like activities of  14a  (MGS0039) have been studied in 
experimental animal models  [24, 29, 30] . Compound  14a  exhibited an antidepressant - like 
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effect when evaluated using the forced swimming test in rats (lowest active dose 1   mg/kg, 
i.p.), the tail suspension test in mice (lowest active dose 1   mg/kg, i.p., both acutely and 
subchronically for 5 days)  [24] , and the learned helplessness test (escape failure) in rats 
(lowest active dose 10   mg/kg, i.p. for 7 days)  [29] . In addition to these antidepressant - like 
effect,  14a  also showed anxiolytic - like activities when evaluated using the conditioned 
fear stress test in rats (lowest active dose 2   mg/kg, i.p.)  [29] , the marble - burying behavior 
test in mice (lowest active dose 3   mg/kg, i.p.)  [30] , and the stress - induced hyperthermia 
test in single housed mice (lowest active dose 1   mg/kg, i.p.)  [31] .  

  3.5.2.3   Pharmacokinetics of 14a ( MGS 0039) and its Derivatives 

 The pharmacokinetic profi les of  14a  (MGS0039) and  14e – 14h , selected from 3 - alkoxy -
 2 - amino - 6 - fl uorobicyclo[3.1.0]hexane - 2,6 - dicarboxylic acids  14  as typical mGluR2/3 
antagonists, are summarized in Table  3.5   [25] . As Table  3.5  shows,  14a  (MGS0039) 
exhibits the best pharmacokinetic parameters among these compounds. The oral adminis-
tration of 3, 10, and 30   mg/kg of  14a  to fasting rats resulted in almost dose - dependent 
pharmacokinetic parameters ( C  max    =   214   ng/mL at 2.0   h, 932   ng/mL at 2.7   h and 2960   ng/mL 
at 3.3   h,  t  1/2    =   2.15   h, 2.76   h and 2.77   h, AUC inf    =   1240   ng   h/mL, 6260   ng   h/mL and 
19   300   ng   h/mL, respectively). At doses of 3, 10, and 30   mg/kg, the ratios of  C  max  were 1.0, 
4.4, and 13.9, respectively, while the ratios of AUC inf  were 1.0, 5.1, and 15.6, respectively. 
The mean maximum plasma level of  14a  (MGS0039) was 492.3   ng/mL at 6   h. After 
peaking, the plasma concentrations decreased with an estimated half - life of 2.3   h. The 
AUC inf  was 6813.0   ng   h/mL  [25] .   

 The brain and plasma levels and pharmacokinetics parameters after oral administra-
tion were compared for compounds  14a  (MGC0039) and  14e – 14h  (see Table  3.4 )  [25] . 
Again,  14a  exhibited the best BBB penetration among the compounds evaluated. The mean 
maximum cerebral level of  14a  was 13.22   ng/g at 6   h. After peaking, the cerebral concen-
trations decreased with an estimated half - life of 10.9   h. The cerebrum/plasma ratios of  14a  
at 1, 3, 6, and 24   h were 0.01, 0.02, 0.03, and 1.99, respectively. The rate of elimination 
from the cerebrum was slower than that from the plasma. 

 Based on these pharmacokinetic data, the ability of  14a  to penetrate the BBB appears 
to be acceptable or even better than that of other known mGluR2/3 antagonists, but the 
oral bioavailability of  14a  might be insuffi cient for its development as a drug for the treat-
ment of depression and/or anxiety.   

  3.5.3   Pharmacokinetics of 14a ( MGS 0039) Prodrugs 

 Various prodrugs of  14a  (MGS0039) have been examined and reported.  [39, 40]  The 
strategy for the development of prodrugs of  14a  is summarized in Figure  3.3 . The synthe-
sized prodrugs were initially evaluated in human liver S9 fractions. In this study, the pro-
drugs that were effi ciently transformed to their active form,  14a , were selected for further 
evaluation in monkey S9 and rat S9 fractions. The compounds selected in the S9 studies 
were then further evaluated using  in vivo  pharmacokinetic studies in monkeys and rats, 
and preclinical candidates were selected on the basis of the transformation of the prodrug 
to the active form of  14a  as well as its  in vivo  pharmacokinetics profi le in monkeys.   
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Preparation of prodrugs In vitro PK study In vivo PK study

MGS0039
plasma level

Transformation to
active form in liver S9Type of prodrugTarget moiety

for prodrug

2-COOH

6-COOH

Alkyl ester

Alkyl ester

Dipeptide

Dipeptide

Benzyl ester

2-NH2

CO2H

CO2H

NH2

O

H
H

2

6X

CI

CI

0%
(human, monkey, rat)

Low
(rat)

Low
(monkey, rat)

F: 10–50%(monkey)
F: 58–74% (rat)

Correlate
human-monkey

100% (rat)

Species difference
human < monkey

Non-enzymatic
degradation

CO2  (CH2)nY

CO2 CH O
O

O R"

R'

C

 Figure 3.3     Summary of strategy for discovering a prodrug of  14a  (MGS0039) (X   =   F). 

 To prepare the prodrug for  14a , the functional groups in  14a   –  two carboxylic acids 
at the C - 2 and C - 6 positions and an amino group at the C - 2 position  –  were exploited. It 
was found that the C - 2 ester was not transformed to the active form  14a  in human, monkey, 
or rat liver S9 fractions. A dipeptide prodrug of  4  (LY354740) with natural amino acids, 
particularly with alanine at the 2 - NH 2  position, has been reported as an effective prodrug 
 [52] . However, in the case of  14a , dipeptides, formed through coupling of the C - 2 car-
boxylic acid with natural amino acids, such as leucine, or coupling of the C - 2 amino group 
with natural amino acids, such as alanine, were surprisingly stable in human, monkey and 
rat liver S9 fractions. Thus, these dipeptide derivatives were not effective prodrugs of  14a . 
Regarding the formation of prodrugs with modifi cations at the C - 6 carboxylic acid, it was 
found that substituted alkyl esters, such as morpholinoethyl ester and alkoxycarbonyloxy-
methyl ester, were too unstable under nonenzymatic conditions to be used as prodrugs. 
The transformation of benzyl ester to  14a  revealed a large difference between humans and 
monkeys, in that transformation in a human liver S9 fraction was lower than that in a 
monkey liver S9 fraction. Finally, C - 6 alkyl esters showed good to excellent transformation 
to  14a  in S9 fractions from both human and monkey. 

 The metabolic stability (transformed percentage to  14a ) of typical C - 6 alkyl ester 
prodrugs of  14a  in liver S9 fractions from rats, monkeys, and humans as well as their 
pharmacokinetics parameters in rats and monkeys are summarized in Table  3.6 . Linear 
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alkyl ( 15a – 15i ), branched alkyl ( 15j – 15o ) and cycloalkyl ( 15p ,  15q ) esters showed effi -
cient transformation to  14a  in rat liver S9 fractions. However, lower linear alkyl ( 15b –
 15d ), lower branched alkyl ( 15j ,  15k ) and cycloalkyl ( 15p ,  15q ) esters were too stable in 
human liver S9 fractions to be used as prodrugs. In contrast, long alkyl esters, especially 
 n  - heptyl ester  15a , showed highly effi cient transformation to  14a  in human liver S9 frac-
tions, and also at an acceptable level in monkey liver S9 fractions.   

 Orally administered  14a  (MGS0039) exhibited a low bioavailability in rats ( F    =   10.0%) 
and monkeys ( F    =   12.6%). In contrast, orally administered  n  - heptyl ester prodrug  15a  
(MGS0210) showed a much higher bioavailability of the active form,  14a , in rats 
( F    =   73.0%) and monkeys ( F    =   38.6%). Thus, prodrug  15a  is expected to have a good 
bioavailability to transport  14a  in humans based on the effi ciency of transformation to  14a  
in the S9 fractions of rats (98.0%), monkeys (42.6%), and humans (76.9%). Orally admin-
istered  15a  exhibited antidepressant - like effects when evaluated using the forced swim-
ming test in rats (lowest active dose 3   mg/kg) and the tail suspension test in mice (lowest 
active dose 3   mg/kg) (see Table  3.6 )  [24] .   

  3.6   Comparison of Fluorinated Glutamate Analogues with the 
Corresponding Hydrocarbon Analogues 

 As described above, the introduction of fl uorine to conformationally restricted glutamate 
analogue  4  (LY354740) at a suitable position with appropriate stereochemistry did not 
affect the  in vitro  effi cacy (binding affi nity and functional activity). Thus, (+) -  6a  
(MGS0008) and ( − ) -  7a  (MGS0022) exhibited almost the same binding affi nities and 
agonist activities as  4  (see Table  3.1 ). However, oral activity was dramatically changed 
by the introduction of fl uorine. The oral administration of  4  inhibited the PCP - induced 
head - weaving behavior at high doses, but did not signifi cantly affect PCP - induced hyper-
activity or conditioned avoidance responses in rats. In contrast, the oral administration of 
(+) -  6a  strongly (11 - fold increase) inhibited PCP - induced head - weaving behavior and sig-
nifi cantly affected both PCP - induced hyperactivity and conditioned avoidance responses 
in rats. No direct comparison of the oral pharmacokinetics between (+) -  6a  and  4  has been 
reported, but it seems reasonable to think that the low oral pharmacokinetic profi le of  4  
 [52]  has been signifi cantly improved by the introduction of fl uorine. 

 Concerning mGluR2/3 antagonists, fl uorine - containing  14a  (MGS0039) and the cor-
responding hydrocarbon congener  14i  exhibited the same level affi nities ( K  i    =   2.38   nM and 
2.51   nM, respectively) and antagonist activities (IC 50    =   20.0   nM and 34.2   nM, respectively) 
for mGluR2 (see Table  3.4 ). However, orally administered  14a  in rats ( F    =   10.9%) showed 
a markedly higher bioavailability than that of  14i  ( F    =   3.6%) (see Table  3.6 ). In addition 
to the improvement in the pharmacokinetic profi le, fl uorine incorporation is useful for the 
design of prodrugs. Ethyl ester prodrug  15c , bearing fl uorine at the C - 6 carbon, exhibited 
a much higher transformation rate (95.9%) to carboxylic acid  14a  in rat liver S9 fractions 
than did the corresponding  15r  (17.8% to  14i ) (see Table  3.6 ). This fi nding suggests that 
the enzymatic reactivity of the ester moiety for enzymatic hydrolysis is enhanced by the 
introduction of fl uorine to the  α  - carbon of the carboxylic acid moiety. Refl ecting the high 
metabolic reactivity in rat liver S9 fractions, orally administered ethyl ester  15c , a prodrug 
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of  14a , showed much higher bioavailability ( F    =   66.6% in the form of  14a ) than  15r  
( F    =   20.2% in the form of  14i ) (see Table  3.6 ), and the plasma level of  15c  was much 
lower ( C  max    =   4.0    µ M at 0.7   h) than that of  14a  ( C  max    =   20.7    µ M at 1.0   h). In contrast, the 
plasma level ( C  max    =   4.8    µ M at 0.5   h) of  15r  was as low as that ( C  max    =   3.7    µ M at 2.0   h) of 
 14i  transformed from  15r . These fi ndings indicated that prodrug  15c  was more effectively 
absorbed and more rapidly transformed to  14a  than prodrug  15r  of  14i  was, in oral 
administration.  

  3.7   Conclusion 

 The low oral activity of mGluR2/3 agonist  4  (LY354740) with regard to its antipsychotic -
 like effects in laboratory animal models was improved by the incorporation of fl uorine 
into the bicyclo[3.1.0]hexane ring of  4  without changing the potency of the compound ’ s 
affi nity and agonist activities for mGluR2/3 as represented by (+) -  6a  (MGS0008). Fur-
thermore, mGluR2/3 antagonist  14a  (MGS0039), derived from mGluR2/3 agonist ( − ) -  7a  
(MGS0022) by the introduction of a 3,4 - dichlorobenzyloxy group at the C - 3 position, 
showed a higher bioavailability than the corresponding hydrocarbon congener  14i , with 
no change in the potency of binding affi nity and antagonist activity for mGluR2. The low 
oral bioavailability of  14a  was clearly improved by C - 6 alkyl ester prodrug  15a , which 
was discovered by exploiting a high enzymatic reactivity of the  α  - fl uorocarboxylic acid 
moiety of  14 a. Thus, the incorporation of fl uorine would provide a useful strategy for 
improving oral pharmacokinetic profi les, including those of prodrugs, in drug discovery 
and development.  
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Metalloproteinases  

  Roberta   Sinisi  ,   Monika   Jagodzinska  ,   Gabriele   Candiani  ,   Florent   Huguenot  , 
  Monica   Sani  ,   Alessandro   Volonterio  ,   Raffaella   Maffezzoni  , and   Matteo   Zanda       

   4.1   Introduction 

 Matrix metalloproteinases are a family of highly homologous Zn(II) - endopeptidases that 
collectively cleave a large number of the constituents of the extracellular matrix  [1 – 8] . 
More than 20 human MMPs are known such as (i) the collagenases (MMP - 1, MMP - 8, 
MMP - 13), which can degrade fi brillar collagens that are the major components of bone 
and cartilage; (ii) the gelatinases (MMP - 2 and MMP - 9), whose main substrates are dena-
tured collagens (gelatins); and (iii) the stromelysins (MMP - 3, MMP - 10, MMP - 11), which 
have a broad spectrum of matrix components as substrates except for those of 
collagenases. 

 MMPs play a pivotal role in a number of physiological processes, such as degradation 
of extracellular matrix and connective tissue remodeling. Some of them, e.g., MMP - 9, are 
required for bone remodeling, wound healing, angiogenic revascularization of ischemic 
tissues, and so on, but are also implicated in a number of pathological processes in humans, 
such as cancer cell invasion, metastasis (especially MMP - 2 and MMP - 9), infl ammatory 
and autoimmune diseases, arthritis (in particular MMP - 1). Moreover it has been shown 
 [5 – 7a]  that several MMPs are overexpressed in various neoplasias, particularly in early 
growth and establishment of the tumors. Selective inhibition of MMPs might therefore 
represent an attractive strategy for therapeutic intervention. A number of rationally designed 
MMP inhibitors have shown some promise in the treatment of pathologies in which 
MMPs are involved in (see above). However, most of these, such as broad - spectrum MMP 
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inhibitors (e.g., marimastat and batimastat, as well as selective inhibitors such as Trocade 
(cipemastat) (MMP - 1)) have performed poorly in clinical trials  [7b] . The failure of these 
MMP inhibitors has been largely due to toxicity (particularly musculoskeletal toxicity in 
the case of broad - spectrum inhibitors) and failure to show expected results (in the case of 
Trocade, promising results in rabbit arthritis models were not replicated in human trials). 
The reasons behind the largely disappointing clinical results of MMP inhibitors are unclear, 
especially in light of their activity in animal models. This disappointing situation initially 
dampened interest and enthusiasm for MMPs, but it is now becoming increasingly accepted 
that the impressive diversity in both substrates and functions of MMPs requires a much 
deeper knowledge of the physiological functions of these proteinases, which was not 
available at the time that the initial MMP inhibitor clinical trials were designed. This is 
expected to lead to a better understanding of the complex roles of these multifunctional 
enzymes in human pathology and, hopefully, to the design of improved MMP - inhibition 
strategies for therapeutic intervention. 

 In 2002, our group undertook a research project aimed at studying the  “ fl uorine 
effect ”  in peptides and identifying selective fl uorinated inhibitors of MMPs  [9] . In fact, 
incorporation of fl uorine into organic molecules is an effective strategy for improving and 
modifying their biological activity  [10, 11] . In particular, the trifl uoromethyl group occu-
pies a prominent position in medicinal chemistry as a substituent with peculiar properties. 
It is highly hydrophobic, electron - rich, and sterically demanding. Moreover, it can provide 
high  in vivo  stability and features good mimicry (in terms of biological results) of several 
naturally occurring residues such as methyl, isopropyl, isobutyl, phenyl, and so on. 
However, we were also interested in studying the effect of the incorporation of other 
fl uoroalkyl moieties (CHF 2 , CH 2 F, CClF 2 , CF 2 CF 3 , etc.)having different degrees of 
electron - density, polarization, hydrophobicity, and steric demands, to investigate their 
effect on the MMP/inhibitor affi nity, which depends on the inhibitor conformation as well 
as non - covalent ligand – receptor interactions such as hydrophobic contacts, Van der Waals 
interactions, and hydrogen bonding.  

  4.2    a  -  CF  3  - Malic Hydroxamate Inhibitors 

 Some years ago, a new family of potent peptidomimetic hydroxamate inhibitors (such as 
 A , see Figure  4.1 ) of MMP - 1, MMP - 3, and MMP - 9 was described bearing a quaternary 
 α  - methylcarbinol moiety at the P1 position, and several different R 1  groups at P1 ′   [12, 
13] . Interestingly, the other stereoisomers, including the epimers at the quaternary carbinol 
function, showed much lower activity, as the hydroxamic binding function was moved 
away from the catalytic Zn 2+  center. The crystal structure of the inhibitor  A  (R   =   CH 3 ) 
complexed with MMP - 3 revealed several interesting features, including the presence of a 
hydrogen bond between the quaternary hydroxyl (H - bond donor) of  A  and the Glu - 202 
residue of the MMP - 3 active site.   

 We therefore decided to explore the effect of the replacement of the quaternary  α  -
 methyl group in A with a CF 3  group, in the hope of (i) increasing the affi nity of the  α  -  CF 3  
malic inhibitors with MMPs by reinforcing the  α  - OH hydrogen bonding with increased 
acidity of the carbinol function bearing the electron - withdrawing α  - CF 3  group and (ii) 
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 Figure 4.1     Jacobsen ’ s potent peptidomimetic hydroxamate inhibitors. 

 Scheme 4.1     Aldol reaction to form the  α  - CF 3  - malic framework and cleavage of the oxazolidin -
 2 - thione auxiliary with K 2 CO 3  in moist dioxane. 

improving the selectivity in favor of MMP - 3 and MMP - 9 through the increased stereo-
electronic demands of the CF 3  group  [14, 15] . 

 The TiCl 4  - catalyzed reaction of  N  - acyloxazolidin - 2 - thione 2 (see Scheme  4.1 ) with 
ethyl trifl uoropyruvate  3  afforded two diastereomeric adducts  4  and  5 , out of four possi-
bilities, in low diastereomeric ratio. The reaction features a favorable scale - up effect, 
affording  ∼ 70% yield on a hundred - milligram scale, and 90% on a ten - gram scale. Several 
alternative conditions were explored, but no improvement in diastereocontrol was 
achieved.   

 Cleavage of the oxazolidin - 2 - thione auxiliary was found to be considerably more 
challenging than expected, mainly due to  α  - epimerization. After considerable experimen-
tation it was found that solid K 2 CO 3  in moist dioxane (rt, 10 – 12   h), was able to produce 
directly the key carboxylic acid intermediates  6  and  7  (see Scheme  4.1 ), from  4  and  5 , 
respectively, in satisfactory yields and with only minor  α  - epimerization (2% for  6 , 9% 
for  7 ). 
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 Coupling of the acid  6  with  α  - amino acid amides  8a – c  using HOAt/HATU occurred 
in good yields (see Scheme  4.2 )  [16] . The resulting peptidomimetic esters  9a – c  were 
submitted to basic hydrolysis, affording the acids  10a – c  in high yields. The subsequent 
coupling of 10a - c with  O  - Bn hydroxylamine proved to be extremely challenging, owing 
to the low reactivity and high steric hindrance of the carboxylic group bound to the qua-
ternary  α  - CF 3  carbinol center. A number of  “ conventional ”  coupling agents for peptides 
 [17]  were tested, but the target  O  - Bn hydroxamates 11a - c were not obtained. Eventually, 
we found that freshly prepared BrPO(OEt) 2  was able to promote the coupling in reasonable 
yields (32 – 61%)  [18, 19] . With  11a – c  in hand, we carried out the fi nal  O  - Bn hydrogenoly-
sis, which afforded the hydroxamates  12a – c  in good yields.   

 Since  12a – c  do not have the correct stereochemistry with respect to  A , we decided 
to synthesize at least one exact analogue in order to have a complete set of biological data 
on the effect of the introduction of the CF 3  group. However, a new synthetic protocol had 
to be developed  ex novo , because the minor diastereomer  7  (see Scheme  4.3 ) exhibited a 
dramatically different reactivity in the key - steps of the synthesis. First of all, the coupling 
of 7 and  8a  with HOAt/HATU gave rise to the formation of substantial amounts of the  β  -
 lactone  13 , which had to be processed separately, as well as the expected coupling product 

 Scheme 4.2     Synthesis of the peptidomimetics  12a – c  from the major diastereomer  6 . 
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 14 . Thus, the intermediate  13  was fi rst prepared (72%), purifi ed by short fl ash chromatog-
raphy (FC), and then reacted with  8a  to afford the desired molecule  14  in high yields 
 [20] .   

 Saponifi cation of the ester  14  proceeded effectively, but disappointingly a partial 
epimerization of the [Ph(CH 2 ) 3 ] - stereocenter occurred, affording a 3   :   1 mixture of diaste-
reomers  15  and  16  under optimized conditions. Epimers  15  and  16 , which are diffi cult to 
separate by FC, were subjected together to coupling with BnONH 2  and the resulting dia-
stereomeric  O  - Bn hydroxamates were separated by FC, affording pure  17  (52%), which 
was hydrogenated to the target free hydroxamate  18  in 83% yield. 

 The hydroxamates  12a – c  and  18  were tested for their ability to inhibit MMP - 2 and 
MMP - 9 activity using zymographic analysis. The IC 50  values ( µ M) portrayed in Table  4.1  
show that diastereomers  12a – c  displayed low inhibitory activity in line with the parent 
CH 3  compounds. Disappointingly,  18  showed a much lower activity than the exact CH 3  -
 analogue  A  that was reported to be a low - nanomolar inhibitor of MMP - 9. It is also worth 
noting that  12a  and  18  showed little selectivity, whereas  12b  and  12c  showed a better 
affi nity for MMP - 9 than for MMP - 2.   

 Scheme 4.3     Synthesis of the target peptidomimetic  18  from the minor diastereomer  7 . 
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 To understand the reasons for this unfavorable  “ fl uorine - effect, ”  we performed a 
molecular modeling study that allowed us to identify two concurrent reasons for the 
reduced activity of the fl uorinated inhibitors: (i) reduced coordinating strength of the 
hydroxamate group close to the CF 3 , and (i) the need for the fl uorinated molecule to adopt, 
within the binding site, a conformation that does not coincide with its minimum - energy 
conformation in solution. Assuming additivity of these effects, we estimated that the 
overall binding energy of the fl uorinated inhibitor  18  to the active site is reduced by 
approximately 11.3   kJ/mol compared with the original one ( A ). This result, at room tem-
perature, of the decrease in the binding constant by two orders of magnitude is roughly in 
line with the experimental observation.  

  4.3     a  - Trifl uoromethyl -  a  - amino -  b  - sulfone Hydroxamate Inhibitors 

 In order to further probe the importance of the reduced coordinating strength of the 
zinc(II) - binding hydroxamate group and assess the compatibility of a CF 3  group in the  α  -
 position to the hydroxamic function, we undertook a study to investigate to the effect of 
a CF 3  group positioned as the R 1  substituent in structures  19  (see Figure  4.2 ). These were 
analogues of molecules  B  (see Figure  4.2 ) that were recently reported by Becker  et al.  
 [21]  to be potent inhibitors of MMP - 2, MMP - 9, and MMP - 13  [22] . Remarkably, these 
molecules exhibited limited inhibition of MMP - 1, an enzyme thought to be responsible 
for the musculoskeletal side - effect observed clinically with the broad - spectrum MMP 
inhibitor marimastat  [21, 23] . Although a large number of different alkyl and alkylaryl 
residues were well tolerated as nitrogen substituents R 2 , only inhibitors  B  bearing R 1    =   H, 
CH 3  or Ph were reported.   

 In the synthesis of hydroxamic acid  19a , having a free quaternary amino group (see 
Scheme  4.4 ), the intermediate sulfone  21  was synthesized by Pd - catalyzed reaction of 
phenol with  p  - bromo derivative  20   [24] . Lithiation of  20 , followed by nucleophilic addi-
tion to the  N  - Cbz imine of trifl uoropyruvate  22   [25]  afforded the  α  - CF 3   α  - amino acid 
derivative  23  in fair yields. Basic hydrolysis of the ester function gave the carboxylic acid 
 24 , which was submitted to condensation with  O  - Bn - hydroxylamine, affording hydrox-
amate  25 . The subsequent hydrogenolysis of  25  afforded the target molecule  19a .   

  N  - Alkylated analogues  19b – d  (see Scheme  4.5 ) were prepared using a modifi ed 
procedure. To this end, sulfenyl diaryl ether  27  was prepared from phenol and  26  using 
an Ullmann - type reaction  [26] , and was then oxidized to sulfoxide  28 . Lithiation and 

 Table 4.1      IC  50  values ( µ M) of the target  CF  3  - hydroxamates 

  Compound    IC 50  ( µ M)  

  MMP - 2    MMP - 9  

   12a     156    121  
   12b     407    84  
   12c     722    23  
   18     23    15  
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 Figure 4.2      α  - Amino hydroxamic MMP inhibitors. 

 Scheme 4.4     Synthesis of  19a . 

Mannich - type reaction with  22  afforded a nearly equimolar mixture of sulfoxide diaste-
reomers  29 , which were deoxygenated to racemic sulfi de  30  using the Oae/Drabowicz 
protocol  [27] .  N  - Alkylation occurred in good to excellent yields, affording the correspond-
ing sulfi des  31b – d . Because of the presence of the sulfi de functionality, which could 
interfere with a Pd - catalyzed hydrogenolysis, the Cbz group was cleaved with HBr  [28] , 
affording secondary amines  32b – d  in nearly quantitative yields. Ester saponifi cation was 
readily performed, affording the carboxylic acids  33b – d  in good to excellent yields. Cou-
pling of  33b – d  with  O  - Bn - hydroxylamine afforded the sulfenyl hydroxamates  34b – d , 
which were oxidized to sulfones  35b – d . The target hydroxamic acids  19b – d  were obtained 
in fair yields by hydrogenolysis with the Pearlman catalyst.   

 Enzyme inhibition assays on  19a – d  were performed on the catalytic domains of 
MMP - 1, MMP - 3, and MMP - 9. the results are summarized in Table  4.2 . As Table  4.2  
shows, primary  α  - amino hydroxamate  19a  is the most potent compound, but it is worth 
noting that  19a – d  are all nanomolar inhibitors of MMP - 3 and MMP - 9. Even more impor-
tantly,  19a  showed excellent selectivity for MMP - 9 as compared with that for MMP - 1 
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 Scheme 4.5     Synthesis of  19b – d . 

 Table 4.2     Effect of the compounds  19a – d  on the proteolytic activity of different  MMP  s  

  Compound    IC 50 /MMP - 3 (nM)    IC 50 /MMP - 9 (nM)    IC 50 /MMP - 1 (nM)  

   19a     14    1     > 5000  
   19b     32     ∼ 20    n.a.  
   19c     28    63    n.a.  
   19d     53    59    n.a.  

   n.a.: not available.   
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( > 5000 - fold). These results show that a CF 3  group can be successfully used as a substituent 
in MMPs inhibitors, and is very well tolerated by the enzymes. This also suggests that the 
weak potency of compound  18  may be mainly due to a conformational change induced 
by the CF 3  group that lowers the affi nity for the MMP active site.   

 Interestingly, the x - ray crystallographic structure of the complex of  19a  with the 
truncated catalytic domain of MMP - 9 showed that the ( R ) - enantiomer binds preferentially, 
whereas the CF 3  group does not make signifi cant interactions with the active - site residues 
of the protease, that is, it is essentially exposed to water (see Figure  3.3 )  [29] . This fi nding 
is in contrast with a previous crystallographic structure of a bis - CF 3  - pepstatin complexed 
with Plasmepsin II  [30] , in which one CF 3  group was well accommodated into a pocket 
of the active site and was involved in relevant hydrophobic interactions.  

  4.4   A Nanomolar  CF  3  - Barbituric acid Inhibitor Selective for  MMP  - 9 

 Gelatinases A and B (MMP - 2 and MMP - 9, respectively) play a pivotal role in a number 
of physiological processes. Selective inhibition of MMP - 9 might represent an attractive 
strategy for therapeutic intervention. However, the active sites of MMP - 2 and MMP - 9 are 
closely related from the structural point of view, and hence selective inhibition of the latter 
is a challenging endeavor. 

 Barbiturates are potent and selective inhibitors of MMPs, sparing MMP - 1  [31 – 35] . 
Compound  C   [36]  (see Figure  4.4 ), a rather potent inhibitor of MMP - 9 (IC 50    =   20   nM), 
was resynthesized in our laboratory and subjected to further enzyme inhibition assays, 
which confi rmed the previous results as well as poor selectivity against MMP - 2 
(IC 50    =   43   nM, see Table  4.3 ), and very good selectivity against MMP - 1 
(IC 50    =   3.89    ×    10 5    nM). These results are in line with other barbiturates as MMP - 9 inhibi-
tors, which invariably exhibit excellent selectivity against MMP - 1 but poor selectivity, if 
any, against MMP - 2.     

 Figure 4.3     ( R ) -  19a  in the MMP - 9 active site (purple   =   Zn(II), cyan   =   F, red   =   O, blue   =   N, 
yellow   =   S). See color plate 4.3. 
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 Figure 4.4     The target fl uorinated barbiturate ( 36 ) and its non - fl uorinated analogue (C). 

 Table 4.3      IC  50  values (nM) for the barbiturate inhibition of different  MMP  s  

  Substrate    IC 50  (nM)  

  MMP - 1    MMP - 2    MMP - 3    MMP - 9  

   36      > 10 6     10.7    74.2    0.179  
   C     3.89    ×    10 5     43.0    n.a.    20.0  

 A possible strategy to obtain barbiturate inhibitors selective for MMP - 9 is represented 
by the fi ne - tuning of the P1 ′  substituent of the inhibitor into the  “ tunnel - like ”  hydrophobic 
S1 ′  cavity of the enzymes. Recent fi ndings show that in MMP - 2 the S1 ′  subsite is deeper 
than that in MMP - 9, owing to the presence of the Arg - 424 residue instead of smaller 
Thr - 424 in MMP - 2, which seems to partially obstruct S1 ′   [29] . We thought that probing 
the bottom part of the S1 ′  cavity of MMP - 9 by placing a suitable P1 ′  substituent on the 
inhibitor might lead to some selectivity in favor of MMP - 9 compared with MMP - 2. 

 We therefore decided to replace the terminal methyl group of the 5 - octyl chain of C, 
which was identifi ed as the P1 ′  substituent (the 5 ′  - CH 2 CO 2 Et group is the P2 ′  residue), 
with a CF 3  group (see  36 , Figure  4.4 ). In fact, the CF 3  group is bulkier and more hydro-
phobic than the CH 3 , thus possibly leading to a better and deeper fi t into the bottom part 
of the S1 ′  cavity of MMP - 9, with little or no expected effect on the activity for MMP - 2. 

 To synthesize the target barbiturate  36  we identifi ed 1 - bromo - 8,8,8 - trifl uorooctane 
 43  (see Scheme  4.6 ) as the key building - block. This molecule is known, and was previ-
ously obtained only by fl uorination of 8 - bromooctanoic acid with SF 4   [37] . Unfortunately, 
the use of such an aggressive fl uorinating agent requires specifi c experimental apparatus 
and presents considerable safety hazards, which are diffi cult to address in an ordinary 
synthetic laboratory. We therefore developed several alternative routes to  43  based on 
user - friendly protocols as well as the use of a cheap and commercially available source 
of fl uorine, such as trifl uoroacetic esters. One of these novel approaches is shown in 
Scheme  4.6 .   

 Commercially available 6 - bromohexan - 1 - ol  37  was  O  - benzylated to  38  and con-
verted to the corresponding Grignard reagent, which was reacted with 0.25 equivalents of 
CF 3 CO 2 Et using an old but effi cient methodology  [38] . The Grignard acts fi rst as a nucleo-
phile and then as a reducing agent, converting the intermediate trifl uoroketone into trifl uo-
rocarbinol  39 . Barton – McCombie radical deoxygenation of the methyl xanthate  40  
occurred effectively, affording Bn - ether  41 . Compound  41  was hydrogenolyzed to the 
primary alcohol  42 , which was easily converted to the target  43 . 
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 The synthesis of barbiturate  36  (see Scheme  4.7 ) was performed next. The sodium 
enolate of diethyl malonate was reacted with  43 , providing  44 , which was converted to 
2,2 - disubstituted malonate  45  by reaction with allyl bromide. Reaction of  45  with urea in 
the presence of  t  - BuOK as base afforded the barbiturate  46 , which was submitted to oxida-
tive one - carbon demolition by the action of KMnO 4  to give carboxylic acid  47 . Compound 
 47  was esterifi ed with ethanol to give the target  36 , but unfortunately in modest yields.   

 Enzyme inhibition assays conducted on a set of commercially available MMPs (see 
Table  4.3 ) showed that  36  is considerably more potent and more selective than the parent 
unfl uorinated barbiturate  C . More specifi cally,  36  is 100 - fold more potent than  C  for 
MMP - 9 inhibition and has an MMP - 2/MMP - 9 selectivity factor of 60, whereas the selec-
tivity factor for  C  is only 2. 
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 Scheme 4.6     Preparation of the key intermediate  43 . 
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 Although this strategy clearly needs further validation, fi ne tuning of the interactions 
between key functions of the ligand with the protease active site by introduction of fl uo-
roalkyl groups, such as CF 3 , seems to be a promising strategy to optimize the potency and 
increase the selectivity of an inhibitor.  

  4.5    b  - Fluoroalkyl -  b  - sulfonylhydroxamic Acids 

 We next decided to study the effect on MMP - inhibitory potency of a fl uoroalkyl group 
installed in a more distant position from the hydroxamic acid group, in order to better 
understand the unique stereoelectronic properties of fl uoralkyl groups in a purely aliphatic 
position  [39] . For this purpose we chose as a model system a structurally simple class of 
hydroxamic acid inhibitors bearing an arylsulfone moiety at the  β  - position such as  D  (see 
Figure  4.5 ), which showed nanomolar inhibitory potency for MMP - 2, MMP - 3, and MMP -
 13  [40 – 42] .   

 In molecules  D , the R side - chain was found to be critical for potency, but it could 
also dramatically infl uence the enzyme selectivity profi le of the inhibition. Compounds  D  
bearing large hydrophobic groups R (such as alkyl, cycloalkyl and arylalkyl groups) 
showed low - nanomolar, and even subnanomolar affi nity for MMP - 2, MMP - 3, and MMP -
 13, and excellent selectivity against MMP - 1. 

 4,4,4 - Trifl uorocrotonic acid  49   [43]  (see Scheme  4.8 ) was used as the starting material 
for the synthesis of  48a . The thia - Michael addition of  50  to  49  occurred in reasonable 
yields, affording carboxylic acid  51 . Coupling of  51  with  O  - Bn hydroxylamine gave  O  - Bn 
hydroxamate  52  in satisfactory yield, and the subsequent oxidation to the sulfone  53  took 
place in nearly quantitative yield. Hydrogenolysis of  53  with Pearlman ’ s catalyst afforded 
the target racemic hydroxamic acid  48a  in good overall yields. An analogous reaction 
sequence from 4,4 - difl uorocrotonic acid afforded difl uoro - hydroxamic acid  48b  (see 
Figure  4.5 ).   

 Pentafl uoroethylhydroxamic acid  48c  was obtained through a different procedure (see 
Scheme  4.9 ).  β  - Hydroxy ester  54  was converted into trifl ate  55 , which was subjected to 
S N 2 reaction by thioanisol to give sulfi de  56 . Acid hydrolysis provided the carboxylic acid 

HO
N
H

O

S
O2

OCH3R

R = H, alkyl, cycloalkyl, etc. (D)
R = CF3 (48a)
R = CHF2 (48b)
R = C2F5 (48c)

 Figure 4.5      β  - Sulfonylhydroxamic acid inhibitors of MMPs. 
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 Scheme 4.8     Synthesis of  48a . 

 Scheme 4.9     Synthesis of  48c . 

 57 , which was coupled with  O  - Bn - hydroxylamine to give the protected hydroxamate  58 . 
The sulfi de group of the latter was then oxidized to sulfone  59 . Finally, the Bn group was 
hydrogenolyzed to give the target hydroxamic acid  48c .   

 The chlorodifl uoro - analogue of  48c  (R   =   CClF 2 ; see Figure  5.5 ) was synthesized 
through the same methodology, but surprisingly this compound was found to be unstable 
at room temperature, thus precluding the enzyme inhibition assay. 

 The CF 3  - compound  48a  showed a single - digit nanomolar IC 50  for MMP - 3 (see Table 
 4.4 ). Modest selectivity was observed against MMP - 9 and MMP - 2 (about 10 - fold less 
potency), while  48a  showed very good selectivity against MMP - 1 (about 1000 - fold less 
potency). Interestingly, the pure enantiomers of  48a  (synthesized independently) and the 
racemic compound showed nearly identical inhibitory potency. This could be ascribed to 
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an easy interchange of the position of the CF 3  and sulfone moieties in two different enzyme 
pockets, most likely S 1  ′  and S 2  ′ . Alternatively, one could hypothesize that enantiopure  48a  
underwent racemization at some stage during the enzyme inhibition assays.   

 Diifl uoro compound  48b  was even more potent than  48a , showing a rather impressive 
inhibitory activity for both MMP - 3 and MMP - 9, and much better selectivity against both 
MMP - 2 ( > 100 - fold less potent) and MMP - 1 ( ∼ 10 4  - fold less potent). Introduction of a C 2 F 5  
group ( 48c ), however, had a surprising effect on the inhibitory activity: this substitution 
caused a dramatic drop in activity for MMP - 9 (1000 - fold less potent) and, to lesser extent, 
for MMP - 3 (50 - fold less potent) but brought about a higher potency for MMP - 2 (200 - fold 
more potent). 

 In summary, the results on fl uoroalkylhydroxamic acids  19  and  48 , as well as those 
on the CF 3  - barbiturate  36  show that (i) a fl uoroalkyl group can be successfully used as a 
substituent in protease inhibitors  [44 – 48]  and is very well tolerated by the enzymes, and 
(ii) an electron - withdrawing CF 3  group at the  α  - position to the hydroxamic acid group 
brings about little effect on the zinc chelating capability of the latter. On the other hand, 
replacement of an  α  - methyl by a CF 3  group in malic hydroxamic acid inhibitor  18  (see 
Figure  4.1 ), was responsible for a dramatic loss of inhibitory potency. The fi nal outcome 
of incorporation of a fl uoroalkyl group is strongly dependent on the whole structure of the 
inhibitor, and the effect of the fl uoroalkyl group on the conformation is the most critical 
factor in determining the biological activity of the molecule.  

 Abbreviations 

 Cbz     carbobenzyloxy 
 DCC     dicyclohexylcarbodiimide 
 DCM     dichloromethane 
 DIC     diisopropylcarbodiimide 
 DIPEA     diisopropylethylamine 
 DMAP     4 - ( N , N  - dimethylamino)pyridine 
 DMF      N,N  - dimethylformamide 
 EDC     1 - (3 - dimethylaminopropyl) - 3 - ethylcarbodiimide hydrochloride 
 HATU      O  - (7 - azabenzotriazol - 1 - yl) -  N , N , N  ′ , N  ′  - tetramethyluronium 

hexafl uorophosphate 

 Table 4.4      IC  50  values (nM) for the inhibition of different  MMP  s  by 
 β  - fl uoroalkylhydroxamaic acids  48a – c  

  Substrate    IC 50  (nM)  

  MMP - 1    MMP - 2    MMP - 3    MMP - 9  

   48a     4.0    ×    10 3     78    8.0    52  
   48b     1.5    ×    10 4     734    2    6  
   48c     947    32    93    1.7    ×    10 3   
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 Fluoro - Taxoid Anticancer Agents  

  Antonella   Pepe  ,   Larisa   Kuznetsova  ,   Liang   Sun  , and   Iwao   Ojima       

   5.1   Introduction 

 The importance of fl uorine in bioorganic and medicinal chemistry has been demonstrated 
by a large number of fl uorinated compounds approved by the FDA for medical use  [1, 2] . 
According to our most up - to - date survey, 138 fl uorine - containing drugs have received 
FDA approval for human diseases (of which 23 have been discontinued from the market, 
however), while 33 are currently in use for veterinary applications (see the Appendix  ). 
These statistics make fl uorine the  “ second - favorite heteroatom ”  after nitrogen in drug 
design  [3] . Small atomic radius, high electronegativity, nuclear spin of ½, and low polariz-
ability of the C – F bond are among the special properties that render fl uorine so attractive. 
Those atomic properties translate widely into equally appealing attributes of fl uoroorganic 
compounds. Higher metabolic stability, often increased binding to target molecules, and 
increased lipophilicity and membrane permeability are some of the properties associated 
with the replacement of a C – H or C – O bond with a C – F bond in biologically active 
compounds. Because of the recognized value of fl uorine, it is now a common practice in 
drug discovery to study fl uoro - analogues of lead compounds under development  [4] . 
Although medicinal chemists have long introduced fl uorine into bioactive molecules on 
the basis of experience and intuition, it is only recently that experimental and computa-
tional studies have been conducted to better understand how the introduction of fl uorine 
into small drug molecules results in higher binding affi nities and selectivity  [5] . An under-
standing of how the replacement of H with F affects the electronic nature and conformation 
of small molecules is crucial for predicting the interaction of fl uoroorganic molecules with 
proteins and enzymes. As a result, the rational design of fl uoroorganic molecules will lead 
to the generation of new and effective biochemical tools. In addition,  19 F NMR has found 

Fluorine  in  Medicinal   Chemistry   and   Chemical   Biology  Edited by Iwao Ojima
©   2009 Blackwell Publishing, Ltd. ISBN: 978-1-405-16720-8



118 Fluorine in Medicinal Chemistry and Chemical Biology

numerous applications to molecular imaging and promoted the development of molecular 
probes for imaging. The sensitivity of  19 F NMR spectroscopy, along with large  19 F –  1 H 
coupling constants and the virtual absence of  19 F in living tissues, makes incorporation of 
fl uorine into bioactive compounds a particularly powerful tool for the investigation of 
biological processes  [6, 7] . 

 This chapter gives an account of our research on the use of fl uorine, exploiting the 
unique nature of this element, in the medicinal chemistry and chemical biology of taxoid 
anticancer agents (i.e.,  “ Taxol - like ”  compounds).  

  5.2   Paclitaxel, Taxoids, and Second - generation Taxoids 

 Paclitaxel (Taxol  ®  ) and its semisynthetic analogue docetaxel (see Figure  5.1 ) are two of 
the most important chemotherapeutic drugs, currently used for the treatment of advanced 
ovarian cancer, metastatic breast cancer, melanoma, non - small - cell lung cancer, and Kar-
posi ’ s sarcoma  [8, 9] . More recently, these drugs have been used for the treatment of neck, 
prostate, and cervical cancers  [8, 9] .   

 The mechanism of action of paclitaxel involves its binding to the  β  - subunit of  α , β  -
 tubulin dimer, accelerating the formation of microtubules. The resulting paclitaxel - bound 
microtubules are much more stable and less dynamic than the natural GTP - bound micro-

Paclitaxel: R1 = Bz, R2 = Ac
Docetaxel: R1 = t-Boc, R2 = H
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 Figure 5.1     Structures of paclitaxel, docetaxel, second - generation taxoids, and 
C - seco - taxoids .



 Fluoro-Taxoid Anticancer Agents 119

tubules, with a growth rate higher than the disassembly rate. The unnatural growth and 
stabilization of microtubules causes the arrest of the cell division cycle, mainly at the G 2 /M 
stage, activating a cell - signaling cascade that induces apoptosis  [10, 11] . 

 Although paclitaxel and docetaxel possess potent antitumor activity, chemotherapy 
with these drugs encounters many undesirable side - effects as well as drug resistance  [8, 
12 – 14] . It is therefore important to develop new taxoid anticancer drugs as well as effi ca-
cious drug delivery systems with fewer side - effects, superior pharmacological properties, 
and improved activity against various classes of tumors, especially against drug - resistant 
cancers. 

 It has been shown that a primary mechanism of drug resistance is the overexpression 
of ABC transporters, for example, P - glycoprotein (Pgp), an integral membrane glycopro-
tein that acts as a drug - effl ux pump to maintain the intracellular concentration of drugs 
below therapeutically active level  [15] . In the course of our extensive studies on the design, 
synthesis, and structure – activity relationships (SARs) of taxoid anticancer agents, we 
discovered second - generation taxoids that possess one order of magnitude better activity 
against drug - sensitive cell lines and more than two orders of magnitude better activity 
against drug - resistant cell lines  [16] . Several examples are shown in Table  5.1  (see Figure 
 5.1  for structures).   

 It was found that  meta  - substitution of the benzoyl group at the C - 2 position dramati-
cally increases the cytotoxicity of taxoids against drug - resistant cell lines  [17] . This class 
of the second - generation taxoids is three orders of magnitude more potent than paclitaxel 
and docetaxel against drug - resistant cancer cell lines expressing multidrug resistance 
(MDR) phenotype  [17]  (see Table  5.1 ). 

 Because of the aforementioned advantages of introducing fl uorine into biologically 
active molecules, we synthesized fl uorine - containing paclitaxel and docetaxel analogues 
to investigate the effects of fl uorine – incorporation on the cytotoxicity and the blockage of 
known metabolic pathways. Our earlier studies have been reported in several publications 
 [18 – 21] . Thus, in this chapter, we describe the synthesis and biological evaluation of 
second - generation fl uoro - taxoids bearing a difl uoromethyl, trifl uoromethyl, or difl uorovi-
nyl group at the C - 3 ′  position. 

 Although the overexpression of Pgp and other ABC transporters is the main cause of 
multidrug resistance to paclitaxel and other hydrophobic anticancer drugs, it is not the 
only mechanism of drug resistance. Overexpression of specifi c tubulin isotypes has recently 
received substantial attention in terms of paclitaxel resistance and has not yet been suc-
cessfully addressed  [22 – 25] . Different  β  - tubulin isotypes form microtubules with anoma-
lous behaviors  in vitro  with regard to assembly, dynamics, conformation, and ligand 
binding  [23, 24, 26, 27] . Microtubules with altered  β  - tubulin isotype compositions respond 
differently to paclitaxel  [28] . Derry and co - workers reported that  α  β  III  microtubules are 
more dynamic than the most common  α  β  II  or  α  β  IV   [28] ; hence, higher concentrations of 
paclitaxel are required to interfere with their dynamics. Recently Ferlini has reported that 
the C - seco - taxoid IDN 5390 is up to 8 - fold more active than paclitaxel against an inher-
ently drug - resistant OVCAR3 ovarian cancer cell line and paclitaxel - resistant human 
ovarian adenocarcinoma cell lines A2780TC1 and A2780TC3 (cell lines overexpressing 
class III  β  - tubulin)  [29 – 31] . Following observation of the remarkable effects of  meta  -
 substitution at the C - 2 benzoate moiety, mentioned above, we synthesized a series of IDN 
5390 analogues with C - 2 - benzoate modifi cations, including a 3 - fl uorobenzoyl group. The 
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synthesis and biological evaluation of these novel fl uoro - C - seco - taxoids are described 
below.  

  5.3   Second - generation Taxoids and C - seco - Taxoids with Strategic 
Incorporation of Fluorine 

  5.3.1   Synthesis and Biological Evaluation of C - 3 ′  - Difl uoromethyl -  and 
C - 3 ′  - Trifl uoromethyl Taxoids 

 A series of the second - generation C - 3 ′  - CF 2 H and C - 3 ′  - CF 3  taxoids were synthesized by the 
 β  - lactam synthon method  [32, 33] . The synthesis of enantiopure  β  - lactam  8 , bearing a CF 2 H 
group at the C - 4 position is illustrated in Scheme  5.1 . The [2+2] ketene - imine cycloaddition 
of acetoxyketene, generated  in situ  from acetoxyacetyl chloride and triethylamine, with 
 N  - PMP - 3 - methylbut - 2 - enaldimine (PMP   =    p  - methoxyphenyl) gave racemic  β  - lactam 1. 
Enzymatic optical resolution of  1  by PS Amano lipase at 50    ° C gave enantiopure (3 R ,4 S ) -
 3 - AcO - 4 - isobutenyl -  β  - lactam  2(+)   [34] . Protection of the 3 - hydroxyl group as TIPS ether 
and ozonolysis of the double bond of 2(+) afforded 4 - formyl -  β  - lactam  5 . Difl uoromethyl-
ation of  5  with diethylaminosulfur trifl uoride (DAST)  [35] , followed by deprotection of 
PMP by cerium ammonium nitrate (CAN) and introduction of  tert  - butoxycabonyl group to 
the  β  - lactam nitrogen yielded enantiopure (3 R ,4 R ) - 1 -  t  - Boc - 3 - TIPSO - 4 - CF 2 H -  β  - lactam  8 .   

 In a similar manner, enantiopure 1 -  t  - Boc - 3 - TIPSO - 4 - CF 3  -  β  - lactam  14  was synthe-
sized from benzyloxyacetyl chloride/triethylamine and  N  - PMP - CF 3  - aldimine through 
[2+2] ketene - imine cycloaddition, enzymatic optical resolution (PS Amano lipase at 

 Scheme 5.1     Synthesis of enantiopure C - 4 - difl uoromethyl -  β  - lactam  8 . (i) Et 3 N, CH 2 Cl 2 , 
 − 78    ° C    ∼    r.t., 70%; (ii) PS - Amano, buffer pH 7.0, 10% CH 3 CN, 50    ° C; (iii) KOH, THF, 0    ° C, 
100%; (iv) TIPSCl, Et 3 N, DMAP, CH 2 Cl 2 , 85%; (v) O 3 , MeOH/CH 2 Cl 2 ,  − 78    ° C; Me 2 S, 73%; 
(vi) DAST, CH 2 Cl 2 , 86%; (vii) CAN, H 2 O/CH 3 CN,  − 15    ° C, 68%; (viii)  t  - Boc 2 O, Et 3 N, DMAP, 
CH 2 Cl 2 , 80%. 
 ( Source:  Reprinted with permission from Ojima, I.; Kuznetsova, L. V., and Sun, L. (2007) 
 Organofl uorine Chemistry at the Biomedical Interface: A Case Study on Fluoro - Taxoid 
Anticancer Agents.  ACS Symposium Series 949,  Current Fluoroorganic Chemistry , (2007) pp. 
288 – 304. Copyright (2007) American Chemical Society.)  
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 Scheme 5.2     Synthesis of enantiopure C - 4 - trifl uoromethyl -  β  - lactam  14 . (i) Et 3 N, CH 2 Cl 2 , 
40    ° C, 83%; (ii) H 2 , Pd, MeOH, 45    ° C, 98%; (iii) Ac 2 O, DMAP, Py, CH 2 Cl 2 , 74%; (iv) PS -
 Amano, buffer pH 7, 10% CH 3 CN, 0 – 5    ° C; (v) KOH, THF,  − 5    ° C, 100%; (vi) TIPSCl, Et 3 N, 
CH 2 Cl 2 , 95%; (vii) CAN, CH 3 CN/H 2 O,  − 10    ° C, 84%; (viii)  t  - Boc 2 O, Et 3 N, DMAP, CH 2 Cl 2 , 
87%. 

0 – 5    ° C), deprotection – protection, and  t  - Boc carbamoylation as illustrated in Scheme 
 5.2   [34] .   

 The Ojima – Holton coupling of 4 - CF 2 H -  and 4 - CF 3  -  β  - lactams  8  and  14 , thus obtained, 
with 2,10 - modifi ed baccatins  15  was carried out at  − 40    ° C in THF using LiHMDS as a 
base followed by deprotection of silicon protecting groups with HF/pyridine to give the 
corresponding second - generation 3 ′  - CF 2 H - taxoids ( 18 ) and 3 ′  - CF 3  - taxoids (19) in moder-
ate to high overall yields (see Scheme  5.3 )  [20, 34, 36] . 2,10 - Modifi ed baccatins  15  were 
prepared by methods we have reported previously  [17] .   

 The second - generation fl uoro - taxoids ( 18  and  19 ) were evaluated for their cytotoxic-
ity  in vitro  against human breast cancer cell lines (MCF7 - S and LCC6 - WT), their corre-
sponding drug - resistant cell lines (MCF7 - R and LCC6 - MDR), human non - small - cell lung 
(NSCL) cancer cell line (H460), and human colon cancer cell line (HT - 29). The IC 50  values 
were determined through 72   h exposure of the cancer cells to the fl uoro - taxoids, following 
the procedure developed by Skehan  et al.   [37] . Results are summarized in Table  5.2  
(3 ′  - CF 2 H - taxoids  18 ) and Table  5.3  (3 ′  - CF 3  - taxoids  19 ).   

 As Tables  5.2  and  5.3  show, all fl uoro - taxoids  18  and  19  possess substantially higher 
potencies than those of paclitaxel and docetaxel, with cytotoxicity in single - digit nanomo-
lar IC 50  values against drug - sensitive MCF7 - S, LCC6 - WT, H460, and HT - 29 cancer cell 
lines (except for a few cases). The cytotoxicity of the fl uoro - taxoids  18  and  19  against 
multidrug - resistant MCF7 - R and LCC6 - MDR cell lines is more impressive: all fl uoro -
 taxoids exhibit single - digit nanomolar IC 50  values (except for a couple of cases) and are 
two orders of magnitude more potent than paclitaxel in average. These two series of 
fl uoro - taxoids exhibit, in general, comparable cytotoxicity against all cancer cell lines 
examined. 

 However, the potency of 3 ′  - CF 2 H - taxoids  18  against MCF7 - S and LCC6 - WT appears 
to be higher and more uniform, with different substitution patterns, than that of 3 ′  - CF 3  -
 taxoids  19 , except for two cases (SB - T - 12822 - 1, 0.19   nM, MCF7 - S; SB - T - 12824 - 1, 
0.17   nM, MCF7 - S). In contrast, compounds  19  exhibit more uniform potency against 
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 ( Source:  Reprinted with permission from Ojima, I.; Kuznetsova, L. V., and Sun, L. (2007) 
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multidrug - resistant MCF7 - R and LCC6 - MDR cell lines than do  18 . For fl uoro - taxoids  18 , 
cytotoxicity against multidrug - resistant cell lines, MCF7 - R and LCC6 - MDR, depends on 
the nature of meta substituents of the C - 2 - benzoate moiety; the potency increases in the 
order F    <    MeO    <    Cl    <    N 3 . In contrast, no clear trend is observed for fl uoro - taxoids  19  
against these multidrug - resistant cell lines. Among these fl uoro - taxoids examined, SB - T -
 12842 - 4 (R   =    n  - propanoyl; X   =   N 3 ) appears to be the most potent compound with a 
resistance factor (R/S ratio) of only 2.9 – 3.0 against two sets of human breast cancer cell 
lines.   

  5.4   Synthesis and Biological Evaluation of 
C - 2 - (3 - Fluorobenzoyl) - C - seco - Taxoids 

 As mentioned above, paclitaxel and taxoids stabilize microtubules through their binding 
to the  β  - tubulin subunits, thereby blocking the cell mitosis, which leads to apoptosis  [10, 
11] . There are eight  β  - tubulin isotypes, of which class I  β  - tubulin is the major isotype in 
all mammalian tissues  [38] . It has been shown that the overexpression of class III  β  - tubulin 
isotype causes paclitaxel drug resistance, which constitutes signifi cant drug - resistance 
other than MDR  [25] . Recently, a C - seco - taxoid, IDN5390 (see Figure  5.1 ), was reported 
to exhibit several times better potency than paclitaxel against drug - resistant ovarian cancer 
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cell lines overexpressing class III isotype  [29] . Accordingly, we have performed a SAR 
study on IDN5390. As a part of this SAR study, we investigated two fl uorine - containing 
analogues, SB - T - 10104 ( 25a ) and SB - T - 10204 ( 25b ) (see Scheme  5.4 ). Two C - seco - 
fl uorotaxoids  25a  and  25b  were synthesized through the Ojima – Holton coupling of 7,9 -
 di - TES - 2 - (3 - fl uorobenzoyl) - C - seco - baccatin ( 22 ) with  β  - lactams  23a   [39]  and  23b   [40] , 
respectively, under standard conditions, followed by deprotection with HF - pyridine (see 
Scheme  5.4 ). Di - TES - C - seco - baccatin  22  was prepared from 2 - (3 - fl uorobenzoyl) - 10 -
 deacetylbaccatin  20   [17]  using Appendino ’ s protocol  [41, 42]  as follows: Baccatin  20  was 
oxidized with Cu(OAc) 2  and air to give the corresponding 10 - oxo - baccatin  21 , which was 
then treated with L - selectride at  − 78    ° C, followed by TES protection to afford di - TES - C -
 seco - baccatin  22  (see Scheme  5.4 ).   

 Novel C - seco - fl uorotaxoids,  25a  and  25b , were evaluated for their cytotoxicity 
against several human ovarian adenocarcinoma cell lines: A2780wt (drug - sensitive 
wild - type), A2780CIS, A2780TOP, A2780ADR (resistant to cisplatin, topotecan, and 
adriamycin/doxorubicin, respectively), and A2780TC1 and A2780TC3 (resistant to both 
paclitaxel and cyclosporine A). The drug resistance in the A2780ADR cell line is based 
on MDR, while that in the A2780TC1 and A2780TC3 cell lines is caused by the overex-
pression of class III  β  - tubulin subunit and other possible mutations. Thus, the activity of 
these two C - seco - fl uorotaxoids is of particular interest. Results are shown in Table  5.4 .   

 As Table  5.4  shows, SB - CST - 10104 ( 25a ) possesses remarkable potency against 
paclitaxel - resistant cell lines A2780TC1 and A2780TC3, especially the latter, that is, the 
most drug - resistant cell line for paclitaxel in this series. This C - seco - fl uorotaxoid  25a  is 
39 times more potent than paclitaxel against cell line A2780TC3. The resistance factor 
IC 50  (A2780TC3)/IC 50  (A2780   wt) for this cell line is 10   470 for paclitaxel, but it is only 
41 for  25a . For comparison, IDN5390 exhibits 8.0 times higher potency than paclitaxel 
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with a resistance factor of 129 against the same cell line. This result is quite impressive 
taking into account the fact that the only structural difference between IDN5390 and  25a  
is one fl uorine substitution at the  meta  position of the C - 2 - benzoate moiety of the C - seco -
 taxoid molecule. 

 The C3 ′  - substituents of C - seco - fl uorotaxoids  25a  (3 ′  - isobutyl) and  25b  (3 ′  - 
isobutenyl) also show interesting effects on the potency, which is assumed to be related 
directly to their interaction with the class III  β  - tubulin. As Table  5.4  shows,  25b  exhibits 
higher potency than  25a  against A2780wt, A2780CIS, A2780TOP, and A2780ADR. 
However, the reversal of this SAR is observed against A2780TC1 and A2780TC3, in 
which the class III  β  - tubulin is overexpressed. Overall, it has been shown that the intro-
duction of one fl uorine to the C - 2 - benzoate moiety of C - seco - taxoid molecule substantially 
increases the potency against both paclitaxel - sensitive and paclitaxel - resistant human 
ovarian cancer cell lines.  

  5.5   Synthesis and Biological Evaluation of C - 3 ′  - Difl uorovinyl - Taxoids 

 As described above, the introduction of isobutyl, isobutenyl, CF 2 H, and CF 3  groups to the 
C3 ′  - position of taxoids, replacing the phenyl group of paclitaxel and docetaxel, has led 
to the development of highly potent second - generation taxoids, especially against drug -
 resistant cancer cell lines expressing MDR phenotype. Our recent metabolism studies 
on 3 ′  - isobutyl -  and 3 ′  - isobutenyl - taxoids has disclosed that the metabolism of second -
 generation taxoids (SB - T - 1214, SB - T - 1216, and SB - T - 1103) is markedly different from 
that of docetaxel and paclitaxel  [43] . These taxoids are metabolized (via hydroxylation) 
by CYP 3A4 of the cytochrome P450 family enzymes, primarily at the two allylic methyl 
groups of the C - 3 ′  - isobutenyl group and the methyne moiety of the 3 ′  - isobutyl group (see 
Figure  5.2 ). This forms a sharp contrast with the known result that the  tert  - butyl group of 
the C - 3 ′   N  -  t  - Boc moiety is the single predominant metabolic site for docetaxel  [44] . These 
unique metabolic profi les prompted us to design and synthesize 3 ′  - difl uorovinyl - taxoids, 
in order to block the allylic oxidation by CYP 3A4, which should enhance the metabolic 
stability and activity  in vivo .   

 For the synthesis of a series of C - 3 ′  - difl uorovinyl - taxoids  29 , novel (3 R ,4 S ) - 1 -  t  - Boc -
 3 - TIPSO - 4 - difl uorovinyl -  β  - lactam  28 (+) is the key component for the coupling with 
baccatins  15  (see Scheme  5.5 ). We prepared this  β  - lactam  28 (+) in three steps from 4 -
 formyl -  β  - lactam  5 (+) (see Scheme  5.1 ) using the Wittig reaction of the formyl moiety with 
difl uoromethylphosphorus ylide generated  in situ  from (Me 2 N) 3 P/CF 2 Br 2 /Zn (see Scheme 
 5.5 ). The Ojima – Holton coupling reaction  [45 – 47]  of  β  - lactam  28 (+) with C - 2 - modifi ed, 
C - 10 - modifi ed or C - 2,10 - modifi ed baccatins  15  (X   =   H, MeO, N 3 )  [17]  and the subsequent 
removal of the silyl protecting groups gave the corresponding C - 3 ′  - difl uorovinyl - taxoids 
 29  in good to excellent yields.   

 The cytotoxicities of the 3 ′  - difl uorovinyl - taxoids  29  were evaluated  in vitro  against 
MCF7 - S, MCF7 - R, HT - 29 (human colon carcinoma), and PANC - 1 (human pancreatic 
carcinoma) cell lines  [37] . The results are summarized in Table  5.5 .   

 As Table  5.5  shows, all difl uorovinyl - taxoids  29  are exceedingly potent compared 
with paclitaxel. A clear effect of C - 2 - benzoate modifi cation at the  meta  position (X    =    H 
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vs. X    =    MeO or N 3 ) is observed on the increase in potency against drug - sensitive and 
drug - resistant MCF7 cell lines (entries 2 – 5 vs. entries 6 – 11). Difl uorovinyl - taxoids with 
2,10 - modifi cations (entries 6 – 11) have impressive potency, exhibiting IC 50  values in the 
 < 100   pM range (78 – 92   pM), except for one case against MCF7 - S (entry 7), and in the 
subnanomolar range (0.34 – 0.57   nM) against MCF7 - R, which is 3 orders of magnitude 

 Scheme 5.5     Synthesis of C - 3 ¢  - difl uorovinyl-taxoids ( 28 ). (i) CBr 2 F 2 , HMPT, Zn, THF, 84%; 
(ii) CAN, H 2 O/CH3CN,   − 15    ° C, 92%; (iii) Boc 2 O, Et 3 N, DMAP, CH 2 Cl 2 , 96%; (iv) LiHMDS, 
THF,  − 40    ° C; (v) HF/Py, Py/CH 3 CN, overnight, 0    ° C – RT, 57 – 91% (for two steps). 
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more potent than paclitaxel. The resistance factor for these taxoids is 1.7 – 6.4, while that 
for paclitaxel is 250. Difl uorovinyl - taxoids with unmodifi ed C - 2 - benzoate moiety (entries 
2 – 5) also show highly enhanced potency against MCF7 - S and MCF7 - R as compared to 
paclitaxel. These taxoids exhibit impressive potency against HT - 29 (human colon) and 
PANC - 1 (human pancreatic) cancer cell lines as well. SB - T - 12853 appears particularly 
promising against these gastrointestinal (GI) cancer cell lines. Although difl uorovinyl -
 taxoids with 2,10 - modifi cations (entries 6 – 11) have not yet been evaluated against HT - 29 
and PANC - 1 cell lines, it is anticipated that these taxoids will exhibit remarkable potency 
against these GI cancer cell lines in a similar manner to that for MCF7 - R.  

  5.6   Possible Bioactive Conformations of Fluoro - Taxoids 

  19 F NMR combined with advanced 2D spectroscopic methods provides a powerful tool 
for the study of dynamic conformational equilibria of fl uorine - containing bioactive mole-
cules. The wide dispersion of fl uorine chemical shifts is particularly useful for the observa-
tion of conformers at low temperatures. We have successfully used fl uorine - containing 
taxoids as probes for NMR analysis of the conformational dynamics of paclitaxel in con-
junction with molecular modeling  [48] . We have further applied the fl uorine - probe proto-
col to solid - state magic angle spinning (SSMAS)  19 F NMR analysis with the radiofrequency 
driven dipolar recoupling (RFDR) method to measure the F – F distance in the microtubule -
 bound conformation of F 2  - 10 - Ac - docetaxel (see Figure  5.3 )  [47] . Schaefer and co - workers 
used rotational echo double - resonance (REDOR) to investigate the structure of the micro-
tubule - bound paclitaxel by determining the  19 F –  13 C distances of a fl uorine probe of pacli-
taxel (see Figure  5.3 )  [49] . These solid - state NMR studies have provided critical information 
on the bioactive conformation of paclitaxel and docetaxel.   

 Recently, we proposed a new bioactive conformation of paclitaxel,  “ REDOR - Taxol ”  
 [50] , based on (i) the  19 F –  13 C distances obtained by the REDOR experiment  [49] , (ii) the 
photoaffi nity labeling of microtubules  [51] , (iii) the crystal structure (PDB code: 1TUB) 
of the Zn 2+  - stabilized  α  β  - tubulin dimer model determined by cryo - electron microscopy 
(cryo - EM)  [52] , and (iv) molecular modeling (Monte Carlo; Macromodel)  [50] . In this 
computational biology analysis, we fi rst docked a paclitaxel - photoaffi nity label molecule 
to the position identifi ed by our photoaffi nity labeling study and then optimized the 
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 Figure 5.3     Solid - state NMR studies on microtubule - bound fl uoro - taxoid probes. 
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position with a free paclitaxel molecule in the binding space using the REDOR distances 
as fi lters  [50] . 

 More recently, three additional intramolecular distances of the key atoms in the 
microtubule - bound  19 F/ 2 H - labeled paclitaxel were determined by the REDOR method (see 
Figure  5.3 )  [53] . It has also been shown that the optimized cryo - EM crystal structure of 
tubulin - bound paclitaxel (PDB code: 1JFF)  [54]  serves better for the computational struc-
ture analysis. Accordingly, we have optimized our REDOR - Taxol structure, using the 1JFF 
coordinates as the starting point, by means of molecular dynamics simulations (Macro-
model, MMFF94) and energy minimization (InsightII 2000, CVFF)  [55] . 

 We applied the same computational protocol to investigate the microtubule - bound 
structures of the 3 ′  - CF 2 H - , 3 ′  - CF 3  - , and 3 ′  - CF 2 C = CH - taxoids, using the updated REDOR -
 Taxol  [55]  as the starting structure. Three fl uoro - taxoids, SB - T - 1284, SB - T - 1282, and 
SB - T - 12853 (see Figure  5.4 ), were docked into the binding pocket of paclitaxel in the  β  -
 tubulin subunit by superimposing the baccatin moiety with that of the REDOR - Taxol, and 
their energies were minimized (InsightII 2000, CVFF). The resulting computer - generated 
binding structures of three fl uoro - taxoids are shown in Figure  5.5  (a, b, c).   

 As Figure  5.5  (a, b, c) shows, the baccatin moiety occupies virtually the same space 
in all cases, as expected. Each fl uoro - taxoid fi ts comfortably in the binding pocket without 
any high - energy contacts with the protein. There is a very strong hydrogen bond between 
the C - 2 ′  - OH of a fl uoro - taxoid and His227 of  β  - tubulin in all cases, which shares the same 
key feature with the REDOR - Taxol structure  [50] . [ Note:  Our preliminary study on the 
tubulin - bound structures of these three fl uoro - taxoids using the 1TUB coordinates  [52]  led 
to different structures in which the C - 2 ′  - OH had a hydrogen bond to Arg359 of  β  - tubulin 
 [56] . However, the use of the updated REDOR - Taxol structure based on the 1JFF coordi-
nates  [54]  unambiguously led to fl uoro - taxoid structures bearing a strong hydrogen bond 
between the C - 2 ′  - OH and His227.] 

 The CF 2 H and CF 3  moieties fi ll essentially the same space, as anticipated. However, 
the CF 2 C = CH moiety occupies more extended hydrophobic space than the CF 2 H and CF 3  
moieties. It is likely that this additional hydrophobic interaction contributes substantially 
to the exceptional cytotoxicity of difl uorovinyl - taxoids  29 . The overlay of SB - T - 12853 
with a representative second - generation taxoid, SB - T - 1213 shows excellent fi t, which may 
demonstrate that the difl uorovinyl group mimics the isobutenyl group (see Figure  5.5 , d). 
However, the difl uorovinyl group is in between vinyl and isobutenyl groups in size, 
and two fl uorine atoms may mimic two hydroxyl groups rather than two methyl groups 
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His227

(a) (b)

(c) (d)

SB-T-1213

SB-T-12853

His227

His227

electronically. Accordingly, the difl uorovinyl group can be regarded as  “ magic vinyl ”  in 
drug design, similarly to  “ magic methyl ”  for the trifl uoromethyl group, including its 
anticipated metabolic stability against P - 450 family enzymes.  

  5.7   Use of Fluorine in Tumor - Targeting Anticancer Agents 

 Although current cancer chemotherapy is based on the premise that rapidly proliferating 
tumor cells are more likely to be killed by cytotoxic drugs, the difference in activity of 
cytotoxic drugs against tumor tissues and against primary tissues is relatively small. Con-
sequently, the amount of an anticancer drug required to achieve clinically effective level 
of activity against the targeted tumor cells often causes severe damage to actively propa-
gating non - malignant cells such as cells of the gastrointestinal tract and bone marrow, 
resulting in a variety of undesirable side - effects. Accordingly, it is very important to 
develop new chemotherapeutic agents with improved tumor specifi city. 

 Figure 5.5     Computer - generated binding structures of fl uoro - taxoids to  β  - tubulin:   (a) SB - T -
 1284 (3 ′  - CF 2 H); (b) SB - T - 1282 (3 ′  - CF 3 ); (c) SB - T - 12853 (3 ′  - CF 2  = CH); (d) Overlay of SB - T -
 12853 and SB - T - 1213 (C3 ′  - isobutenyl). See color plate 5.5. 
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 To address the tumor specifi city issue, various tumor - targeting anticancer drug conju-
gates, consisting of a tumor - targeting molecule, a functional linker, and a highly potent 
cytotoxic drug, have been developed. Such a drug conjugate should have a high affi nity to 
tumor cells through the tumor - targeting module, promoting effi cient endocytosis of the 
whole conjugate. The functional linker moiety of the conjugate should be intelligently 
designed and engineered so that the conjugate is stable in the circulation but the linker is 
readily cleaved in tumors to release the potent cytotoxic drug effi ciently. Monoclonal anti-
bodies (mAbs), hyaluronic acid, folic acid, biotin, and somatostatin peptide mimic are among 
the tumor - targeting molecules most commonly used  [57, 58] . For example, mAbs specifi -
cally bind to antigens that are overexpressed on the surface of tumor tissues or cells, distin-
guishable from normal tissues. Therefore, in principle, mAb – cytotoxic drug conjugates can 
be specifi cally delivered to the tumor and internalized via receptor - mediated endocytosis, 
releasing the cytotoxic drug  [57, 59, 60] . Mylotarg ®  (gemtuzumab - ozogamicin)  [61]  was 
approved by the US FDA for the treatment of acute myelogenous leukemia (AML), provid-
ing the fi rst mAb – drug immunoconjugate for the treatment of cancer in clinic use. Several 
other mAb – drug conjugates have reached human clinical trial stage  [60, 62 – 65] . 

 Our investigation in this area led to the development of novel mAb – taxoid conjugates 
as tumor - targeting anticancer agents that exhibited extremely promising results in human 
cancer xenografts in SCID (severe combined immunodefi ciency) mice. The results clearly 
demonstrated tumor - specifi c delivery of a taxoid anticancer agent without any noticeable 
toxicity to the animals, curing all animals tested  [66] . As the linker for these mAb – taxoid 
conjugates, we used a disulfi de linker that was stable in blood circulation but effi ciently 
cleaved by glutathione or other thiols in the tumor [ Note:  The glutathione level is known 
to be 1000 times higher in tumor tissues than in blood plasma  [67] . However, in this 
fi rst - generation of mAb - taxoid conjugates, the original taxoid molecule was not released 
because of the compromised modifi cation of the taxoid molecule for attachment the disul-
fi de linker. Accordingly, the cytotoxicity of the taxoid released in these conjugates was 
8 – 10 times weaker than that of the parent taxoid  [66] . 

 To address this problem, we have been developing second - generation mechanism -
 based disulfi de linkers. One of our approaches is the glutathione - triggered cascade drug 
release, forming a thiolactone as a side - product as illustrated in Scheme  5.6 . This mecha-
nism - based drug release concept has been nicely demonstrated in a model system by 
monitoring the reaction with  19 F NMR using fl uorine - labeled compounds (see Figure  5.6 ) 
 [68] . The strategic incorporation of a fl uorine substituent at the  para  position to the disul-
fi de linkage would direct the cleavage of this linkage by a thiol to generate the desirable 
thiophenolate or sulfhydrylphenyl species for thiolactonization. In addition, the incorpora-
tion of a fl uorine substitution may increase the metabolic stability of the conjugate. This 
type of linkers is highly versatile and readily applicable to any tumor - targeting drug con-
jugates, including fl uoro - taxoids.   

 Moreover, combination of a fl uorine - containing linker and a fl uoro - taxoid may 
provide fl uorine probes for monitoring the internalization and drug release of these con-
jugates in the tumor cells and tissues by  19 F NMR as an alternative method to the use of 
fl uorescence - labeled probes with confocal fl uorescence microscopy  [69] . 

 Further applications of the strategic incorporation of fl uorine into medicinally active 
substances as well as compounds useful as tools for biomedical research are actively under 
study in these laboratories.  
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 Antimalarial Fluoroartemisinins: 

Increased Metabolic and 
Chemical Stability  

  Jean - Pierre   B é gu é    and   Dani è le   Bonnet - Delpon       

   6.1   Introduction 

 Malaria continues to be one of the most important infectious diseases in the world  [1] . Of 
the four human malaria parasites,  Plasmodium falciparum  is the one overwhelmingly 
responsible for severe clinical malaria and death. A major cause of malaria morbidity and 
mortality is the current increasing resistance of malaria parasites, in particular  P. falci-
parum , to the most prescribed antimalarial drugs (chloroquine, pyrimethamine, proguanil, 
halofantrine, etc.)  [2] . Facing this alarming decline in the effi cacy of antimalarial drugs, 
a broad consensus on the need to develop new antimalarial drugs is now well established 
 [3] . Artemisinin  1  (see Figure  6.1 ), which was isolated from a plant,  Artemisia annua  L., 
and has been used to treat high fever over 2000 years in Chinese traditional medicine  [4] , 
has emerged as a desirable drug. Artemisinin is a sesquiterpene lactone that contains an 
endoperoxide bridge, as a part of a 1,2,4 - trioxane core. This very unusual functional group 
in medicinal chemistry is an absolute requirement for the antimalarial activity. When the 
endoperoxide is lacking, as in the reduced desoxoartemisinin, the compound is devoid of 
antimalarial activity  [5] . Consequently, the peroxide function has become a focus for 
experiments aimed at understanding the mode of action of artemisinin and other trioxanes. 
Numerous hypotheses have been proposed as possible mechanisms of action for artemis-
inin derivatives ( “ artemisinins ” ). They were supported by a large number of studies 
seeking an understanding at the molecular level  [6] . However, the conclusion of these 
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complementary but often contradictory experiments is that the  in vivo  activity is probably 
multifactorial: that is, artemisinins interacts with several targets  [7] .   

 The therapeutic value of artemisinin is limited by its low solubility in both oil and 
water. However, artemisinin provides a unique key molecular framework from which 
medicinal chemists can attempt to prepare more effi cacious antimalarial drugs by retaining 
the pharmacologically essential 1,2,4 - trioxane core  [8] . 

 The fi rst - generation semisynthetic analogues, dihydroartemisinin  2 , artemether, 
arteether ( “ ethers of artemisinin ” ) and sodium artesunate, were prepared in the 1980s 
(Figure  6.1 )  [5a, 9] . These artemisinin derivatives have made a substantial impact on the 
treatment of malaria  [10 – 12] . They are fast - acting and potent antimalarial drugs against 
all  Plasmodium  parasites, in particular the multidrug - resistant  P. falciparum   [13] . They act 
at the early stages of development of parasites once the parasites have invaded red cells 
 [14] . Artemisinins are gametocytocidal, but they do not kill the hepatic stages of parasites 
 [15] . No clinical case of resistance to artemisinins has been reported so far  [16] . 

 These derivatives have poor oral bioavailability, but fortunately this is partially coun-
tered by their very high intrinsic activities. Furthermore, they all possess a short half - life 
in the body, which can lead to recrudescence of parasitemia  [17] . According to Scheme 
 6.1 , the human metabolism of an ether of artemisinin, such as artemether, involves fi rst 
an oxidation in the liver by cytochrome P450 enzymes. This produces dihydroartemisinin 
(DHA) as the main metabolite, which retains the antimalarial activity  [11] . DHA is then 
rapidly eliminated through phase II metabolism via generation of water - soluble conjugates 
such as  α  - DHA -  β  - glucuronides  [18] . These two processes are responsible for the short 
plasma half - life of ethers of artemisinin  [8] . A second important factor is the low stability 
of the acetal group under acidic conditions, such as those found in the stomach upon oral 
administration.   

 [ Note:  In artemisinin series, conventional designation of stereochemistry is used (e.
g.,  α  is below the plane, while  β  is above the plane), but the stereochemistry at C - 10 is 
opposite to that used for glycosides.] 

 The use of these artemisinin derivatives in combination with an antimalarial drug 
with a longer half - life, as recommended by WHO, can not only delay emergence of resis-
tance but also partially overcome the problem of short plasma half - life  [19] . Nevertheless, 
chemically and metabolically more stable artemisinins would bring improvement in 
malaria therapy and bitherapy (or combination therapy)  [20] . 

 In order to improve the oral bioavailability, a huge number of compounds have been 
synthesized from artemisinin, which is a readily available naturally occurring compound 
 [8] . Large - scale isolation and purifi cation of artemisinin from wild or cultivated  Artemisia 
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annua  are rather easy (more than 10 tonnes/year is produced in south - east Asia). The two 
main objectives of medicinal chemists have been to obtain more stable derivatives and to 
increase water solubility by introducing polar or ionizable functional groups. 

 Numerous chemical modifi cations of artemisinin have been extensively investigated 
and reviewed  [8, 20a, 21, 22] . The most effective approaches include the design of 
oxidation - resistant ethers of DHA  3  (see Figure  6.2 ), of 10 - aza analogues  5   [23, 24] , and of 
10 - carba analogues  6   [8, 20a, 21, 22, 25] . From these various  “ robust ”  artemisinins, current 
efforts are focused on incorporating functional groups in order to increase water solubility 
and to decrease log    P . Good examples are artemisone  5 , developed by Bayer and MMV 
 [26] , and the piperazine derivative  6 , a potent  in vitro  and  in vivo  antimalarial  [8, 27] .   
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 All structural modulations described above are concerned with the C - 10 site. Arte-
misinin derivatives functionalized at C - 16 ( 7 ,  8 ) are more diffi cult to prepare, and the 
natural precursors, artemisitene and artemisinic acid, are less readily available than arte-
misinin  [18c, 28, 29] .  

  6.2   Fluoroartemisinins: Control of Metabolism 

 To prevent oxidative metabolism and/or to increase hydrolytic stability, ten years ago we 
initiated our approach to designing a metabolically more stable artemisinin using fl uorine 
substitution. This approach is now classical in medicinal chemistry and has been validated 
by numerous examples  [30, 31] . The decreased rate of metabolism as a result of fl uorine 
substitution is a consequence of the intrinsic properties of the fl uorine atom  –  the electronic 
structure and strong electronegativity of fl uorine impart great chemical inertia to the C – F 
bond, in particular toward oxidation. Furthermore, the electronegativity of fl uorine confers 
a strong electron - withdrawing character on fl uoroalkyl substituents. This disfavors devel-
opment of positive charge on the  α  - carbon, and hence the generation of cationic species 
involved in hydrolytic processes  [30, 32] . 

 We present here an overview of our approaches to and results on new potent antima-
larial fl uoro - artemisinins. The effects of fl uorine substitution on chemical reactivity make 
the synthesis of fl uoro - artemisinins not always straightforward. These specifi c synthetic 
challenges will be highlighted. 

  6.2.1   Fluoroalkyl Ethers of Dihydroartemisinin 

  6.2.1.1   Synthesis 

 As indicated in Scheme  6.1 ,  in vivo  or in liver homogenates, ethers of DHA undergo rapid 
hydroxylation by cytochrome P450 enzymes to generate a hemiacetal, which decomposes 
to produce DHA  2  and an aldehyde  [18c, 33] . A feasible approach to prolonging the half -
 life of DHA ethers is to design poorer substrates for cytochrome P450 by introduction 
of a fl uorinated substituent (R f ) at the  α  - methylene carbon of the alkoxy group (see 
Scheme  6.2 ). A slower rate of oxidative dealkylation would be expected since it has been 
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 Scheme 6.2     Design of fl uoroalkyl ethers of artemisinin. 
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demonstrated that the protection against oxidative processes provided by a fl uoroalkyl 
group is often extended to adjacent CH or CH 2  groups  [30, 34 – 37] .   

 Ethers of DHA are usually prepared by treatment of DHA  2  ( α    :    β   ∼  50   :   50) with an 
appropriate alcohol in the presence of BF 3  and Et 2 O. The stereochemistry of this reaction 
has been intensively investigated and discussed  [38] , in particular by Haynes  et al.   [18c, 
24, 39] . This process is less effi cient with fl uoro - alcohols (R f OH), because they are poor 
nucleophiles. For instance, the reaction of trifl uoroethanol with DHA  [40] , in the presence 
of BF 3  and Et 2 O in ether, yielded ether  9a  (67%), and dehydrodeoxoartemisinin  10  (20%) 
resulting from the competing deprotonation of the intermediate oxonium ion  11  (see 
Scheme  6.3 )  [27, 30] . However, a secondary fl uoro - alcohol and pentafl uorophenol did not 
react at all (see Table  6.1 ).     

 The Mitsunobu procedure was reported to be effi cient in the case of fl uoroalkyl 
alcohols  [42] . Unlike nonfl uorinated alcohols, the acidic fl uoro - alcohols  [43]  are 
effi ciently deprotonated by the PPh 3  - DEAD adduct. This facilitates the displacement 
of the oxyphosphonium leaving group by an alkoxide. With the use of this reaction, a 
range of ethers  9  were prepared from fl uoro - alcohols in good (from primary alcohols) to 
moderate yields (secondary alcohols) with high  β  - stereoselectivity (see Scheme  6.3  and 
Table  6.1 ).  
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 Scheme 6.3     Etherifi cation reaction of dihydroartemisinin [40; T. Van Nhu  et al. , unpublished 
results on  “ Preclinical development experimental pharmacology of fl uorinated artemisinin 
derivatives ” , 2005]. DEAD: diethyl azodicarboxylate. 

 Table 6.1     Preparation of  DHA  fl uoroalkyl ethers  9  

  Alcohol R f  - OH    Method     9  Yields (%)     β / α   

   a  CF 3 CH 2 OH    BF 3 ,Et 2 O/Et 2 O    67    94:4  
  Mitsunobu    74    93:7  

   b  CF 3 CF 2 CH 2 OH    BF 3 ,Et 2 O/Et 2 O.    43    97:3  
  Mitsunobu    80    93:3  

   c  CF 3 CHOHCF 3     BF 3 ,Et 2 O/Et 2 O    0      
  Mitsunobu    60    100:0  

   d  C 6 F 5 OH    BF 3 ,Et 2 O/Et 2 O    0      
  Mitsunobu    50    94:6  
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  6.2.1.2   Antimalarial Activity 

 The IC 50  values for the fl uoroalkyl ethers  9 , evaluated on  P. falciparum  (W - 2 strain) 
(27   nM    <    IC 50     <    72   nM), are higher than that of artemether (IC 50    =   6   nM), wherein only 
a small infl uence of the structure of fl uorinated chains is observed  [40] . However, ethers 
 9  were very active  in vivo  (Peters test,  P. berghei , intraperitoneal administration for 4 
days at 35.5    µ mol/kg), especially ethers  9b  and  9c . All animals were cured before day 42 
(D - 42). Compound  9b  has been investigated more in detail  [41] .  1   High activity was 
also found after subcutaneous administration (ED 50    =   1   mg/kg, ED 90    =   1.5   mg/kg; cf. 
artesunate: ED 50    =   2.8   mg/kg, ED 90    =   5.4   mg/kg) or oral administration (ED 50    =   2.8   mg/kg, 
ED 90    =   4.3   mg/kg; cf. artesunate: ED 50    =   10.5mg   /kg, ED 90    =   15.3   mg/kg). However, its 
water solubility is very low (log  P    =   6.1, water solubility at pH 7.4    <    5 µ g   /mL). Thus, an 
appropriate formulation was required.   

  6.2.2   Fluorinated Analogues of Dihydroartemisinin and Artemether 

 Substantial effects on both stability and metabolism might be expected from the presence 
of a trifl uoromethyl substituent at C - 10 in DHA and its ethers. The following effects were 
anticipated:

    •      Glucuronidation of CF 3  - DHA  12  should be greatly slowed relative to DHA, because the 
electron - withdrawing character of the trifl uoromethyl group can affect the two possible 
glucuronidation processes. The nucleophilicity of the hydroxyl in CF 3  - DHA  12  is 
strongly decreased. Consequently,  12  is expected to be a poorer glycosyl acceptor, 
regardless of its confi guration at C - 10. Alternatively, an intermediate oxonium ion  14  at 
C - 10, which is a potential glycosyl donor, should be generated from  12  only with high 
activation energy (see Scheme  6.4 ).  

   •       In vivo  stability of the trifl uoromethyl analogue  13a  of artemether is anticipated to be 
increased in two ways: fi rst, the trifl uoromethyl group could decrease the oxidation of 
the methoxy group  [30, 34 – 37] ; second, the intermediate oxonium ion  14  should be 
much more diffi cult to generate in acidic medium  [30] .      

 To validate these hypotheses, the synthesis of the trifl uoromethyl analogues of DHA and 
artemether was investigated. 

  6.2.2.1   Chemistry 

 The hemiketal  12  was easily prepared in high yield (80%) from artemisinin by treatment 
with trifl uoromethyl trimethylsilane (TMSCF 3 ) in the presence of tetrabutylammonium 
fl uoride trihydrate (TBAF, 3H 2 O). Complete desilylation occurred after addition of water 
(see Scheme  6.5 ). The reaction was stereoselective, and the  α  confi guration of the CF 3  
group was unambiguously determined ( β  -  12 )  [40, 44] . However, this confi guration at C - 10 
is not the result of an  α  approach of the CF 3  but of a thermodynamic equilibrium of the 

     1    For pharmacokinetic studies experiments were performed with an intravenous formulation (0.1   M Captisol ™  in water) 
(solubility: 4600    µ g/mL) and an oral standard suspension vehicle (SSV) formulation (0.5 % w/v CMC, 0.5 % v/v benzyl alcohol, 
0.4 % v/v Tween 80 in 0.9 % w/v NaCl) (solubility: 585    µ g/mL): K. A. McIntosh, W. N. Charman  et al. , unpublished results, 
2002.  
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kinetic ( β  - CF 3 ,  α  - hydroxy) product into  β  -  12.  The primary product of the reaction, silyloxy 
ketal  15 , is  β  - CF 3 . This indicates that, in the reaction of artemisinin with TMSCF3, there 
is a kinetic preference for a  β  - addition such as in the reaction of activated DHA involving 
an oxonium ion  [18c, 24, 39] . The axial CF 3  group, which is a bulky substituent  [45] , 
probably suffers from a repulsive interaction with both the C - 8a – C - 8 axial bond and the 
methyl substituent, and thus favors the equilitrium towards  β  -  12   [46] , while in DHA  2  the 
 α    :    β  equilibrium ratio is about 50   :   50.   

 We then investigated routes to the CF 3  analogue of artemether. All attempts at etheri-
fi cation or acylation of the hydroxyl moiety of hemiketal  12  failed. Starting hemiketal  12  
was recovered under various conditions generally used for the functionalization of DHA 
 [47] . This can be ascribed to the poor reactivity of the  β  - epimer of DHA wherein the axial 
hydroxyl experiences a 1,3 - diaxial interaction with the C - 8 – C - 8a bond  [18c] . This steric 
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hindrance, coupled with the low nucleophilicity of a tertiary trifl uoromethyl hydroxyl, 
raises the activation energy of alkylation or acylation. A substitution reaction involving 
displacement of the hydroxyl group of  12  is not an effective alternative. In general, the 
substitution of  α  - trifl uoromethyl hydroxyl groups through S N 1 is as diffi cult as that through 
S N 2 processes. The strong electron - withdrawing effect of the CF 3  group strengthens the 
C – O bond and destabilizes the intermediary carbocation in the S N 1 process  [48] . Despite 
the presence of an alkoxy substituent at C - 10, the hemiketal  12  remained unreacted when 
it was subjected to S N 1 - type conditions (BF 3 ,Et 2 O/MeOH). In an S N 2 process, the combi-
nation of steric and electronic repulsive effects of fl uorine atoms on the incoming nucleo-
phile decreases the reaction rate [48a,b]. Indeed, the Mitsunobu reaction, a typical S N 2 
process, failed for the attempted coupling of  12  with benzoic acid  [47] . 

 Finally, halogenation was tried and found successful. Thus, chloride  16  and bromide 
 17  were prepared from  12  in good yields through reaction with thionyl chloride or thionyl 
bromide at  − 30    ° C, using 1.5 equivalents of pyridine (see Scheme  6.6 ). These reaction 
conditions are very important for obtaining  1 6 and  17 : when the same reactions were 
performed using pyridine as solvent at  room temperature , pseudo - glycal  18  was obtained 
in good yield in place of halogenation products. Halides  16  and  17  were stereoselectively 
obtained with  β  confi guration at C - 10 as in the starting CF 3  - DHA. Thus, the substitution 
proceeds with retention of confi guration through SNi mechanism  [49] . These 10 - halogeno 
compounds  16  and  17  are, a priori, better substrates than the hydroxyl counterpart (CF 3  -
 DHA) for further substitution reactions.   

 The nucleophilic substitution of bromide  17  with methanol used as solvent was 
investigated in the presence of silver salts. The ether  13a  was obtained as a mixture of 
two diastereoisomers, accompanied by a large amount of glycal  18  (see Scheme  6.7 ) 
 [47] .   

 Taking into account the lack of chemoselectivity and stereoselectivity of these silver 
ion - mediated reactions, it is reasonable to postulate an S N 1 - type mechanism for this 
process, leading to the formation of oxonium ion  14 , despite the electron - withdrawing 
effect of the CF 3  group (see Scheme  6.8 ). The stereochemical outcome should be ascribed 
to the steric or electronic preference of methanol addition to two possible diastereo - faces 
of the trifl uoromethyl oxonium ion  14 , in which the interactions are probably different 
from those in nonfl uorinated DHA derivatives. In order to disfavor the formation of 
oxonium  14 , the reaction was performed without silver salt in MeOH. While the reaction 
rate did not decrease signifi cantly, only 23% of glycal  18  was obtained. Furthermore, the 
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substitution leading to the formation of  13a  occurred with more than 80% retention of 
confi guration ( α / β    =   17/83). These results can be rationalized by assuming an activation 
of bromide  17  by methanol through a hydrogen bond ( α  MeOH    =   0.98)  [50] .   

 An improvement required was to decrease the amount of alcohol used for the substi-
tution. Reaction of bromide  17  in CH 2 Cl 2  at room temperature with MeOH (10 equiva-
lents) was slow (72% conversion after 15   h), but highly diastereoselective ( α / β    =   8/92) 
and chemoselective (only 3% of glycal  18 ). For further optimization, 1,1,1,3,3,3 - hexafl uo-
roisopropanol (HFIP) was used as additive  [47] . HFIP possesses low nucleophilicity, high 
ionizing power, high hydrogen bond donor ability ( α    =   1.96) and a strong ability to solvate 
anions  [43b, 51, 52] . These properties have been exploited in solvolysis reactions  [51]  and 
various other reactions  [43b, 53] . 

 Under optimized experimental conditions (CH 2 Cl 2 , MeOH (10 equivalents), HFIP (5 
equivalents)) the reaction was complete at room temperature in less than 5   h. Moreover, 
the reaction was still chemoselective (less than 5% of the elimination product  18 ), and 
completely stereoselective (the  α  stereoisomer was not detected) (see Scheme  6.9 )  [47] . 
The nucleophile is delivered on the same  β  - face as the leaving group. Similar results from 
DHA glycosyl donor have been rationalized by the formation of the half - chair oxonium 
ion, and a stereoelectronically preferred axial addition with reactive nucleophiles  [18c] . 
Compared to the reaction of  17  with the stronger Ag +  electrophilic assistance (see Schemes 
 6.7  and  6.8 ), the low ratio of elimination product  16  and the high  β  - diastereoselectivity 
suggest a mechanism different from an addition on the oxonium ion  14 . It is also clear 
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that in  17  the side opposite to the bromide is hindered: the bulky trifl uoromethyl moiety 
and the cyclic oxygen lone pairs offer a more repulsive face than C - 8 – C - 8a and C – H - 12 
bonds.    

  6.2.2.2   Biological Properties 

  6.2.2.2.1   Antimarial Activity     The 10 -  R  - (trifl uoromethyl)dihydroartemisinin  12  is 
highly active against D6 and W2 drug - resistant strains of  P. falciparum  (D6, IC 50    =   2.6   nM; 
W2, IC 50    =   0.9   nM), and more potent than artesunate (see Table  6.2 ). Moreover, it is active 
against wild isolates from African patients (with Senegalese isolates, IC 50    =   3.3   nM)  [54] . 
Compound  12  is also more active  in vivo  (subcutaneous or oral administration) than 
sodium artesunate in mice infected with murine  P. berghei   [40] . All mice survived until 
day 42 in the Peters test.   

  In vitro  activity on  P. falciparum  (FCB1 strain) of the trifl uoromethyl analogue  13a  
of artemether is higher than that of artemether itself (0.8   nM for CF 3  - artemether) (see Table 
 6.2 )  [55] .  In vivo  ED 50  shows that  13a  is about twice as active as artemether. More impor-
tantly, i.p. administration of the 10 - CF 3  analogue of artemether to mice infected with  P. 
berghei  (NK173) completely cleared parasitemia from the end of treatment to day - 25. This 
clearance has never been observed previously with artemether itself when used at the same 
concentration in our experiments (35.5    µ mol/kg).  

  6.2.2.2.2   Stability     Chemical and metabolic stabilities have been evaluated. A quantita-
tive evaluation of the hydrolytic stability brought to the ketal function by the introduction 
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 Table 6.2     Antimalarial activities of compound  12  ( CF  3  -  DHA ) and  13a  (CF 3  - artemether) 
compared to reference artemisinins 

       In vitro : IC 50  (nM)    Subcutaneous 
( P. berghei ) 
(mg/kg)  

  Oral 
( P. berghei ) 
(mg/kg)  

  I.p. 
( P. berghei ) 
(mg/kg)  

      D6    W2    FCB1    ED 50     ED 90     ED 50     ED 90     ED 50     ED 90   
   12     2.6    0.9        0.7    1.8    4.3    13.0          
  Na artesunate     –     5.4        2.8    10.4    5.4    15.3          
  Artemether            3.5                    2.5    8.5  
   13a             0.8                    1.25    6.4  
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of a trifl uoromethyl group at C - 10 showed that the trifl uoromethyl analogues of DHA and 
artemether were dramatically more stable under acid conditions (pH 2) than DHA and 
artemether (see Table  6.3 )  [47, 55] . This confi rms the hypothesis about the effect of the 
fl uorine substitution on the protection toward proteolysis. Presence of CF 3  disfavors the 
formation of the oxocarbenium ion  14   [48, 55] . This higher stability under acidic condi-
tions should increase their half - lives in the stomach and consequently improve oral 
bioavailability.   

 The plasma half - life of CF 3  - DHA  12  ( t  1/2    =   86   min), after intravenous (i.v, 10   mg/kg) 
or oral (50   mg/kg) administration to rats is also higher than that of DHA ( t  1/2    =   23   min.) or 
artemether ( t  1/2    =   52   min.) (see Table  6.3 )  [56] . Compound  12  possesses a high oral bio-
availability (28%) compared with that of artemether (1.4%), probably due to a good 
compromise between a convenient log    P  (4.36) and a fairly good solubility (see footnote 
1 earlier).  

  6.2.2.2.3   Toxicity     The toxicity CF 3  - DHA  12  has been investigated further. It displays 
low toxicity in rodents. The LD 50  in mice orally treated was 820   mg/kg, while the ED 90  is 
only 13   mg/kg. Subacute toxicity testing was done in rabbits (orally at 20   mg/kg once daily 
for 28 days), with no effect on the body weight of animals. The electrocardiographic index 
was the same in treated and nontreated groups. Hematological and biochemical (serum 
glutamic oxaloacetic transaminase (SGOT) and serum glutamic pyruvic transaminase 
(SGPT), etc.) parameters and histopathological examinations showed that liver and kidney 
microstructures were normal in the group treated  [41, 57] .  In vitro  neurotoxicity evaluated 
on neuroblastoma cultures in the presence of liver microsomes showed that the neurotoxic-
ity of  12  is half that of artemether.  In vivo , the speed of establishing refl ex, the speed of 
extinguishing refl ex for searching food in a maze (mice), and conditional refl ex (rats) were 
only slightly different from those of the nontreated group. Toxicity studies performed on 
monkeys did not show undesirable effects  [41] . 

 The CF 3  - dihydroartemisinin  12  is chemically stable and is easily prepared on large 
scale, in one reaction step with purifi cation by crystallization  [56] . It is therefore consid-
ered to be a good candidate for future development.     

  6.3   Toward Water - Soluble Fluoroartemisinins 

 The clear effect on metabolic stability induced by the introduction of a fl uoroalkyl substitu-
ent at C - 10 of artemisinins has been demonstrated. This provided robust derivatives that 
therefore exhibited better antimalarial activity than reference artemisinins. Our further 

 Table 6.3     Half - lives at  p  H  2 and 37    ° C and  in vivo  

      Acidic conditions (pH 2, 37    ° C)  t  1/2  (h)    Plasma half - life  t  1/2  (min)  

  DHA    17    23  
  CF 3  - DHA  12     760    86  
  Artemether    11    52  
  CF 3  - artemether  13a     660     –   
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important objective was to introduce polar or ionizable functions into fl uoroartemisinins 
to increase the water solubility. Several strategies have been investigated. 

  6.3.1    CF  3  Analogue of Artesunate 

 Conditions set up for the preparation of 10 - CF 3  - artemether  13a  by substitution of the 
bromide  17  in the presence of HFIP offered the possibility to introduce other nucleophiles. 
Various alcohols provided corresponding 10 β  - alkoxy - 10 α  - trifl uoromethyl deoxoartemisi-
nins in good yields (73 – 89%), accompanied by only a small amount of glycal  18  (2 – 6%). 
These effi cient conditions were used to prepare the 10 - CF 3  analogue of artesunate. The 
carboxylate generated  in situ  from succinic acid and triethylamine reacted with  17 , in the 
presence of HFIP as a co - solvent (1   :   1), giving rise to the trifl uoromethyl analogue  19  of 
 β  - artesunate in 67% yield (see Scheme  6.10 ).   

 Surprisingly, this trifl uoromethyl analogue of artesunate was not highly effi cacious 
 in vivo . While it protected mice against  P. berghei  until day 7 (3.9% parasitemia), a rapid 
increase of parasitemia then appeared, thus exhibiting a profi le similar to that of artemether  

  6.3.2   Reaction of Difl uoroenoxysilanes with Artemisinin Derivatives 

 Another promising approach to combining the effect of fl uoroalkyl substituent and water 
solubility was the introduction of a difl uoroketone motif as a possible precursor of corre-
sponding acids at C - 10. For this purpose we investigated the chemistry of difl uoroenoxysi-
lanes, reported as a route to difl uoro - C - glycosides  [58] . Ziffer previously reported that 
DHA easily reacted with enoxysilanes under Lewis acid catalysis  [59] . 

 Aryl difl uoroenoxysilanes  20  were prepared by Mg - promoted defl uorination of tri-
fl uoromethyl ketones, according to Uneyama ’ s procedure  [60] . Their reaction with DHA 
acetate appeared to be much more critical than any other Lewis acid - catalyzed reaction 
and the setup was very troublesome. Each difl uoroenoxysilane required specifi c reaction 
conditions (e.g., Lewis acid and rate of addition) (see Scheme  6.11  and Table  6.4 )  [61] . 
For instance, the best conditions found for the preparation of the difl uoroketone  21a  
(SnCl 4 , 0.4 equivalents) provided a completely rearranged artemisinin skeleton when 
applied to the enoxysilane  20b . Furthermore, the stereochemical outcome of reactions was 
unusual: difl uoroketones  21a – c  all possess the  epi  - artemisinin confi guration at C - 9 (9 α  -
 Me). The mechanism of this epimerization at C - 9 is not fully understood, but probably 
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 Table 6.4     Reaction of  DHA  acetate with enoxysilanes  20a – c  in presence of Lewis acid 

  Enoxy silanes    Lewis acid (equiv.)    Products    Isolated yields    ( β / α  at C - 10)  

   20a     SnCl 4  (0.4)     21a  (9 α  - Me)    66%    100   :   0  
   20b     BF 3 ,Et 2 O (0.2)     21b  (9 α  - Me)    73%    100   :   0  
   20c     SnCl 4  (0.4)     21c  (9 α  - Me)   a       33%    70   :   30  

     a     Accompanied by glycal  18 .   

involves a deprotonation – reprotonation of glycal  10  and oxonium ions  11  (see Scheme 
 6.3 ). Such epimerization has been reported in rare cases for Lewis acid - catalyzed reactions 
with DHA or DHA acetate, but always as a minor process  [40, 62] .     

 The subtle chemistry of difl uoroenoxysilanes has not been fruitful in our search for 
new antimalarial drug candidates. All our attempts to convert ketones  21  into acids failed 
(Baeyer – Villiger reaction, oxidation of the aryl moiety). Furthermore, the confi guration at 
C - 9 in artemisinins is known to be crucial for the antimalarial activity  [5] . Ketones  21  are 
much less active  in vitro  and  in vivo  than artemether.  

  6.3.3   Functionalization at  C  - 16 of 10 - trifl uoromethyl - anhydroartemisinin 

 Another approach to introduce a polar function into fl uoroartemisinins was to exploit the 
allylic site in glycal  18.  However, the standard methods (P 2 O 5  or BF 3  · Et 2 O)  [38, 63]  
reported for the nonfl uorinated parent compound  10  from DHA failed for CF 3  - DHA  12 , 
because of the great stability of a CF 3  - substituted hydroxyl under acidic conditions  [48, 
64] . The glycal  18  could be selectively prepared in good yields by treatment of  12  with 
thionyl chloride and pyridine in large excess (see Scheme  6.6 )  [44] . 

 Before starting any structural modulation, we fi rst evaluated the effect of the C - 9 – C -
 10 unsaturation on antimalarial activity and ascertained that the presence of a CF 3  group 
at C - 10 could disfavor the protonation leading to oxonium  14 , and hence the further gluc-
uronidation (see Scheme  6.4 ). The antimalarial activities of glycals  10  and  18  have been 
assessed and compared (see Figure  6.3 )  [58] . Whereas  in vitro  activities on  P. falciparum  
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are similar,  in vivo  activities are remarkably different. With glycal  10 , there is no clearance 
of parasitemia at the end of the i.p. treatment of mice infected with  P. berghei NK 173  
(35.5    µ mol/kg according to the Peters test), and no survival at D - 10. With  18 , all mice 
survived until D - 20. This is a clear evidence of the protection against hydrolytic processes 
conferred by a CF 3  substituent. Glycal  18  could thus be used as precursor for the prepara-
tion of new antimalarials functionalized at C - 16.   

  6.3.3.1   Allylic Bromination 

 Surprisingly, the allylic radical bromination of the nonfl uorinated glycal  10  had not 
been reported, although the allyl bromide could obviously provide a shorter route to 16 -
 substituted derivatives than the previously described approaches from artemisitene or 
artemisinic acid  [28, 29, 59a, 65, 66] . Conversely, reactivity of  10  toward electrophilic 
brominating agents was well documented. Dibromides  [44, 67]  and bromohydrins  [68, 69]  
have been used for the introduction of ionizable functions in artemisinin at C - 10 and C - 9. 

 Allylic bromination of glycals  10  and  18  was investigated under the usual Wohl –
 Ziegler conditions with  N  - bromosuccinimide (NBS/CCl 4 /refl ux) in the presence of azobi-
sisobutyronitrile (AIBN) as initiator. Although both bromides were easily formed in this 
reaction, the nonfl uorinated one appeared to be unstable and could not be isolated  [70] . 
The parent 10 - CF 3  - 16 - bromo derivative  22  was also obtained in good yield (72%) (see 
Scheme  6.12 ). The compound could be purifi ed by crystallization and stored for several 
weeks at 0    ° C. Clearly, the electron - withdrawing character of the CF 3  group makes the 
allyl bromide less labile.   

 The presence of an initiator (AIBN) was not necessary in the bromination reaction 
of glycal  18  and yield was even improved to 90% when the reaction was performed without 
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AIBN. The ease of the allylic bromination of  18  has been attributed to the presence of the 
endoperoxide, which can initiate the radical reaction  [44] . Similar results were obtained 
with Br 2  without initiator, whereas Br 2  reacts with glycal  10  through an electrophilic addi-
tion on the double bond  [44, 67] .  

  6.3.3.2   Reactions of the Allyl Bromide  22  with Nucleophiles 

 Trifl uoromethyl allyl bromide  22  reacted selectively with amines and alcoholates, leading 
to 16 - substituted compounds  23  (S N 2 - type products), with no trace of the allylic rearrange-
ment product (see Scheme  6.13  and Table  6.5 )  [57] . However, conditions were also found 
to provide predominantly the allylic rearrangement  [71] . Excellent yields in  23  were 
obtained with secondary amines. With primary amines, polyalkylation could be avoided 
by using dilute conditions. Since reductive conditions to convert an azide into a primary 
amine are not compatible with the endoperoxide bridge  [72] , the primary amine at C - 16 
was prepared using NH 3  as nucleophile, in a very large excess to avoid polyalkylation. 
Sodium alkoxides, generated  in situ  with sodium hydride, also reacted well to generate 
corresponding ethers in good yield, but addition of a catalytic amount of KI was required 
(see Table  6.6 ). Dimethyl sodium malonate reacted with bromide  22 , leading to the diester 
 23q  in excellent yield (90%). A large series of new compounds  23a – r  were obtained.      

  6.3.3.3   Biological Activity of Products  23  

 Most of the 16 - functionalized fl uoroartemisinins exhibited strong antimalarial activity 
 in vitro  (see Table  6.7 ) and  in vivo  (see Table  6.8 )  [46, 57] . Only the diester  23q  and the 
diacid  23r  were found to be inactive against  Plasmodium falciparum . The more promising 
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 Table 6.5     Reactions of bromide  22  with  N  - nucleophiles 

   N  - Nucleophile   a       Equiv.    Time (h)    23    Yield  

  Morpholine    4    6     a     90%  
  Piperazine ethanol    4    6     b     87%  
  EtNH 2     10    4     c     85%  
  MeNH 2     10    3     d     98%  
  NH 2 CH 2 CH 2 NH 2     10    3     e     95%  
  NaN 3    b       1.5    1     f     95%  
  NH 3    c           4     g     77%  

     a     Reactions performed in THF.  
    b     Reaction performed in DMSO.  
    c     Large excess of NH 3  in a mixture NH 3 /THF 1   :   1.   

 Table 6.6     Reactions of bromide  22  with   O   - and   C   - nucleophiles 

  Nucleophile   a       Equiv.    NaH (equiv.)    Solvent    Time (h)    23    Yield   b     

  EtOH    20    3    THF    18     h     98%  
  BnOH    1.5    3    THF    18     i     97%  
  MeOCH 2 CH 2 OH    3    2    DMSO    1     j     96%  
  CH 2 =CH - CH 2 OH    3    2.5    DMSO    2     k     81%  
  HOCH 2 CH 2 OH    4    1.5    DMSO    2     l     69%  
  CH 2 (COOMe) 2     1.5    1.8    THF    5     q     90%  

     a     In presence of KI (0.1 equiv.).  
    b     Isolated yield.   

 Table 6.7      In vitro  activities of compounds  23  and artemether on the chloroquine - resistant 
 Plasmodium falciparum   F  c  B 1 and  W 2 clones and calculated log    P  values ( C log    P ) 

      Nu    IC 50  (nM)   a       Clog    P    b     

      Artemether    3.5    ±    1.2   c       2.92  

   23a      – Morpholino –     3.1    ±    0.5   c       3.89  
   23b      – Piperazinoethanol    15.2    ±    6.7   d       2.43  
   23c      – NHEt    13.4  ±    4.5   d       3.40  
   23d      – NHMe    9.2    ±    2.4   c       2.87  
   23e      – NHCH 2 CH 2 NH 2     1.2    ±    0.7   c       2.50  
   23f      – N 3     10.0    ±    7.6   c       4.97  
   23g      – NH 2     4.4    ±    0.4   c       3.13  
   23h      – NHSO 2 CH 3     20.0    ±    6.3   c       3.07  
   23i      – NHSO 2 C 6 H 4 CH 3     19.1    ±    3.5   c       5.25  
   23h      – OEt    25.0    ±    7   d       3.73  
   23i      – OBn    20    ±    5   d       5.72  
   23j      – OCH 2 CH 2 OMe    2.7    ±    0.4   c       3.26  
   23k      – OCH 2 CH = CH 2     6.0    ±    1.7   c       4.43  
   23l      – OCH 2 CH 2 OH    2.4    ±    0.4   c       3.09  
   23m      – OCOCH 3     1.7    ±    0.5   c       3.97  
   23n      – OH    7.5    ±    0.8   c       3.05  
   23p      – OCH 2 CHOHCH 2 OH    3.7    ±    0.5   c       2.27  
   23q      – CH(COOMe) 2      > 1000   d       3.79  
   23r      – CH(COOH) 2      > 1000   d       3.00  

     a     Mean    ±    standard deviation was calculated for  n    =   3 experiments.  
    b     Log   P values were calculated using the program available from  http://www.daylight.com/cgihyphen;bin/contrib/
pcmodels.cgi .  
    c     FcB1 and   d W2  clones.   
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 Table 6.8      In vivo  data for amines  23a  –  c , ether  23h  and  N  a  artesunate (  P.    berghei   N .) 
subcutaneous (s.c.) and oral (p.o.) administration 

      Route    ED 50  (mg/kg)    ED 90  (mg/kg)    Reduction of parasitemia 
at D - 4 at 10   mg/kg (%)  

  Na artesunate    s.c.    2.8    10.5    90  
  Na artesunate    p.o.    5.4    15.3     –   
   23a     s.c.     < 10     < 10    98.1  
   23a     p.o.     < 10     < 10    93.3  
   23b     s.c.     < 10     < 10    100  
   23b     p.o.     < 10     < 10    100  
   23c     s.c.     < 10     < 10    98.1  
   23c     p.o.     < 10     < 10    96  
   23h     s.c.     < 10     < 10    100  
   23h     p.o.     > 10    nd    15.6  

candidates for oral treatment are the amines  23a – c , which are more active than sodium 
artesunate, as shown by ED 50  and ED 90  values (see Table  6.8 ).   

 Pharmacokinetic studies performed on compound  23b  exhibited a signifi cantly better 
bioavailability in rats than artemether (see Tables  6.9  and  6.10 )  [56] .  C  max  and  T  max  values 

 Table 6.9     Log   P / D   values and equilibrium solubilities of  23b  and artemether, after 
incubation at 25    ° C for 72   h 

      Artemether     23b   

  Log    P     3.36    3.52  
  Log    D  (pH 7.4)     –     3.46  
  p K  a      –     6.59  
  Solubility          
     I.v. formulation ( µ g/mL)   a        > 3000     > 3000  
     Oral formulation ( µ g/mL)   b       256    675.9  
     PBS (pH 7.4) ( µ g/mL)    63.4    234.5  

     a     I.v. formulation is 0.1   M Captisol ™  in water for artemether and 10% ethanol – 0.1   M Captisol ™ , pH 3 for  23b .  
    b     Oral formulation contains 0.5% w/v carboxymethyl cellulose, 0.5% v/v benzyl alcohol, 0.4% v/v Tween 80 in 0.9% 
w/v NaCl for artemether, and 0.5% w/v hydroxypropylmethyl cellulose, 0.5% v/v benzyl alcohol, 0.4% v/v Tween 
80 in 0.9% w/v NaCl for  23b .   

 Table 6.10     Pharmacokinetic data for artemether and  23b  

      Artemether   a        23b   

   C  max  (ng/mL)    168.4    ±    50.2    607.9  
   t  max  (min)    20.4    ±    7.6    60  
   t  1/2  (min)   b       52.2    ±    5.8    55.3  
  Plasma clearance ([mL/min]/kg)    114.1    ±    20.6    148.7  
  Volume of distribution (L/kg)   b       8.4    ±    1.7    11.8  
  Oral bioavailability (%)    1.4    ±    0.6    34.6  

     a     Artemether pharmacokinetic parameters from previous studies  [57] .  
    b     After 10   mg/kg (i.v. administration).   
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for  23b , determined from the oral dosing studies, were 607.9   ng/mL and 60   min, respec-
tively, compared with 168.4    ±    50.2   ng/mL and 20.4    ±    7.6   min, respectively, for artemether. 
At a 50   mg/kg oral dose, oral bioavailability was 34.6%, a signifi cant improvement over 
the 1.4% observed for artemether. However, the piperazine ethanol derivative  23b  exhib-
ited a faster metabolic clearance than the hemiketal  12 . Current experiments are in progress 
to exploit this new series by optimization of the polar substituent at C - 16.      

  6.4   Conclusion 

 With the increasing resistance of  Plasmodium falciparum  toward most available antima-
larial drugs, artemisinin derivatives constitute the greatest hope in the fi ght against malaria. 
First - generation artemisinin derivatives feature in all fi xed combination therapies clinically 
available. Drawbacks stemming from their instability and short plasma half - life prompted 
medicinal chemists to design and prepare more effi cacious derivatives while retaining 
the 1,2,4 - trioxane pharmacophore. With this aim, the concept of  “ fl uorine substitution ”  
appeared to be useful to obtain an improved pharmacological profi le. By taking into 
account the main sites of oxidative and hydrolytic degradation, various series of fl uorinated 
derivatives of artemisinin have been designed, synthesized, and evaluated against 
 Plasmodium . 

 The uncommon structural artemisinin framework, and the well - known diffi culty in 
selectively introducing a fl uorinated motif into a molecule, faced us with numerous chemi-
cal challenges. The evaluation of the effects of fl uorine on physicochemical and antima-
larial properties is reported. These data and preclinical data of lead compounds are 
encouraging, with strong and prolonged antimalarial activity of fl uoro - artemisinins.  
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7
 Synthesis and Biological Activity of 

Fluorinated Nucleosides  

  Tokumi   Maruyama  ,   Masahiro   Ikejiri  ,   Kunisuke   Izawa  , and   Tomoyuki   Onishi       

   7.1   Introduction 

 There are several reasons for introduction of fl uorine atom(s) into drug - candidate com-
pounds. Most of these involve the unique properties of the fl uoro group, such as the simi-
larity of its Van der Waals radius to that of hydrogen, its high electronegativity, and the 
stability of the C – F bond. The small size of the fl uoro group makes it possible to replace 
almost any C – H bond in organic compounds with a corresponding C – F bond. For instance, 
fl uorinated nucleosides bearing C – F bonds in their sugar moiety would not cause signifi -
cant steric hindrance while penetrating into a pocket of their target enzymes. The fl uoro 
group is the most electronegative of all elements and has one of the highest ionization 
potentials. Therefore, the fl uorine substituent in the sugar moiety brings about a strong 
electron - withdrawing effect on C – F bonds, which induces intramolecular electrostatic 
interactions that can change the conformation of the molecule. Since the C – F bond is 
stronger than the corresponding C – H bond, the C – F bond distance becomes short enough 
to protect its carbon center from various nucleophilic attacks. Moreover, the carbon center 
of the C – F bond resists oxidation due to the strong electronegative nature of fl uorine. Thus, 
the fl uorine substituent makes organic compounds chemically more stable. Because 
fl uorinated compounds often exhibit potent biological activities, they are attracting 
considerable attention in the pharmaceutical fi eld. In addition, the unique properties of the 
fl uoro group also contribute to improving pharmacokinetic properties, such as ADME 
(absorption, distribution, metabolism, and excretion), and reducing undesired effects. 
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 Natural products bearing fl uorine atoms are so rare that only fi ve compounds have 
been discovered. Interestingly, a nucleoside analogue, nucleocidin, is one of these fl uori-
nated naturally occurring compounds  [1]  (see Figure  7.1 ). Its discovery motivated organic 
chemists to synthesize fl uorinated nucleosides. Additionally, the practical uses of 5 - fl uo-
rouracil  [2] , gemcitabine  [3] , and clofarabine  [4]  as anticancer drugs have also attracted 
interest (see Figure  7.2 ). A fl uorinated nucleoside, clevudine (L - FMAU, Levovir)  [5] , is 
expected to get FDA approval as an anti - hepatitis B virus agent in the near future. Since 
fl uoronucleosides have been shown to be useful in clinical studies, novel antiviral fl uoro-
nucleosides such as FddA ( 1 , lodenosine)  [6] , MIV - 210 (a prodrug of FddG ( 2 ))  [7] , and 
FLT (alovudine, MIV - 310)  [8] , are currently under development (see Figure  7.3 ).   

 There are a number of excellent reviews on the synthesis of nucleoside analogues 
bearing fl uorine atom(s) in their sugar moieties  [9 – 14] . Therefore, in this chapter, we 
describe the syntheses of several fl uorinated nucleoside analogues from common ribonu-
cleosides such as adenosine, guanosine, and uridine, focusing on synthetic issues. As 
practical applications, possible process - scale syntheses of FddA (9 - (2,3 - dideoxy - 2 - fl uoro -
  β  -  d  -  threo  - pentofuranosyl)adenine) and FddG (2 ′ ,3 ′  - dideoxy - 3 ′  -  α  - fl uoroguanosine) are 
also described. There are good reviews on the conformational analysis of nucleosides  [15] , 
but in this chapter the relationship between the conformations and biological activities of 
fl uorinated nucleosides is discussed.  

 Figure 7.1     Structure of nucleocidin. 

 Figure 7.2     Structures of antitumor fl uorinated nucleoside analogues. 
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  7.2   Synthesis and Biological Activity of 
2 ′  - Deoxy - 2 ′  -  α  - fl uororibonucleosides 

 This section describes the synthesis of 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleosides using  α  - selective 
fl uorination at C - 2 ′  by several types of nucleophilic substitutions. 

  7.2.1   Synthesis of 2 ′  - Deoxy - 2 ′  -  α  - fl uoro Pyrimidine Nucleosides via 
Cleavage of Cyclonucleosides 

 In 1964, Fox and co - workers synthesized 2 ′  - deoxy - 2 ′  -  α  - fl uorouridine ( 4 , X   =   H) via cleav-
age of 2,2 ′  -  O  - cyclouridine ( 3 ) with hydrogen fl uoride in 41 – 46% yield (see Scheme  7.1 ) 
 [16a] . Compound  3  was readily prepared from uridine in one step. In general, a condensa-
tion method, in which sugars are subjected to fl uorination prior to the introduction of 
nucleobases, has been used to prepare fl uorinated nucleosides because the direct fl uorina-
tion of nucleosides is diffi cult. There are thus several reasons why Fox ’ s direct fl uorination 
is successful. The conversion of the cleaved ether oxygen into the carbonyl group at the 
2 - position of uracil is one of the most important. The stability of pyrimidine nucleosides 
under severe reaction conditions (anhydrous HF, 100    ° C) also makes this reaction possible. 
Thus, it is advisable to use 2,2 ′  -  O  - cyclouridine to prepare 2 ′  -  α  - substituted analogues of 
uridine; in fact, various substitutions (e.g., by other halogen and azide groups) have been 
reported  [16a] . Interestingly, the cleavage of 2,3 ′  -  O  - cyclouridine ( 5 ) with hydrogen fl uo-
ride in the presence of aluminum fl uoride afforded the desired 3 ′  - deoxy - 3 ′  -  α  - fl uorouridine 
( 6 ) in only 31% yield (path A); the major product was 2 ′  - fl uoro analogue  4  (X   =   H) (47% 

 Figure 7.3     Structures of antiviral fl uorinated nucleoside analogues. 
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yield). In contrast, in the reaction of the 2 ′ ,5 ′  - di -  O  - trityl derivative of  5 , the desired 3 ′  -
 deoxy - 3 ′  -  α  - fl uorouridine analogue  6  was obtained in good yield as a sole product  [17] . 
Based on these results, the formation of  4  from  5  can be explained by the isomerization 
of  5  to  3  through an epoxidation – recyclization pathway (path B)  [16b] .    

  7.2.2   Synthesis of 2 ′  - Deoxy - 2 ′  -  α  - fl uoro Purine Nucleosides via Nucleophilic 
Substitutions at the Carbon - 2 ′  Position 

 The synthesis of 2 ′  - deoxy - 2 ′  -  α  - fl uoro purine nucleosides via cleavage of purine  O  - cyclo-
nucleosides (see Scheme  7.2 ) has not been reported, presumably for the following reasons 
 [18] : (i) the synthesis of purine  O  - cyclonucleosides is not so easy as that of pyrimidine 
 O  - cyclonucleosides; (ii) the glycosyl bond of purine nucleosides is rather unstable under 
severe reaction conditions such as the use of HF; and (iii) it is not easy to remove the 

 Scheme 7.1      

 Scheme 7.2      
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resultant 8 - oxo group even if the C - 2 ′  –  O  bond is successfully cleaved by nucleophilic 
substitution. Thus, another synthetic strategy for introducing fl uorine at C - 2 ′  -  α  has been 
developed to achieve the synthesis of 2 ′  - deoxy - 2 ′  -  α  - fl uoro purine nucleosides. In this 
strategy, 3 ′ ,5 ′  - di -  O  - protected arabanoside is initially prepared from 8,2 ′  -  O  - cyclo purine 
nucleosides, and its 2 ′  - hydroxyl group is then inverted by a nucleophilic (F  −  ) substitution 
to give the desired 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleoside.   

  7.2.2.1   Synthesis of 2 ′  - Deoxy - 2 ′  -  α  - fl uoroadenosine via an 
8,2 ′  -  O  - Cycloadenosine Derivative 

 Ikehara and co - workers synthesized 2 ′  - deoxy - 2 ′  -  α  - fl uoroadenosine ( 10b ) via 8,2 ′  - anhydro -
 8 - oxo - 9 - ( β  -  d  - arabinofuranosyl)adenine (8,2 ′  -  O  - cycloadenosine,  7a ), as shown in Scheme 
 7.3.  First,  7a  was effi ciently prepared from 8 - bromoadenosine in three steps using a regi-
oselective 2 ′  -  O  - tosylation as a key reaction  [19, 20] . After both hydroxyl groups of  7a  
were protected with a tetrahydro - 2 - pyranyl (Thp) group, the resultant  7b  was successively 
treated with H 2 S and Raney nickel to afford arabinoside  8b  as a key intermediate  [21] . 
Compound  8b  was converted to trifl ate  9 , which, upon subsequent substitution with tetra-
butylammonium fl uoride (TBAF), afforded the S N 2 product  10a  in 60% yield. Finally, 
removal of the Thp groups in  10a  gave 2 ′  - deoxy - 2 ′  -  α  - fl uoroadenosine ( 10b ) in good yield 
 [22] . Notably, its guanosine analogue, 2 ′  - deoxy - 2 ′  -  α  - fl uoroguanosine, was also synthe-
sized by almost the same procedure  [23] , although the yield of the fl uorination was 
reduced. As an alternative method for the preparation of  8b , Ranganathan reported a syn-
thetic route that started from a sugar derivative  [24] .    

  7.2.2.2   Synthesis of 2 ′  - Deoxy - 2 ′  -  α  - fl uoroadenosine Using a Protection Strategy with 
3 ′  -  and 5 ′  - Hydroxyl Groups 

 Various methods for protecting the hydroxyl groups of the ribofuranosyl moiety have 
been reported to date, and 2 ′ ,3 ′  -  O  - isopropylidene and 5 ′  -  O  - trityl groups have been used 

 Scheme 7.3      
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extensively in nucleoside chemistry  [25a] . The synthesis of 3 ′ ,5 ′  - di -  O  - acylnucleosides via 
selective deprotection of 2 ′ ,3 ′ ,5 ′  - tri -  O  - acylnucleosides has also been reported by Ishido  et 
al.   [25b] . 

 In 1978, Markiewicz and co - workers developed a novel diol - protecting group, that 
is, a tetraisopropyldisiloxan - 1,3 - diyl (TIDS) group, for regioselective protection of the 
3 ′ ,5 ′  - diol moiety  [26] . We applied Markiewicz ’ s strategy to the synthesis of base - modifi ed 
analogues of 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleosides, as shown in Scheme  7.4 . 3 ′ ,5 ′  -  O  - TIDS -
 protected 6 - chloropurine riboside derivative  11a  was converted to trifl ate  11b , which was 
subsequently transformed to 2 ′  -  β  - acetate  12a  by S N 2 substitution with acetate ion. Since 
a TIDS group is unstable against fl uoride ion, the TIDS of  12a  should be changed prior 
to fl uorination at C - 2 ′ . Thus,  12a  was treated with TBAF to afford  12b , whose hydroxyl 
groups were, in turn, protected again with Thp groups to provide  12c . Subsequent hydro-
lysis of the 2 ′  - acetate moiety gave 3 ′ ,5 ′  - di -  O  - Thp arabinoside  13 , which is a substrate for 
fl uorination. Compound  13  was treated with diethylaminosulfur trifl uoride (DAST) to give 
 14a , and further deprotection provided 2 ′  -  α  - fl uoride  14b , which was subsequently treated 
with various nucleophiles to give the desired base - modifi ed analogues (i.e., 6 - substituted 
2 ′  - deoxy - 2 ′  -  α  - fl uoroadenosine analogues)  [27] . This synthetic method can also be applied 
to the synthesis of 2 - substituted analogues. Thus, compound  15a , which was prepared 
from 2 - iodo - 6 - methoxypurine riboside by almost the same procedure, was converted to 
2 - iodoadenine analogue  15b ; its C - 2 position was subjected to various nucleophilic sub-

 Scheme 7.4      
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stitutions to give a variety of 2 - substituted 2 ′  - deoxy - 2 ′  -  α  - fl uoroadenosine analogues  [28] . 
Unfortunately, these 2 -  or 6 - substituted compounds did not show any signifi cant anti - HIV 
activity  [27, 28] .    

  7.2.2.3   Synthesis of Various 2 ′  - Deoxy - 2 ′  -  α  - fl uororibosides 

  7.2.2.3.1   2 ′  - Deoxy - 2 ′  -  α  - fl uoropuromycin     Puromycin ( 20a ), a broad - spectrum antibi-
otic, inhibits protein biosynthesis at the translation stage by prematurely terminating a 
peptide chain (see Scheme  7.5 )  [29] . It is generally accepted that puromycin can bind to 
the A site of a ribosome, where the peptidyl chain of a peptidyl - tRNA is transferred to the 
amino group of the  p  - methoxyphenylalanine moiety of puromycin. However, the role of 
the 2 ′  - hydroxyl group in this puromycin reaction is still unclear. Thus, we performed the 
synthesis and biological evaluation of 2 ′  - deoxy - 2 ′  -  α  - fl uoropuromycin ( 20b ) to gain a 
better understanding. The 5 ′  -  and 3 ′  - hydroxyl groups of 2 ′  -  O  - acetate  12b  were modifi ed 
with trityl and mesyl groups, respectively, to give  16b , which was subsequently reacted 
with dimethylamine to afford 3 ′  -  O  - mesyl arabinoside  17  (see Scheme  7.5 ). Treatment of 
 17  with sodium azide gave a mixture of 3 ′  - azido - arabinoside  18  and its 2 ′  - isomer (78% 
and 21% yields, respectively) via an epoxide intermediate. The major product  18  was 

 Scheme 7.5      
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treated with DAST to give  19 , which was converted to the desired  20b  in a three - step 
sequence (hydrogenation of the 3 ′  - N 3  group, aminoacylation of the resultant 3 ′  - NH 2  group, 
and removal of the protective groups)  [30] . The biological activity of  20b  was evaluated. 
Interestingly,  20b  showed appreciable antitumor activity  in vitro  and also exhibited anti-
bacterial potency that was comparable to that of puromycin. These activities are likely 
caused by the inhibition of protein biosynthesis.   

 It has been recognized that the 2 ′  - hydroxyl group of puromycin is indispensable for 
its biological potency since 2 ′  - deoxypuromycin showed no signifi cant activity  [31] . 
However, on the basis of our present result, it seems that the hydroxyl group at the 2 ′  - posi-
tion is not essential for the biological potency of puromycin. The coupling constant of  1 H 
NMR between 1 ′  - H and 2 ′  - H in  20b  ( J 1    ’     – 2    ’  ) is nearly zero, which means that  20b  has the 
3 ′   - endo  conformation ( N  - conformation), similar to that of ribonucleosides composing 
RNA. Therefore, the biological potency of puromycin does not seem to require the 2 ′  -
 hydroxyl group itself, but the 3 ′   - endo  conformation of the sugar moiety, which can be 
formed by the presence of the hydroxyl or fl uoro group at C - 2 ′ , is important.  

  7.2.2.3.2   2 ′  FG  p  G      Since some RNases have gained considerable attention because of 
their specifi c cytotoxicity toward cancer cells and their use as cancer chemotherapy drugs 
 [32] , there have been reported many x - ray crystallographic analyses of complexes of 
RNase with dinucleoside monophosphate seeking to better understand the structure – activ-
ity relationship (SAR) of such ribonucleases. Among them, dinucleoside monophosphates 
containing a 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleoside are expected to be a good substrate for study 
because of their enzymatic resistance to RNases  [33] . This resistance is likely due to the 
lack of the 2 ′  - hydroxyl group, which is essential for the cleavage by RNase. Notably, it 
seems that dimer analogues composed by 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleosides retain the 3 ′   -
 endo  conformation (RNA - type conformation). We reported the synthesis of a GpG ana-
logue  24  (2 ′ FGpG) containing 2 ′  - deoxy - 2 ′  -  α  - fl uoroguanosine (see Scheme  7.6 ). In our 
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synthesis, 2 - amino - 6 - chloropurine riboside was used as a precursor for guanine, since 
previous reports revealed that attempted fl uorination of the 2 ′  - hydroxy group in arabino-
furanosylguanine (ara - G) derivatives resulted in low yield  [22, 34, 35] . Thus, 2 - amino - 6 -
 chloropurine riboside, which was readily prepared from guanosine, was transformed to 
2 ′  -  O  - acetyl arabinoside ( 12b ’  , B   =   2 - amino - 6 - chloropurine) and further converted to  21  
in three steps. Compound  21  was reacted with DAST in the presence of pyridine to afford 
2 ′  -  α  - fl uoro compound  22  in 60% yield, which was treated with sodium acetate in a mixture 
of acetic acid and acetic anhydride to afford  N  3 , O  3 ′  , O  5 ′   - triacetyl - 2 ′  - deoxy - 2 ′  -  α  - fl uoro-
guanosine ( 23a ). Under these reaction conditions, the following transformations were 
performed in one pot: (a) hydrolysis of the 6 - chloro moiety to the corresponding 6 - oxo 
group (via 6 - acetoxylation); (b) deprotection of the 3 ′  -  and 5 ′  - hydroxyl groups; and (c) 
acetylation of the resulting hydroxyl groups and the 2 - amino group. After the protecting 
groups of  23a  were changed to those of  23b  in two steps, compound  23b  was coupled 
with a guanosine derivative (3 ′  - component) by a phosphoroamidate method to give the 
desired dimer  24  (2 ′ FGpG)  [36] . The 2 ′  - deoxy - 2 ′  -  α  - fl uoroguanosine moiety in  24  seems 
to have the 3 ′   - endo  conformation ( J 1    ’     – 2    ’      =    3.0   Hz). Thus, compound  24  is expected to have 
a conformation similar to that of GpG.    

  7.2.2.3.3    N  3  - Substituted 2 ′  - Deoxy - 2 ′  -  α  - fl uorouridine and Its Hypnotic Activity    -
Uridine and  N  3  - benzyluridine have been reported to show sleep - promoting activity  [37]  
and hypnotic activity  [38] , respectively. We have been very interested in this topic and 
have studied the hypnotic activity of  N  3  - substituted 2 ′  - deoxy - 2 ′  -  α  - fl uorouridines to deter-
mine their SAR trends. For the synthesis of the key compound  4  (2 ′  - deoxy - 2 ′  -  α  - fl uorou-
ridine), an alternative synthetic route via arabinoside was developed since a previously 
reported method  [39]  involving a ring - cleavage reaction of 2,2 ′  -  O  - cyclouridine ( 3 , X   =   H) 
required severe reaction conditions, such as exposure to HF (see Scheme  7.1 ). The new 
route is illustrated in Scheme  7.7.  The hydroxyl groups of 2,2 ′  -  O  - cyclouridine ( 3 ) were 
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protected with Thp groups to afford  25 , which was subsequently treated with sodium 
hydroxide to yield arabinoside  13 . Treatment of  13  with DAST in the presence of pyridine 
gave 2 ′  -  α  - fl uoro compound  26  in 57% yield, which was deprotected to afford 2 ′  - deoxy -
 2 ′  -  α  - fl uorouridine ( 4 ). Compound  4  was reacted with various alkyl halides such as benzyl 
bromide and 2 - chloro - 4 ′  - fl uoroacetophenone to give the corresponding  N  3  - alkyl deriva-
tives  27a – d   [39] . Although these derivatives exhibited hypnotic activity, they were weaker 
than the corresponding uridine derivatives. Since these derivatives are considered to have 
the 3 ′   - endo  conformation ( J 1    ’     – 2    ’     =   3.5   Hz), the 2 ′  - hydroxyl group seems to be important for 
the hypnotic activity.       

  7.3   Syntheses and Antiviral Activities of  F  dd  A  and  F  dd  G  

  7.3.1   Synthetic Issues Regarding 2 ′  - Deoxy - 2 ′  -  b  - fl uoroarabinosides 

 To introduce a  β  - fl uoro group at the C - 2 ′  position of a ribonucleoside, one may fi rst try 
an S N 2 reaction of a fl uoride ion with a 2 ′  - hydroxyl group activated as a leaving group, 
such as trifl ate. However, in most cases, its nucleobase (both pyrimidine and purine) pre-
vents this reaction because (a) steric hindrance of the nucleobase interrupts the nucleo-
philic (F  −  ) attack from the top face, and (b) the nucleobase reacts intramolecularly with 
its own sugar moiety. Therefore, 2 ′  -  β  - fl uoro substitution is generally more diffi cult than 
the corresponding  α  - fl uoro substitution. 

  7.3.1.1   Attempted synthesis of pyrimidine 2 ′  - deoxy - 2 ′  -  β  - fl uoroarabinosides 

 In the case of pyrimidine nucleosides, the S N 2 reaction of 2 ′  -  O  - activated ribonucleoside 
(e.g., 2 ′  - trifl ate) forms a 2,2 ′  -  O  - cyclo bond prior to substitution of a nucleophile such as 
fl uoride ion. Therefore, with the hope of suppressing this intramolecular substitution, the 
S N 2 reaction of 2,5 ′  -  O  - cyclouridine derivative  28 , which places a trifl ate group at C - 2 ′ , 
was attempted (see Scheme  7.8 ). However, unexpectedly, a 5 ′  - substituted 2,2 ′  -  O  - cyclo 
derivative  29  was obtained  [40] . The reaction mechanism to form  29  can be explained as 
follows. The nucleophilic attack at C - 5 ′  of  28  forms a 5 ′  - substituted intermediate, which 
causes an intramolecular substitution of the 2 - oxo group at C - 2 ′  to give  29 . In some cases, 
the introduction of an electron - withdrawing group at the N - 3 position is effective for 
reducing the nucleophilicity of the 2 - oxo group. Only one successful example has been 
reported by Matsuda and co - workers, in which an  N  3  - benzoyl derivative  30  was condensed 
with hydrogen azide using a Mitsunobu reaction to give 2 ′  -  α  - azido analogue  31   [41] . 
However, no fl uorination studies using the S N 2 - type reactions like this have been reported. 
Therefore, the development of an effective method for suppressing the nucleophilicity of 
the 2 - oxo group is still a challenging theme in the chemistry of pyrimidine nucleosides 
(the details were reviewed by Pankiewicz  et al.   [14] .).    

  7.3.1.2   Synthetic Issues Regarding Purine 2 ′  - deoxy - 2 ′  -  β  - fl uoroarabinosides 

 The purine base also disturbs nucleophilic substitution at the sugar moiety, but the degree 
of this disruption is controllable. The nucleophilicity of the N - 3 atom was reduced by the 
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introduction of electronegative group(s) to the purine base. In addition, the choice of the 
protective group(s) of sugar - OHs is important to control side - reactions. 

  7.3.1.2.1   Participation of Purine  N  - 3 Atom     In the case of purine ribonucleosides, the 
participation of the purine N - 3 atom is a critical issue. For instance, the treatment of  32  
with DAST furnished the desired 2 ′  -  β  - analogue  34a  in only 30% yield because of an 
undesirable side - reaction that formed by - product  33  in 51% yield  [42]  (see Scheme  7.9 ). 
Compound  33  is probably formed as follows. The reaction of  32  with DAST gives the 2 ′  -
  O  - activated intermediate, which could receive not only the desired nucleophilic attack of 
fl uoride ion, but also the intramolecular attack of the N - 3 atom. The latter forms a new 
bond between N - 3 and C - 2 ′  of the sugar, which leads to an alternative attack of fl uoride 
ion at the C - 1 ′  position to yield the 1 ′  -  α  - fl uoro product. Therefore, reducing the nucleo-
philicity of the N - 3 atom is effective for controlling this side - reaction. Pankiewicz and 
co - workers successfully synthesized the desired purine 2 ′  - deoxy - 2 ′  -  β  - fl uoroarabinosides 
 34b  in 63% yield by treating  N  1  - benzylinosine derivative  35  with DAST  [42]  (79% yield 
when tris(dimethylamino)sulfur(trimethylsilyl)difl uoride (TASF) was used as another fl uo-
rinating agent)  [43] . We performed this conversion with 6 - chloropurine derivative  36 , 
whose N - 3 atom was expected to show weaker nucleophilicity than that of  32 , and then 
the yield of  34c  was indeed improved to 87%  [44] . Consequently, effective  β  - fl uorination 
at C - 2 ′  was achieved by the introduction of an electron - withdrawing group onto the base 
moiety.    

  7.3.1.2.2   Elimination     Another problem in the synthesis of 2 ′  - deoxy - 2 ′  -  β  - fl uoroarabi-
nosides is elimination. This issue seems to be infl uenced by the conformation of the sugar 
moiety. For instance, the reaction of  37  with TASF did not give a 2 ′  -  β  - fl uoro derivative, 
but rather two elimination products  38  and  39   [43]  (see Scheme  7.10 ). The undesired 
eliminations are probably caused by the 3 ′   - endo  conformation of the sugar moiety in  37 , 
whose 3 ′  - hydrogen and 2 ′  - trifl ate are arranged in almost a  trans  - diaxial orientation that 
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 Scheme 7.9      

 Scheme 7.10      

favors elimination over substitution  [42] . Ikehara and co - workers reported that the ratio 
of the 3 ′   - endo  conformer of 2 ′  -  α  - substituted adenosines increased linearly with the elec-
tronegativity of the 2 ′  - substituent  [45] . Thus,  37  is thought to have the 3 ′   - endo  conforma-
tion because of the presence of electronegative 2 ′  - trifl ate. To change the conformation to 
2 ′   - endo , which is unfavorable for elimination, the introduction of two trityl groups at the 
3 ′  -  and 5 ′  - hydroxyl groups is a reliable method, since the steric hindrance of the two trityl 
groups prevents 3 ′   - endo  formation and leads to puckering of the sugar to give the 2 ′   - endo  
conformation  [42 – 44] . This control of the conformation contributes to improving the 
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product yield of fl uorination (e.g., those of 3 ′ ,5 ′  - di -  O  - trityl ethers  32 ,  35 , and  36 ; see 
Scheme  7.9 ).   

 However, there are some problems in the synthesis of such 3 ′ ,5 ′  - di -  O  - trityl nucleo-
sides, for example, a low yield ( ∼ 20%) caused by the formation of a by - product 2 ′ ,5 ′  - di -
  O  - trityl derivative. The diffi culty of removing the by - product from the desired 
3 ′ ,5 ′  - di -  O  - trityl derivative is another serious problem. Interestingly, we found that a 5 ′  -  O  -
 trityl - 3 ′  -  O  - benzoyl derivative was also a good substrate for preparation of the 2 ′  - deoxy -
 2 ′  -  β  - fl uoroarabinoside (see Scheme  7.11 ). Thus, 6 - chloropurineriboside was treated with 
dibutyltin oxide and benzoyl chloride according to Moffatt ’ s method to give a 3 ′  -  O  - benzo-
ate derivative, which was successively converted to 3 ′  -  O  - benzoyl - 5 ′  -  O  - trityl derivative  40  
by a conventional method. Treatment of  40  with DAST gave the 2 ′  -  β  - fl uoro analogue  41  
in 78% yield  [46] . It is believed that  40  gives the desired product  41  even though it is less 
sterically hindered than the corresponding 3 ′ ,5 ′  - di -  O  - trityl derivative (and the leaving 
group at C - 2 ′  -  α  leads to puckering to the 3 ′   - endo  conformation), because the electron -
 withdrawing 3 ′  -  O  - benzoyl group effectively leads to puckering to the 2 ′   - endo  conforma-
tion  [15] , and hence it reduces the competitive elimination reaction. Another merit of this 
protection system (i.e., 3 ′  - OBz, 5 ′  - OTr) is its generality, which enables the regioselective 
deprotection of each hydroxyl group. For instance, the regioselective deprotection of  41  
with ammonia afforded a 3 ′  - hydroxyl analogue  42 , which was used as a precursor of FddA 
through a Barton - deoxygenation reaction. Details are described in the Section  7.3.2 . (see 
Scheme  7.15 ). This synthetic strategy should also be applicable to the synthesis of clofara-
bine (see Figure  7.2 ) with 2 - chloroadenosine as a starting material.    

  7.3.1.2.3    F  dd  A  from 2 ′  - Deoxy - 2 ′  -  α  - fl uoroadenosine     Until recently, the introduction 
of a fl uoro group to the  β  - side of C - 2 ′  has been quite diffi cult, as described earlier. Accord-
ingly, a novel strategy that involves the inversion of C - 2 ′  of 2 ′  - deoxy - 2 ′  -  α  - fl uororiboside 
to its 2 ′  -  β  - fl uoro epimer was developed by Marquez and co - workers (see Scheme  7.12 ). 
In their synthesis,  N  6  - benzoyl - 2 ′  - deoxy - 2 ′  -  α  - fl uoroadenosine ( 43a ) was converted to 3 ′  -  O  -
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 mesylate  43b , which was subsequently treated with sodium hydroxide to give 2 ′ ,3 ′  - dide-
hydro derivative  44  through elimination of methanesulfonic acid. Finally, hydrogenation 
of  44  afforded the desired compound, FddA ( 1 )  [47] . Although this synthetic route is quite 
elegant, it would not be suitable for a practical synthesis since fi ve steps are required to 
prepare the intermediate  43a , using an expensive starting compound, 9 - ( β  -  d  -
 arabinofuranosyl)adenine (ara - A), and four additional steps are required to obtain FddA.      

  7.3.2    F  dd  A  (Lodenosine) 

  7.3.2.1   Antiviral Effect of  F  dd  A  

 FddA ( 1 , lodenosine) is the 2 ′  -  β  - fl uoro - analogue of ddA, whose triphosphate is the active 
substance of didanosine, which is commonly used as an anti - HIV agent  [48 – 51] . Didano-
sine (ddI) is fi rst converted to ddA and then subsequent triphosphorylation gives the active 
metabolite ddA - TP. However, the dideoxynucleoside ddI is quite unstable toward acid, 
and therefore requires antacid agents to suppress decomposition in the stomach when given 
orally. This may cause a compliance issue for patients. On the other hand, the introduction 
of a fl uorine atom to the 2 ′  -  β  - position of the sugar moiety helps to improve the stability 
of dideoxynucleosides due to its strong electron - withdrawing property. FddA is suffi ciently 
resistant to acid, and thus is suitable for oral administration without the need for antacid 
agents and eventually improves patient compliance. FddA has not exhibited cross - resis-
tance to other dideoxynucleoside anti - HIV drugs such as 3 ′  - azido - 3 ′  - deoxythymidine 
(AZT), ddI and ddC, and has shown synergistic activity with AZT  [52, 53] . In addition, 
although certain 2 ′ ,3 ′  - dideoxynucleosides penetrate the blood – brain barrier (BBB) rather 
poorly, FddA can be a brain - targeted prodrug or drug – carrier conjugate, since FddA is a 
good substrate for enzymes present in brain tissue such as adenosine deaminase (ADA) 
 [54 – 58] .  

  7.3.2.2   Industrial Synthesis of  F  dd  A  

 In general, industrial synthesis requires a good total yield. There are also several restric-
tions, such as (i) the raw materials and the reagents should be available in large quantities 
at reasonable costs; (ii) the reactions involved in the synthesis should be reasonably safe, 
without risks, such as explosion and contamination with toxic compounds; (iii) column 
chromatography should be avoided in separation and purifi cation for economic reasons; 
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and (iv) the raw materials, reagents and solvents should be easy to dispose of. Even if the 
synthesis of a certain target compound becomes possible in the laboratory, it cannot be 
supplied in large quantities until these issues are resolved. 

 For example, while there have been many reports  [49, 59 – 67]  concerning the syn-
thesis of lodenosine ( 1 ) there are drawbacks with each method from the viewpoint of 
industrialization. First, with the method via glycosylation, multiple steps are necessary to 
synthesize fl uorinated sugar derivatives. In addition, the formation of  α  - anomer in glyco-
sylation necessitates tedious separation and purifi cation procedures, which generally give 
low yields. Therefore, a synthetic method that uses a nucleoside with only  β  - anomer as 
the starting material is desirable. However, as described in the Section  7.3.1 , it is well 
known that fl uorination of the nucleoside derivative directly at the 2 ′  -  β  position is very 
diffi cult. In addition, tributyltin hydride is usually used as the reagent to convert the 3 ′  -
 hydroxyl group into a deoxy compound, but its virulence and cost are problematic. Fur-
thermore, in the case of deoxygenation after fl uorination, there is a risk of losing the 
precious fl uorine derivative produced by the diffi cult operation of fl uorination. Thus, the 
development of an effi cient deoxygenation method is needed. 

 In this section, we describe the industrial synthesis of FddA starting with 6 - 
chloropurine riboside, which is readily available from inosine. 

  7.3.2.2.1   Method via  F  -  ara  -  A  (Route  A )     As described above (Section  7.3.1 ), we found 
that the 5 ′  -  O  - Tr - 3 ′  -  O  - Bz derivative  40  can be fl uorinated with DAST to give the desired 
2 ′  -  β  - fl uorinated derivative  41  in 78% yield (see Scheme  7.11 ). Deprotection of the 3 ′  -  O  -
 benzoyl group and displacement of the 6 - chloro group of  41  could be achieved by treat-
ment with ammonia in MeOH to afford  42  in 73% yield. Deoxygenation of the 3 ′  - hydroxy 
group was achieved by the conventional method (see Scheme  7.13 ). Compound  42  was 
treated with phenyl chlorothionoformate to give  45  in 80% yield. The product was then 
treated with tris(trimethylsilyl)silane in the presence of 2,2 ′  - azobis (isobutyronitrile) 
(AIBN) in toluene to give the deoxygenated compound  46  in 73% yield. Acid treatment 
of  46  gave the desired FddA ( 1 ) in 88% yield  [46] .   

 In this way, we obtained FddA via F - ara - A ( 42 ) in a fairly good overall yield from 
6 - chloropurine riboside. However, to establish a scalable process, each reaction step must 
be improved and further investigations are needed to optimize conditions for fl uorination 
and deoxygenation on an industrial scale. 
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  Improvement in  fl  uorination.     DAST used for the laboratory - scale synthesis described 
above is not desirable for industrial synthesis in terms of availability and safety. Thus, we 
examined the fl uorination of 2 ′  - activated nucleoside with triethylamine trihydrogenfl uo-
ride. The trifl ate, which was quantitatively obtained from  40 , was reacted with 6 equiva-
lents of Et 3 N  ·  3HF and 3 equivalents of Et 3 N in ethyl acetate. Fluorination proceeded very 
smoothly to give  41  in 88% yield  [68] . To the best of our knowledge, this is the highest 
reported yield in the fl uorination of a purine riboside at the 2 ′  - position. Next, we treated 
compound  41  with ammonia to give  42  in almost quantitative yield by simultaneous 6 -
 amination and 3 ′  - benzoyl deprotection. (see Scheme  7.14 ).    

  Improvement in  r adical  d eoxygenation.     As shown in Scheme  7.13 , we achieved the 
effective radical deoxygenation of  45  using tris(trimethylsilyl)silane. However, when we 
examined the manufacturing cost in further detail, the silane used in the deoxygenation 
step was found to be relatively expensive. We therefore investigated another type of radical 
reduction for the xanthate  47  with hypophosphorous acid using the conditions reported by 
Barton  et al.   [69]  and this proved to be the most effi cient (see Scheme  7.15 ). The best 
yield (93%) was obtained with an excess amount of hypophosphorous acid and Et 3 N  [70] . 
In summary, we synthesized FddA from 6 - chloropurine riboside in eight steps and 32.8% 
overall yield via route A.   

  7.3.2.2.2   Method via 6 - Chloropurine 3 ′  - deoxyriboside (Route  B )     Although the overall 
yield for the reaction sequence in the route A was the best reported thus far, we investigated 
other routes in an attempt to reduce the production cost. Thus, we investigated the synthesis 
of 6 - chloropurine 3 ′  - deoxyriboside. 

 Scheme 7.14      
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 The fi rst synthesis of FddA ( 1 ) from 3 ′  - deoxyadenosine derivative by Herdewijn 
 et al . gave the fl uorination product in only 10% overall yield after deprotection and puri-
fi cation  [59] . Several years later, we also examined a similar reaction with the 5 ′  -  O  - acetyl 
compound, but the yield was confi rmed to be very poor  [71] . We hypothesized that one 
possible reason for the low fl uorination yield in the above reaction might be the nucleo-
philic participation of N - 3 of the adenine ring, and that this might be overcome by using 
6 - chloropurine 3 ′  - deoxyriboside as a starting material (see also Section  7.3.1.2.1 ).  

  7.3.2.2.3   Synthesis of 6 - Chloropurine 3 ′  - deoxyriboside     We fi rst investigated the prac-
tical synthesis of 6 - chloropurine - 3 ′  - deoxyriboside starting with inosine, which was readily 
available in suitable quantities (see Scheme  7.16 ).   

 We used the acetoxybromination process in this synthesis, which was previously 
developed by us for the large - scale synthesis of ddA  [72] . The reaction proceeded well 
and gave  48  in 80% overall yield from inosine. We then carried out the radical debromina-
tion of  48  using hypophosphorous acid as a reducing agent in the presence of a water -
 soluble radical initiator such as V - 50 or VA - 044 to give  49  in almost quantitative yield. 
When we used AIBN as a radical initiator, we observed a lower isolated yield due to a 
loss of product during purifi cation to remove residual AIBN. 6 - Chlorination and subse-
quent deacetylation of  50a  were carried out in a conventional manner, and the product 
 50b  was tritylated for the next fl uorination step to give  50c  in 85% yield  [73b] . This 
process for the synthesis of 6 - chloro - 3 ′  - deoxyriboside gave an overall yield of 73% in fi ve 
steps, and was shown to be scalable to 3000 - liter vessels. After developing a practical 
process for the synthesis of 6 - chloro - 3 ′  - deoxyriboside, we turned our attention to the fl uo-
rination of  50c .  

  7.3.2.2.4   Fluorination of 6 - Chloropurine 3 ′  - deoxyriboside    

  Fluorination with  DAST .     To examine our hypothesis, we fi rst attempted the fl uorination 
of  50c  with DAST and obtained the product  51  in 43% yield (see Scheme  7.17 )  [73a] . In 
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comparison with the result reported for 3 ′  - deoxyadenosine by Herdewijn, this result clearly 
supports our hypothesis that the electron - withdrawing effect of the 6 - chloro group may 
prevent rearrangement of the purine moiety and therefore increase the reaction yield (see 
above). It is also conceivable that the N - 3 nitrogen of the adenine ring may participate in 
the abstraction of a hydrogen atom at the 3 ′  -  β  position. Replacement of an amino group 
of adenine with a chlorine atom may lead to decrease in the electron density at the C - 2 ′  
position, which would allow facile attack of the nucleophile.   

 Although we were able to improve the yield of fl uorination with DAST, we examined 
other fl uorination methods to develop a more economic and safer industrial process.  

  Fluorination with  E  t   3   N   ·  3 HF  after  t rifl ate  f ormation.     We applied the same fl uorination 
method as that used in the synthesis of F - araA in Scheme  7.14.  Compound  50c  was treated 
with Et 3 N  ·  3HF after trifl ate formation to give the fl uorinated product  51  in 65% yield, 
which is much better than that with DAST (see Scheme  7.17 ). Although the fl uorination 
yield was improved, the elimination product  52  was also formed in 30% yield, and this 
should be removed from the product. A 2 ′  -  β  - fl uorinated nucleoside such as  51  is generally 
very stable under acidic conditions. Thus, we were able to quantitatively recover the fl uo-
rinated product  51  as a pure form simply by treating the mixture of  51  and  52  with 80% 
acetic acid after the complete decomposition of  52   [73] . The fl uorinated compound was 
then treated with ammonia followed by deprotection with hydrochloric acid to give FddA 
( 1 ) in good yield. Thus, we have developed a practical process for the synthesis of FddA 
that does not require any chromatographic purifi cation and corrosive reagents.  

  Fluorination with  p erfl uoroalkanesulfonyl  fl  uorides.     Since trifl ate formation is an expen-
sive procedure, we examined the use of an inexpensive perfl uoroalkanesulfonyl fl uoride 
such as perfl uoro - 1 - butanesulfonyl fl uoride (nonafl uoro - 1 - butanesulfonyl fl uoride, 
C 4 F 9 SO 2 F, NfF) or perfl uoro - 1 - octanesulfonyl fl uoride (C 8 F 17 SO 2 F, OctF) for fl uorination, 
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and compared the yields with those using other fl uorination agents  [74]  (see Scheme  7.18 ). 
These fl uorination reagents are commercially available in suitable quantities and are 
known to be stable and less corrosive. Among the bases we examined,  N,N  - dimethylcy-
clohexylamine (DMCHA) seems to be a good base for fl uorination. With 2 equivalents of 
NfF and 2 equivalents of DMCHA as a base, HPLC analysis indicated a 62.4% yield after 
aqueous work - up. The yield of  51  from  50 c with NfF was much greater than that using 
DAST and almost the same as that in the previous two - step method involving trifl uoro-
methanesulfonylation and fl uorination with Et 3 N  ·  3HF (see Scheme  7.17 ).    

  Remaining  i ssues.     We developed a new route to the practical synthesis of FddA from 
inosine in nine steps and 36% overall yield. During the course of this study, we greatly 
improved the fl uorination of 3 ′  - deoxyriboside, which had been very diffi cult and the bottle-
neck in FddA synthesis. However, even with this process, formation of the elimination 
byproduct was inevitable. To further improve the yield, studies are still needed to fi x the 
3 ′  - deoxyriboside to the 2 ′  -  endo  conformation, which does not easily give the elimination 
product.     

  7.3.3    F  dd  G  

  7.3.3.1   Antiviral Effect of  F  dd  G  

 It has been reported that FddG ( 2 ), the 3 ′  -  α  - fl uoro analogue of ddG, showed a potent anti -
 HIV  [75, 76]  and anti - HBV  [77]  activities  in vitro , and therefore is a promising antiviral 
drug candidate for clinical use. The antiviral activity of FddG was evaluated in the duck 
hepatitis - B virus (DHBV) system, and it was found that FddG is a strong inhibitor of 
DHBV replication not only  in vitro  but also  in vivo   [78] . The mechanism by which FddG 
inhibits HBV replication was investigated, and the results suggested that FddG - triphos-
phate was most likely a competitive inhibitor of dGTP incorporation and a DNA chain 

 Scheme 7.18      
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terminator  [79] . FddG similarly inhibited the replication of wild - type, lamivudine (3TC) -
 resistant, adefovir dipivoxil (PMEA) - resistant, and 3TC - plus - PMEA - resistant HBV 
mutants in Huh7 cells that had been transfected with different HBV constructs. This cross -
 resistance profi le of FddG suggests that this compound could be envisaged as a new 
alternative drug for the treatment of chronic HBV carriers who have developed resistance 
to currently approved drug regimens, and that FddG may also be valuable for the design 
and evaluation of new combination therapies with other polymerase inhibitors for the 
treatment of chronic HBV infection to prevent or delay the emergence of drug - resistant 
mutants  [79] . A phase II clinical trial is now underway with MIV - 210, which is a prodrug 
of FddG  [7] .  

  7.3.3.2   Industrial Synthesis of  F  dd  G  

 Although there have been several reports on the synthesis of FddG via the coupling of a 
guanine base with a sugar moiety  [80 – 82] , these methods may not be suitable for indus-
trial - scale synthesis due to the formation of  α  - anomer and rather lengthy reaction steps. 
In this section, several approaches to the direct transformation of guanosine into FddG are 
described  [11] . This approach has the great advantage that fewer reaction steps are needed 
and purifi cation is easy because no  α  - anomer is formed. 

  7.3.3.2.1   Synthesis of  F  dd  G  with Inversion of the Confi guration at the  C  -  3  ′  Position 
of Guanosine     The fi rst synthesis of FddG ( 2 ) from guanosine was reported by Herdewijn 
 et al.   [76, 80]  After the C - 5 ′  - OH group was protected with a benzolyl group using benzoic 
anhydride and triethylamine, compound  55  was subjected to fl uorination using DAST 
followed by deprotection to give FddG ( 2 ) (see Scheme  7.19 ). Fluorination took place 
with inversion of confi guration at the C - 3 ′  - position. Although the fl uorination yield was 
rather low (35%), this method may be regarded as one of the most convenient and effi cient 

 Scheme 7.19      
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approaches to the synthesis of FddG ( 2 ). A disadvantage of this method may be the use 
of Bu 2 SnO, LiHB(Et 3 ), and DAST, which are not appropriate for industrial - scale 
synthesis.   

 As mentioned above, we signifi cantly improved the fl uorination of 6 - chloropurine -
 3 ′  - deoxyriboside with DAST during the synthesis of FddA ( 1 ). We speculated that the 
introduction of a chlorine atom at the 6 - position of the purine base might have a benefi cial 
effect on the synthesis of FddG ( 2 ) as well. 2 - Amino - 6 - chloropurine riboside analogues 
such as  56  would be readily transformed to FddG ( 2 ) by hydrolysis after fl uorination of 
the sugar moiety, but  56  may also be transformed to 6 - substituted FddG derivatives  59  
(see Scheme  7.20 ).   

 As we expected, we confi rmed that the fl uorination yield with DAST increased to 
60% from 35% in the case of guanine ( 57 → 58a )  [83] . The fl uorination product  58a  was 
then subjected to deprotection of the trityl group at the C - 5 ′  - position followed by treatment 
of  58b  with 2 - mercaptoethanol under basic hydrolysis conditions to give FddG ( 2 ) in 67% 
yield (see Scheme  7.20 ). 

 Since 2 - amino - 6 - chloropurine derivative  58b  is used as a synthetic intermediate, this 
method can be used not only for the synthesis of guanine nucleoside FddG ( 2 ), but also 
for the syntheses of 3 ′  -  α  - fl uoronucleosides with nucleic bases other than guanine. In fact, 
through conversion of the 6 - position of  58b  by reduction or reaction with thiols, a series 
of 2 - amino - 6 - substituted purine nucleosides  59a – c  can be synthesized. The anti - HBV 
(hepatitis - B virus) activities of these compounds were evaluated  in vitro  and 2 - amino - 6 -
 chloropurine derivative  58b  was shown to have potent anti - HBV activity (EC 50    =   10.4    µ M), 
which is comparable to that of FddG (EC 50    =   9    µ M). In addition, with regard to the struc-
ture – activity relationship, 2 - amino - 6 - arylthiopurine derivative  59c  showed more potent 
anti - HBV activity (EC 50    =   3.6    µ M) than FddG, while PMEA (anti - HBV drug used as a 
positive control) was 10 - fold more potent than  59c   [83] .  

 Scheme 7.20      
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  7.3.3.2.2   Synthesis of  F  dd  G  with Bromine Rearrangement during Fluorination     We 
reported that the bromohydrin derivative  60b , which was easily prepared from guanosine 
via  60a , gave the C - 3 ′  -  α  - fl uorinated compound  61  in 59% yield accompanied by the for-
mation of a regioisomer (21%) under fl uorination conditions (see Scheme  7.21 )  [84] . The 
reaction can be explained by considering the rearrangement of the bromine atom from the 
C - 3 ′  -  β  -  to the C - 2 ′  -  β  - position via a bromonium ion intermediate on which the fl uoride 
anion attacks from the  α  - side of the C - 3 ′  -  or C - 2 ′  - position. The C - 3 ′  -  α  - fl uorinated product 
 61  was converted to FddG ( 2 ) by radical debromination and deprotection.   

 We further investigated the fl uorination conditions to improve the yield of C - 3 ′  -  α  -
 product  61 . We then found that the fl uorination of compound  60b  with SF 4  furnished the 
C - 3 ′  -  α  - product  61  in 79% yield in an 3 ′  - F:2 ′  - F ratio of 7.8   :   1  [85] . This suggests that 
the diethylamino group of DAST may have a negative infl uence on the regioselectivity 
of the reaction. To our surprise, we also found that the reaction of compound  60b  with 
NfF in the presence of NEt 3  did not afford fl uorination product  61 , but produced a 2 ′ ,3 ′  -
 didehydro - 2 ′ ,3 ′  - dideoxyguanosine derivative in 62% yield. This method has advantages 
with respect to the number of reaction steps and high overall yield. However, one serious 
drawback is that this method uses SF 4  - type reagents which require special equipment for 
handling.  

  7.3.3.2.3   Synthesis of  F  dd  G  via Retentive Fluorination at the  C  - 3 ′  -  α  Position     After 
concluding that the fl uorination with bromine rearrangement described above might 
proceed via a bromonium ion intermediate, we considered that a similar reaction might 
take place via a sulfonium ion intermediate. We chose readily available 8,2 ′  - anhydro - 8 -
 mercaptoguanosine as the starting material, anticipating that fl uorination might proceed 
with the participation of a sulfur atom, which would facilitate the attack of fl uoride ion to 
the C - 3 ′  -  α  -  rather than the C - 2 ′  -  α  - position for steric reasons  [86] . 8,2 ′  - Anhydro - 8 - 
mercaptoguanosine was fi rst converted to the  N  2 , O  5 ′   - diacetyl derivative  62  which was 
subjected to fl uorination with DAST (see Scheme  7.22 ). As anticipated, we obtained the 

 Scheme 7.21      
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C - 3 ′  -  α  - fl uorinated product  63  in 47% yield without any formation of the C - 2 ′  -  α  - fl uori-
nated product. In the case of fl uorination with NfF, however, we found that elimination 
predominated ( 63    :    64    =   1   :   3.5) (see Scheme  7.22 ).   

 Encouraged by these results, we further investigated the fl uorination of ditrityl pro-
tected compound  65  using several fl uorinating reagents (see Scheme  7.23 ). Although the 
reaction with DAST gave a complex mixture, the desired C - 3 ′  -  α  - product  66  was obtained 
in 63% yield with NfF/NEt 3 , along with the elimination product. Next, we optimized the 
reaction conditions. When we used diisopropylethylamine (DIPEA) as the base, elimina-
tion was completely suppressed, albeit the yield was not improved. The best yield (91%) 
was achieved when we used an excess amount of NfF and DIPEA.   

 Scheme 7.22      

 Scheme 7.23      
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 The fl uorination product  66  was then treated with acetic acid followed by reductive 
desulfurization with Raney nickel in aqueous NaOH to give defl uorination product ddG, 
but not FddG ( 2 ). Accordingly, we tried the desulfurization of compound  66  in various 
solvent systems prior to deprotection with the acid. After several unsuccessful attempts, 
we obtained the desired Tr 2  - FddG  67  in 61% isolated yield when we carried out Raney -
 nickel reduction in toluene. This method is advantageous because fl uorination can be 
achieved using the scalable reagent NfF. 

 In this section, synthetic approaches to FddG ( 2 ) with particular focus on industrially 
applicable fl uorination methods are described. At the beginning of this study, these 
approaches which used a nucleoside as a starting material required SF 4  reagents such as 
DAST and morpholinosulfur trifl uoride (MOST) for fl uorination because other agents gave 
mainly elimination products. However, SF 4  - type reagents are not desirable for industrial -
 scale synthesis because of their poor availability and inherent toxicity. To overcome these 
problems, we developed a new nucleoside fl uorination method that involved the participa-
tion of neighboring groups. With this methodology, we achieved the fl uorination of a 
guanosine derivative at the C - 3 ′  position in good yield using readily available NfF. This 
would provide a useful stereoselective method for introducing a fl uorine atom into the 
sugar moiety of nucleosides.     

  7.4   Biological Activity of Fluorinated Nucleosides and Correlations with 
Their Conformations 

 7.4.1 Sugar Ring Conformation of 2 ′  - Deoxy - 2 ′  -  a  - fl uoronucleosides 

     7.4.1.1   Properties of Modifi ed  RNA  Containing 2 ′  - Deoxy - 2 ′  -  α  - fl uoronucleosides 

 In 1968, four years after the fi rst synthesis of 2 ′  - deoxy - 2 ′  -  α  - fl uorouridine ( 4 ), Fox and 
co - workers reported that  4  adopts the 3 ′   - endo  conformation (N - form) more readily than 
the 2 ′   - endo  conformation (S - form)  [87] . In the 1970s, some studies examined the relation-
ships between the conformations of 2 ′  - deoxy - 2 ′  -  α  - substituted nucleosides and the electro-
negativity of their 2 ′  - substituents, and revealed that an increase in electronegativity led to 
a high proportion of the 3 ′   - endo  conformation. According to these studies, the proportion 
of the 3 ′   - endo  conformer of  4  is approximately 85%  [88] . With regard to 2 ′  - substituted 
purine nucleosides  [89] , Uesugi and co - workers also reported that 2 ′  - deoxy - 2 ′  -  α  - fl uoro-
adenosine ( 10b ) favors the 3 ′   - endo  conformation, and this trend remained unchanged even 
when  10b  was contained in dinucleoside monophosphate  [90] . Although ribonucleoside 
generally favors the 3 ′   - endo  conformation, 2 ′  - deoxy - 2 ′  -  α  - fl uoro analogues increase this 
tendency more than ribonucleosides. However, despite the difference in sugar puckering, 
the torsion angles of the C - 4 ′  – C - 5 ′  bond and the C - 5 ′  – O - 5 ′  bond in the 2 ′  - deoxy - 2 ′  -  α  -
 fl uoro analogues are analogous to those of ribonucleosides. Thus, a nucleic acid that con-
tains the 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleoside forms a structure similar to RNA, in which the 
proportion of the 3 ′   - endo  conformation is higher than that in RNA. 

 This property naturally infl uences their biological activities. For example, it has been 
reported that poly(2 ′  - deoxy - 2 ′  -  α  - fl uoroadenylic acid) ( 69a ) is as good a template as 
poly(adenylic acid) ( 68a ) for some reverse transcriptases and DNA polymerase  [91]  
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(Figure  7.4 ). Likewise, poly(2 ′  - deoxy - 2 ′  -  α  - fl uoroinosinic acid) ( 69b ) and poly(2 ′  - deoxy -
 2 ′  -  α  - fl uorocytidylic acid) are effective templates for reverse transcriptases  [92] . Notably, 
 69a  also functions as mRNA in protein - synthesizing systems  in vitro , in which [ 14 C]lysine 
is incorporated into polypeptides  [93] . Moreover, modifi ed mRNA that contains 2 ′  - deoxy -
 2 ′  -  α  - fl uoroadenosine ( 10b ) can give rise to the corresponding protein (luciferase). Interest-
ingly, modifi ed RNA that contains 2 ′  - deoxy - 2 ′  -  α  - fl uorouridine ( 4 ) does not act as mRNA 
 [94] . A similar trend has been observed in a study on the induction of interferon by double -
 helical RNA (poly I   ·   poly C). The complex of poly(2 ′  - deoxy - 2 ′  -  α  - fl uoroinosinic acid) 
( 69b )   ·   poly C shows higher interferon - inducing activity than that of poly I   ·   poly C, while 
the complex of poly I   ·   poly(2 ′  - deoxy - 2 ′  -  α  - fl uorocytidylic acid) is not an effective inter-
feron inducer  [95] .    

  7.4.1.2   Properties of 2 ′  - Deoxy - 2 ′  -  α  - fl uoronucleosides 

 Although the relationship between conformation and biological activity is not well docu-
mented at the nucleoside level, several 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleosides are known to have 
biological activity, such as antiviral activity. Tuttle and co - workers reported that several 
2 ′  - deoxy - 2 ′  -  α  - fl uoropurine nucleosides exhibited antiviral potency against infl uenza A and 
B viruses. The 2 - amino group of the purine moiety is critical  [96a]  for this activity, and 
the antiviral activity is much better than those of amantadine and ribavirin  [96b] . Notably, 
2 ′  - deoxy - 2 ′  -  α  - fl uoro - 2 ′  -  C  - methylcytidine shows increased inhibitory activity in the hepa-
titis C virus (HCV) replicon assay compared to 2 ′  -  C  - methylcytidine, and low cellular 
toxicity  [97] . Infl uenza virus and HCV are classifi ed as RNA viruses, which are a major 
target of current chemotherapy. However, the development of effective drugs against these 
virus infections is still slow; further investigation of 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleosides is 
expected to accelerate the development of such drugs. 

 Another interesting biological activity of 2 ′  - deoxy - 2 ′  -  α  - fl uoropuromycin has been 
observed. Unlike other nucleoside analogues, puromycin inhibits protein biosynthesis 
without phosphorylation of the 5 ′  - hydroxyl group. As mentioned above (Section  7.2.2.3.1 ), 
2 ′  - deoxy -  α  - 2 ′  - fl uoropuromycin ( 20b ) showed antitumor and antibacterial activity 

 Figure 7.4     Structures of polynucleotides and their analogues. 
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comparable to that of puromycin. Since 2 ′  - deoxypuromycin, which favors the 2 ′   - endo  
conformation, showed no biological activity, the 3 ′   - endo  conformation is thought to be 
essential for its activity. 

 In general, the 3 ′   - endo  conformation of fl uoronucleoside is essential for antiviral 
activity against RNA viruses although the anti - HIV activity is an exception (the details of 
anti - HIV activity are addressed in the next section).   

  7.4.2   Sugar Ring Conformations of  F  dd  A  and  F  dd  G  and 
Their Anti -  HIV  Activities 

 Mu and co - workers reported that the introduction of a fl uoro group to the C - 2 ′  -  α  position 
of 2 ′ ,3 ′  - dideoxyadenosine 5 ′  - triphosphate (ddATP) led to the 3 ′   - endo  conformation like a 
nucleoside congener, while introduction to its  β  position led to the 2 ′   - endo  conformation 
 [98] . In contrast, the 2 ′   - endo  conformation was predominant when the fl uoro group was 
introduced to the C - 3 ′  -  α  position of 2 ′ ,3 ′  - dideoxynucleosides  [99] . Further conformational 
analysis of alovudine (3 ′  - deoxy - 3 ′  - fl uorothymidine, FLT) (see Figure  7.3 ), a potent anti -
 HIV agent, has revealed that approximately 90% of FLT is fi xed to the 2 ′   - endo  conforma-
tion in aqueous solution  [100] . Another conformational analysis of four monofl uorinated 
analogues of 2 ′ ,3 ′  - dideoxyuridine (i.e., 2 ′  -  α  - F, 2 ′  -  β  - F, 3 ′  -  α  - F, and 3 ′  -  β  - F analogues, see 
Figure  7.5 ) also revealed that the 2 ′  - up and 3 ′  - down analogues favor the 2 ′   - endo  confor-
mation  [101] . This preference can be explained by a  gauche  effect, in which a more elec-
tronegative substituent favors an axial orientation  [15] .   

 We now discuss the relationship between these conformations and anti - HIV activity. 
In 1989, Roey and co - workers reported the correlation between the sugar ring conforma-

 Figure 7.5     Sugar - puckering of four monofl uorinated analogues of 2 ′ ,3 ′  - dideoxyuridine. 
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tion and the anti - HIV activity of some nucleoside analogues. They discovered that the 2 ′   -
 endo  conformation is preferable for anti - HIV activity  [102] . In the 2 ′   - endo  conformation, 
the C - 5 ′  moiety takes an axial orientation, which directs its 5 ′  - hydroxyl group to an advan-
tageous position for the kinase - mediated phosphorylation process, or to a favorable posi-
tion for its affi nity with reverse transcriptase (RT). Mu and co - workers reported a molecular 
dynamics simulation of ternary complexes of an HIV - 1 - RT, a double - strand DNA, and 
2 ′ ,3 ′  - dideoxy - 2 ′  - fl uoroadenosine 5 ′  - triphosphate (FddATP), and discussed the activity of 
FddATPs (2 ′  -  α  -  or 2 ′  -  β  - forms) as inhibitors  [98] . Based on the preference of the RT to 
bind incoming dNTP (or ddNTP), a 3 ′   - endo  conformer (i.e.,  α FddATP) is believed to fi t 
the polymerase site better than  β FddATP. Interestingly, however, their study has revealed 
that Tyr115 of the RT, which appears to function as a steric gate against the incoming 
dNTP, prevents the effective binding of  α FddATP, while the 2 ′   - endo  conformer,  β FddATP, 
can pass the gate without hindrance to the RT. Consequently, the 2 ′   - endo  conformer, 
 β FddATP, shows stronger anti - HIV activity, although this conformation shows a worse fi t 
to the polymerase site of HIV - RT. 

 As mentioned above, nucleoside analogues have to clear many hurdles to exhibit 
biological activity. For example, those hurdles include phosphorylation by kinase, further 
conversion to triphosphate, penetration to the active site of the target enzyme through a 
steric gate, and strong affi nity to the active site of the enzyme. Several dideoxynucleosides 
like ddI and ddC, which have been approved as anti - HIV agents, are fl exible enough to 
clear all of these hurdles and show good anti - HIV activity. However, the introduction of 
a fl uoro group to the sugar moiety of nucleoside brings about rigid 2 ′   - endo  or 3 ′   - endo  
conformation, and such a fi xed conformation makes it diffi cult to clear all of these hurdles 
in some cases. If these hurdles can be overcome, the many advantages of fl uoronucleoside, 
such as chemical and pharmacological stability, could lead to stronger biological 
activity.   

  7.5   Conclusion 

 Since the discovery of nucleocidin, a large number of fl uorinated nucleosides have been 
synthesized and have contributed to the development of biologically active agents. The 
practical use of gemcitabine as an anticancer agent and also the upcoming use of clevudine 
as an anti - HBV agent refl ect this development. Early in this chapter, we described the 
syntheses and biological activities of 2 ′  - deoxy - 2 ′  -  α  - fl uoronucleosides and their oligomers. 
Such fundamental studies led to the use of fl uorinated nucleosides in other fi elds, such as 
antisense and ribozymes, due to the chemical and biological stability of fl uorinated nucleo-
sides. Next, we described the synthesis of a potent antiviral agent, FddA, with special 
focus on synthetic issues (e.g., the diffi culty of  β  - side - selective fl uorination) and its 
process - scale synthesis. The possible process - scale synthesis of FddG was also described. 
The relationships between the sugar ring conformations and the biological activities of 
several fl uorinated nucleosides were also discussed. We hope that this chapter provides a 
better understanding of the usefulness of fl uorinated nucleosides as well as valuable refer-
ences for their syntheses.  
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8
 Synthesis of  gem  - Difl uoromethylenated 

Nucleosides via 
 gem  - Difl uoromethylene - containing 

Building Blocks  

  Wei - Dong   Meng   and   Feng - Ling   Qing        

  8.1   Introduction 

 Nucleosides have a very important place in medicinal chemistry as the structural basis for 
the development of antiviral and antitumor agents. Fluorine - containing nucleosides have 
attracted special attention because of their many unique properties  [1] . Fluorine has been 
suggested to be an isopolar and isosteric substituent for oxygen  [2] . Since 1 - (2 - deoxy - 2,2 -
 difl uoro -  β  -  d  -  arabino  - furanosyl)cytosine (gemcitabine, gemzar or dFdC) was approved by 
FDA for treatment of inoperable pancreatic cancer and of 5 - fl uorouracil - resistant pancre-
atic cancer  [3] , considerable efforts have been focused on the synthesis and biological 
evaluation of the nucleosides containing CF 2  groups at the sugar moiety. The introduction 
of a  gem  - difl uoromethylene group on the sugar moiety normally can be achieved by direct 
difl uorination of keto groups at the sugar moiety or by using  gem  - difl uoromethylene - 
containing building blocks. Here we describe recent advances in the development of 
 gem  - difl uoromethylene - containing building blocks and their applications to the syntheses 
of nucleosides bearing a  gem  - difl uoromethylene group at the sugar moiety in our 
laboratory.  
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  8.2   Synthesis of  gem  - Difl uoromethylenated Nucleosides via  gem  -
 Difl uorohomoallyl Alcohols 

 With inspiration from extensive studies on the synthesis and biological activities of 2 ′  -
 deoxy - 2 ′ ,2 ′  - difl uoronucleosides, 3 ′  - deoxy - 3 ′ ,3 ′  - difl uoro -  d  -  arabino -  furanosyl nucleosides 
were stereoselectively synthesized, featuring a novel and effi cient strategy to prepare 3 -
 deoxy - 3,3 - difl uoro -  d  -  arabino -  furanose  7  via chiral  gem  - difl uorohomoallyl alcohol  2   [4] . 
In the presence of indium powder, the reaction of ( R ) - glyceraldehyde acetonide  1  with 3 -
 bromo - 3,3 - difl uoropropene gave difl uorohomoallyl alcohol  2  in 90% yield as a mixture 
of two diastereoisomers in a ratio of 7.7   :   1. Without separation, homoallyl alcohol  2  was 
subjected to benzylation. When 1.6 equivalents of NaH were used, benzylated compound 
 3  was obtained as a 5.7   :   1 mixture of  anti  -  and  syn  - isomers in 93% yield. The C - 3 position 
was slightly epimerized under such basic conditions. Accordingly, with the use of 0.8 
equivalents of NaH, a kinetic resolution benzylation was achieved to give  3  with the  anti /
 syn  ratio of 21.8   :   1. The osmium - catalyzed dihydroxylation of compound  3  gave diols  4  
and  5  as a 1   :   1 mixture in 95% yield. Compound  3  was subjected to Sharpless asymmetric 
dihydroxylation using (DHQ) 2 PYR as the ligand to give diol  5  together with diol  4  in a 
ratio of 4.4   :   1. These two diols were easily separated by column chromatography. Selective 
benzoylation of the primary hydroxyl group of diol  5  gave benzoate  6  in 90% yield, which 
was converted to furanose  7  by acidic hydrolysis of the isopropylidene group, followed 
by the oxidative scission of the resulting diol with sodium periodate. The stereochemistry 
at the C - 2 position of furanose  7  was confi rmed to have the  arabino  confi guration. Thus, 
the stereoselective synthesis of 3 - deoxy - 3,3 - difl uoro -  d  -  arabino -  furanose  7  was achieved 
in fi ve steps from chiral aldehyde  1  (see Scheme  8.1 ). Furanose  7  was then subjected to 
acetylation with acetic anhydride to give acetate  8  practically as the single product in  α  -
 form. The acetate  8  was coupled with silylated  N  4  - benzoylcytosine in refl uxing acetonitrile 
to give the protected nucleosides  9a  and  9b  as a 1   :   1 mixture in 70% yield. These two 
isomers were separated by column chromatography. The protecting groups of  9a  and  9b  
were removed by the standard hydrogenolysis procedures. Thus, the  α  - anomer  9a  gave 
difl uoromethylenated nucleoside  10a  accompanied by the over - reduction product  11 , 
while the  β  - anomer  9b  gave the corresponding difl uorinated nucleoside  10b  smoothly (see 
Scheme  8.1 ).   

 On the other hand, diol  4  was used to synthesize  l  -  β  - 3 ′  - deoxy - 3 ′ ,3 ′  - difl uoronucleo-
sides (see Scheme  8.2 )  [5] . Selective benzoylation of the primary hydroxyl group in diol 
 4  gave benzoate  12 , which was converted to furanose  13  through hydrolysis with acetic 
acid and oxidation with sodium periodate, followed by cyclization. Furanose  13  is a 1   :   1 
mixture of two diastereoisomers based on the  19 F NMR analysis. Without separation of 
diastereomers,  O  - acetylation of furanose  13  by acetic anhydride afforded the  β  - anomer of 
acetate  14  almost exclusively through effective neighboring - group participation. Accord-
ing to the proposed mechanism by Vorbr ü ggen  [6] , the glycosylation reaction of a furanose 
with an acyloxy group at the C - 2 ′  position should involve an oxonium intermediate, which 
would favor the attack of a nucleoside from the opposite face of the C - 2 ′  acyloxy group. 
Thus, the benzyloxy group at the C - 2 ′  position of  14  was converted to a benzoyloxy group 
to promote the formation of the desired  β  anomer in glycosylation reaction. Acetate  15  
was thus obtained through debenzylation of  14  followed by benzoylation of the resulting 
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 Scheme 8.1     Reagents and conditions: (a) CH 2  = CHCF 2 Br, In powder; (b) NaH (1.6   eq.), 
BnBr, TBAI, THF; (c) (DHQ) 2 PYR, K 2 OsO 2 (OH) 4 , K 3 Fe(CN) 6 , K 2 CO 3 ; (d) BzCl, Py, CH 2 Cl 2 , 
 − 78    ° C; (e) (i)75% HOAc, 50    ° C; (ii) NaIO 4 , acetone/H 2 O; (f) Ac 2 O, DMAP; (g)  N  4  - 
benzoylcytosine,  N,O  - bis(trimethylsilyl)acetamide, TMSOTf, CH 3 CN, 0 – 80    ° C; (h) (i) Sat. 
NH 3 /MeOH, r.t.; (ii) Pd(OH) 2 /C, H 2 , MeOH/cyclohexane, r.t. 

 Scheme 8.2     Reagents and conditions: (a) BzCl, Py, CH 2 Cl 2 ; (b) (i) 75% HOAc, 50    ° C; (ii) 
NaIO 4 , acetone/H 2 O, r.t.; (c) Ac 2 O, DMAP, CH 2 Cl 2 ; (d) (i) NaBrO 3 , Na 2 S 2 O 4 , EtOAc/H 2 O; 
(ii) Bz 2 O, DMAP, Et 3 N, CH 2 Cl 2 ; (e) (i)  N,O  - bis(trimethylsilyl)acetamide, pyrimidine, or 6 -
 chloropurine, TMSOTf, CH 3 CN; (ii) NH 3 , MeOH. 
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alcohol. Acetate  15  was then coupled with various persilylated pyrimidines and 6 - chloro-
purine in refl uxing acetonitrile using Vorbr ü ggen conditions  [7]  to give  l  - nucleosides  16 . 
As expected, the coupling reactions of  16  with pyrimidine bases afforded only  β  - anomers 
through effi cient neighboring - group participation. In the case of 6 - chloropurine, the reac-
tion afforded a separable mixture of  β  -  and  α  - anomers in a ratio of 4.4   :   1 (see Scheme 
 8.2 ).   

 As described above, furanose  8  was used to synthesize  d  -  arabino  nucleosides,  10a  
and  10b  via  9a  and  9b  in nonstereoselective manner (see Scheme  8.1 ). In order to syn-
thesize D -  β  - 3 ′  - deoxy - 3 ′ ,3 ′  - difl uoronucleosides  21 , it was necessary to invert the confi gura-
tion at the C - 2 ′  position (see Scheme  8.3 ). Thus, furanose  8  was debenzylated with 
NaBrO 3 /Na 2 S 2 O 4  to give furanose  17 , which was treated with trifl uoromethanesulfonic 
anhydride to give the corresponding trifl ate, followed by reaction with sodium benzoate 
to afford benzoate  18 . Compound  18  was obtained with inversion of confi guration at C - 2 ′ , 
but the yield was low (30%). Fortunately, however, we serendipitously found that the 
reaction of compound  17  with bis(2 - methoxyethyl)aminosulfur trifl uoride (Deoxo - Fluor) 
did not proceed through the expected fl uoride substitution of the C - 2 ′  - hydroxyl group, but 
gave acetate  20,  in which the confi guration at C - 2 ′  was inverted during the reaction, in 
high yield. It is very likely that the reaction involves oxonium ion intermediate  19 , and 
the subsequent nucleophilic attack of fl uoride ion from the  β  - face. The coupling of acetate 
 20  with various persilylated pyrimidines and 6 - chloropurine afforded the  β  - anomers of 
D -  β  - 3 ′  - deoxy - 3 ′ ,3 ′  - difl uoronucleosides  21  (see Scheme  8.3 )  [5] .   

 Direct difl uorination of the keto groups of carbohydrates can yield the corresponding 
difl uoromethylenated sugar moieties. However, the reaction could be complicated by 
neighboring group participation, group migration and elimination reactions  [8] . To circum-
vent anticipated complications, we developed an effi cient synthetic route to 3 - deoxy - 3,3 -
 difl uoro -  d  - ribohexose  26  from difl uoro - diol  4  (see Scheme  8.4 )  [9] . The two hydroxyl 
groups of  4  were protected as  tert  - butyldimethylsilyl ether and the acetonide moiety of  4  
was removed with SnCl 2  to give diol  22 . Selective benzoylation of the primary hydroxyl 

 Scheme 8.3     Reagents and conditions: (a) NaBrO 3 , Na 2 S 2 O 4 , EtOAc/H 2 O; (b) (i) Tf 2 O, pyri-
dine, CH 2 Cl 2 ; (ii) PhCO 2 Na, toluene, 60    ° C; (c) Deoxo - Fluor, toluene; (d) (i)  N,O  - bis(trimet
hylsilyl)acetamide, pyrimidine, or 6 - chloropurine, TMSOTf, CH 3 CN; (ii) NH 3 , MeOH. 
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group of  22 , followed by selective removal of the TBS group on the primary hydroxyl 
group gave 1,5 - diol  23 . The reaction of  23  with 2 equivalents of trichloroisocyanuric acid 
in the presence of a catalytic amount of TEMPO afforded lactone  24  as the single product 
in 72% yield. The reduction of  24  with DIBAL - H gave lactol  25  as a 4   :   1 mixture of 
anomers. After deprotection of silyl and benzyl groups, difl uoro -  d  - ribohexose  26  was 
obtained (4   :   1 mixture of anomers), which can be used for the synthesis of difl uorinated 
pyranosyl nucleosides (see Scheme  8.4 ).   

 Nucleosides containing sulfur atoms instead of lactol oxygen have attracted special 
attentions for their potent biological activities  [10] . Difl uorofuranose  7  was used to syn-
thesize difl uoro - thionucleosides (see Scheme  8.5 )  [4] . Ring opening of  7  with NaBH 4  
afforded diol  27  quantitatively, which was converted to thiofuranose  28  in three steps. 
Benzoylation of thiofuranose  28  gave  29  in quantitative yield. Oxidation of  29  with  m  -
 CPBA afforded sulfoxide  30 . Surprisingly, the coupling of  30  with a silylated cytosine 
gave nucleoside  31  (47%), in which the based was attached to the C - 1 ′  position, along 
with the  β  - elimination product  32  (22%). Thiofuranose  28  was deoxylated to give thiofu-
ranose  34 , which was treated in the same manner as that for  29  to give the deoxythionu-
cleoside  35  (38%) accompanied by the elimination product  36.  It is apparent that the 
regiochemistry of these Pummerer reactions was determined by the acidity of the  α  - proton 
at C - 1 ′  enhanced by the strongly electron - withdrawing C - 2 ′  - difl uoromethylene group of 
thiofuranose  28  (see Scheme  8.5 ).   

 In view of the undesirable regiochemistry mentioned above, compound  6  was used 
to synthesize  l  -  β  - 3 ′  - deoxy - 3 ′ ,3 ′  - difl uoro - 4 ′  - thionucleosides  41  (see Scheme  8.6 )  [11] . 
Trifl ation of  6 , followed by treatment with 5.4 equivalents of AcSH/CsF furnished thio-
acetate  38  in 86% yield. Hydrolysis of  38  with TFA, followed by oxidation with NaIO 4  
gave an aldehyde, which was treated  in situ  with acidic methanol to afford thiofuranose 
 39  as the sole product in 64% yield in a stereospecifi c manner. Thiofuranose  39  was con-
verted to acetate  40  only in the  β  - form, which was coupled with persilylated pyrimidine 
under the standard conditions to give thionucleosides  41 , which are the thio - containing 
analogues of gemcitabine (see Scheme  8.6 ).   

  gem  - Difl uorohomoallyl alcohol  2  was used to synthesize 2 ′ ,3 ′  - dideoxy - 6 ′ ,6 ′  - difl uoro -
 3 ′  - thionucleosides  46  and  47  (see Scheme  8.7 )  [12] . Compound  2  was converted to its 

 Scheme 8.4     Reagents and conditions: (a) (i) TBSCl, DMAP, imidazole; (ii) SnCl 2 ; (b) (i) 
BzCl, Py; (ii) TsOH, H 2 O; (c) TCCA, TEMPO; (d) DIBAL - H; (e) (i) 4   M HCl; (ii) H 2 , Pd/C. 
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 Scheme 8.5     Reagents and conditions: (a) NaBH 4 , MeOH, 0    ° C; (b) (i) MsCl, pyridine; (ii) 
Na 2 S, DMF; (iii) BCl 3 , MeOH; (c) Bz 2 O, Et 3 N, DMAP; (d).  m  - CPBA, CH 2 Cl 2 ,  − 40    ° C; (e) 
silylated  N  - benzoylcytosine, TMSOTf, DCE; (f). sat. NH 3 /MeOH, r.t.; (g) (i) PhOC(S)Cl, 
DMAP, CH 3 CN; (ii) Bu 3 SnH, AIBN, toluene, 80    ° C. 

 Scheme 8.6     Reagents and conditions: (a) (i)Tf 2 O, Py; (ii) AcSH (5.4   eq.), CsF (5.4   eq.), 
DMF; (b) (i) TFA; (ii) NaIO 4 , MeOH; (iii) 1   M HCl/MeOH; (c) (i) Ac 2 O, DMAP; (ii) NaBrO 3 , 
Na 2 S 2 O 4 ; (iii) Bz 2 O, DMAP; (d) (i)  N,O  - BSA, pyrimidine; (ii) NH 3 , MeOH. 

trifl ate, which was reacted with sodium azide, followed by reduction to give amine  42  as 
the  syn  - isomer. The Boc protection of the amine group of  42  was carried out by using 5 
equivalents of Boc 2 O in order to suppress the formation of the dimeric urea by - product. 
The osmium - mediated dihydroxylation of  42  gave a 1   :   1 mixture of aminodiol  43  and its 
 syn  - isomer. After separation,  43  was converted to thiofuranose  44  in 36% yield from  42  
through manipulations similar to those used for the preparation of  29 . Deprotection of the 
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Boc group of  44 , followed by the condensation of the resultant amine with 3 - ethoxy - 2 -
 propenoyl isocyanate, afforded urea  45 . The cyclization of  45  with sulfuric acid and the 
subsequent removal of the benzoyl group gave thionucleoside  46 . Nucleoside  46  was 
further converted to thionucleoside  47 . Meanwhile,  gem  - difl uorohomoallyl alcohol  49 , 
which was derived from ( S ) - glyceraldehyde acetonide  48  and 3 - bromo - 3,3 - difl uoropro-
pene, was converted to thionucleosides  50a  and  50b  by applying the same strategy  [13] . 
Thionucleosides  50a  and  50b  were further converted to thionucleosides  51a  and  51b  (see 
Scheme  8.7 ).    

  8.3   Synthesis of  gem  - Difl uoromethylenated Azanucleosides via 
Difl uoromethylenated  l  - Proline Derivatives 

 Azanucleosides, containing a nitrogen atom instead of the oxygen atom on the sugar ring, 
possess unique biological properties as the nitrogen atom not only has the heteroatom 
effect but also can bind strongly to certain DNA repair enzymes  [14] . During the course 
of our study on fl uorinated amino acids, a versatile procedure was developed for the 
preparation of 2 ′ ,3 ′  - dideoxy - 2 ′  - difl uoromethylazanucleosides (see Scheme  8.8 )  [15] . Natu-
rally occurring  trans  - 4 - hydroxy -  l  - proline was converted to difl uoro - olefi n  52  in 30% yield 
via Swern oxidation, followed by difl uoromethylenation of the resultant ketone with 
CF 2 Br 2 /Zn/HMPT2. Olefi n  52  was reduced to give  53  as a 7   :   1  cis / trans  mixture via 

 Scheme 8.7     Reagents and conditions: (a) (i) Tf 2 O, pyridine; (ii) NaN 3 , DMF; (iii) PPh 3 , THF, 
(iv) H 2 O; (b) (i) Boc 2 O; (ii) OsO 4 , NMMO; (c) (i) AcOH; (ii) NaIO 4 ; (iii) NaBH 4 /MeOH; 
(iv) MsCl, pyridine; (v) Na 2 S, DMF; (d) (i) TFA; (ii) 3 - ethoxy - 2 - propenoyl isocyanate; (e) (i) 
2   M H 2 SO 4 ; (ii) sat. NH 3 /MeOH; (f) (i) Ac 2 O, DMAP; (ii) TPSCl, DMAP, Et 3 N; (iii) conc. 
NH 3  · H 2 O; (g) In powder, CH 2  = CHCF 2 Br, DMF. 
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catalytic hydrogenation. After oxidation of the 5 - methylene group of  53 , pyrrolidone  54a  
was obtained in 68% yield along with its  trans  - isomer  54b . After separation,  54a  was 
converted to  55  by reduction and silyl protection. Protection of the 1 - amino group of  55  
with a benzyloxycarbonyl group gave  56 , which was converted to acetate  57  by reduction 
and acetylation. Acetate  57  was then coupled with silylated uracil or thymine to furnish 
azanucleosides,  58a/b  or  59a/b , as a mixture of  α  -  and  β  - anomers (see Scheme  8.8 ). The 
absolute confi guration of compound  59b  was confi rmed by x - ray crystallographic 
analysis.   

 Another strategy to synthesize 3 ′  - difl uoromethylated azanucleosides  72 – 75 , starting 
from  trans  - 4 - hydroxy -  l  - proline, was also developed (see Scheme  8.9 )  [16] . Diol  61  was 
obtained in a straightforward manner by dihydroxylation of  60 , which was derived from 
 trans  - 4 - hydroxy -  l  - proline. Mono - benzoylation of diol  61  gave  62  as the main product 
(70%) along with compound  63  (17%). Compound  62  was then treated with Dess – Martin 
reagent to afford ketone  64 , which was converted to difl uoromethylene - pyrrolidine  65  by 
reacting with CF 2 Br 2 /Zn/HMPT. Catalytic hydrogenation of  65  gave a separable mixture 
of  66  and  67 . Compound  66  was the main product when 10%Pd/C was used, whereas 
compound  67  was the major product with Pd(OH) 2 /C. However, the attempted oxidation 
of the methylene group of  66  or  67  using RuO 2  ·  x H 2 O/NaIO 4  failed to give the desired 
pyrrolidinones, probably due to the existence of  tert  - butyldiphenylsilyl group. Thus, the 
protecting groups of  66  and  67  were changed to  tert  - butyldimethylsilyl groups not only 
for the hydroxymethyl group at C - 2, but also for the secondary hydroxyl group at C - 4 to 
afford the corresponding  68  and  69 , respectively. Then,  68  and  69  were subjected to a 
series of transformations similar to those described for the synthesis of  58  and  59  from 
 53  (see Scheme  8.8 ) to give 3 ′  - difl uoromethylated azanucleosides  72 ,  73 ,  74  and  75  (see 
Scheme  8.9 ).    

 Scheme 8.8     Reagents and conditions: (a) (i) SOCl 2 , MeOH; (ii) Boc 2 O, Et 3 N, DMAP, 
CH 2 Cl 2 ; (iii) Swern oxidation; (iv) CF 2 Br 2 /Zn/HMPT; (b) Pd/C, H 2 , EtOH, r.t., 1   atm; (c) 
RuO 2  ·  x H 2 O, NaIO 4 , EtOAc, H 2 O, r.t.; (d) (i) TFA, CH 2 Cl 2 ; (ii) NaBH 4 , MeOH,  − 78    ° C – 0    ° C; 
(iii) TBDMSCl, imidazole, DMAP, CH 2 Cl 2 ; (e) LHMDS, CbzCl, THF,  − 78    ° C; (f) (i) LiBEt 3 H, 
THF,  − 78    ° C; (ii) Ac 2 O, DMAP, Py; (g) (i) silylated uracil or silylated thymine, TMSOTf, 
MeCN; (ii) TBAF, THF. 
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  8.4   Synthesis of  gem  - Difl uoromethylenated Carbocyclic Nucleosides 

 In recent years, increasing attention has been paid to the structural modifi cations of car-
bocyclic nucleosides. Because of the absence of glycosidic linkage, carbocyclic nucleo-
sides are chemically more stable and not vulnerable to phosphorylases that cleave the 
 N  - glycoside linkage in usual nucleosides  [17] . The fi rst synthesis of  gem  - difl uorometh-
ylenated carbocyclic nucleosides was reported by Borthwick  et al.  in 1990 via direct 
difl uorination of a ketone moiety on a carbocyclic ring with DAST  [18] . Recently, 2 ′ ,3 ′  -
 dideoxy - 6 ′ ,6 ′  - difl uorouracils,  85a  and  85b , were synthesized using a new strategy in 14 
steps starting from ( Z ) - 2 - butene - 1,4 - diol ( 76 ) (see Scheme  8.10 )  [19] . The new strategy 
included the construction of a carbocyclic ring via Reformatskii – Claisen rearrangement 
and ring - closing metathesis. ( Z ) - 2 - Butene - 1,4 - diol ( 76 ) was converted to chlorodifl uoro-
acetate  77  in 69% yield, which was subjected to a silicon - induced Reformatskii – Claisen 
rearrangement to give difl uoro ester  78 . Ester  78  was then transformed to Weinreb amide 

 Scheme 8.9     Reagents and conditions: (a) (i) SOCl 2 , MeOH; (ii) Boc 2 O, Et 3 N, DMAP, 
CH 2 Cl 2 ; (iii) MsCl, Et 3 N, DMAP, CH 2 Cl 2 , r.t.; (iv) PhSeSePh, MeOH, refl ux; v. H 2 O 2 , Py, r.t.; 
(b) (i) LiAlH 4 , Et 2 O, r.t.; (ii) TBDPSCl, imidazole, DMAP, CH 2 Cl 2 , r.t.; (iii) OsO 4 , NMNO, 
acetone/H 2 O, r.t.; (c) BzCl, Py, CH 2 Cl 2 ,  − 10    ° C, 24   h; (d) (i) BzCl, Py, CH 2 Cl 2 ,  − 10    ° C, 24   h; 
(ii) Dess – Martin oxidant, CH 2 Cl 2 , r.t.; (e) CF 2 Br 2 , HMPT, Zn, THF, refl ux; (f) 10% Pd/C, 
70   atm, or Pd(OH) 2 /C, H 2 , 80   atm; (g) (i) TBAF, THF, r.t.; (ii) TBDMSCl, imidazole, DMAP, 
CH 2 Cl 2 , r.t.; (iii) sat. NH 3 /MeOH, r.t.; (iv) TBDMSCl, imidazole, DMAP, DMF; (h) (i) 
RuO 2  ·  x H 2 O, NaIO 4 , EtOAc, H 2 O, r.t.; (ii) LiBEt 3 H, THF,  − 78    ° C; (iii) Ac 2 O, CH 2 Cl 2 , Et 3 N, 
DMAP, r.t.; (i) (i) silylated uracil or thymine,  N,O  - bis(trimethylsilyl)acetamide, TMSOTf, 0    ° C 
to r.t.; (ii) TBAF, THF, r.t. 
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 79  and treated with allylmagnesium bromide to afford diene  80  via a double - bond isom-
erization. Diene  80  was subjected to ring - closing metathesis. However, when  80  was 
treated with the fi rst - generation Grubbs catalyst, the reaction did not occur. The second -
 generation Grubbs catalyst was therefore employed for the reaction and the reaction pro-
ceeded smoothly to give cyclopentenone  81  in nearly quantitative yield. Luche reduction 
of  81  afforded a 2.9   :   1 separable mixture of unsaturated alcohols,  82a  and  82b . Catalytic 
hydrogenation of  82a  gave alcohol  83 , which was transformed to  α  - 2 ′ ,3 ′  - dideoxy - 6 ′ ,6 ′  -
 difl uorocarbocyclic uridine  85a . The relative stereochemistry of  85a  was determined by 
x - ray crystallographic analysis. In the same manner, unsaturated alcohol  82b  was con-
verted to  β  - anomer  85b . Thus, racemic 2 ′ ,3 ′  - dideoxy - 6 ′ ,6 ′  - difl uorocarbocyclic uracils,  85a  
and  85b , were obtained in 14 steps from  76  in 7.6% and 1.5% overall yields, respectively 
(see Scheme  8.10 ).    

  8.5   Conclusion 

  gem  - Difl uoromethylenated nucleosides constitute important members of the extensively 
studied nucleoside analogues, which are an important class of candidates for new antiviral 
and antitumor agents. We have described here recent development in the syntheses of 
difl uoromethylenated nucleosides in our laboratory. With the development of more practi-

 Scheme 8.10     Reagents and conditions: (a) (i) NaH, DMF, BnBr, 0    ° C; (ii) ClCF 2 CO 2 H, cat. 
H 2 SO 4 , toluene, 140    ° C; (b) (i) zinc dust, TMSCl, CH 3 CN, 100    ° C; (ii) ClCF 2 CO 2 H, cat. H 2 SO 4 , 
toluene, 140    ° C; (b) (i) zinc dust, TMSCl, CH 3 CN, 100    ° C; (ii) cat. H 2 SO 4 , EtOH, 40    ° C; (c) 
 N , O  - dimethylhydroxylamine, AlMe 3 , toluene; (d) (i) CH 2  = CHCH 2 MgBr, THF; (ii) Et 3 N, THF; 
(e) Grubbs ’  II catalyst, toluene, 80    ° C; (f) CeCl 3  · 7H 2 O, NaBH 4 , 0    ° C; (g) H 2 , Pd black, 
benzene; (h) (i) Tf 2 O, pyridine, CH 2 Cl 2 ,  − 40    ° C; (ii) NaN 3 , DMF; (iii) H 2 , cat. Pd black, 
benzene; (i) (i) ( E ) - EtOCH = CHCONCO, DMF,  − 25    ° C; (ii) 2   N H 2 SO 4 , refl ux; (iii) H 2 , cat. 
Pd/C. 
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cal difl uoromethylenation methodologies and more knowledge of structure – activity rela-
tionships, more effi cacious  gem  - difl uoromethylenated nucleosides will be developed as 
novel antiviral and antitumor agents.  
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9
 Recent Advances in the Syntheses of 

Fluorinated Amino Acids  

  Kenji   Uneyama        

  9.1   Introduction 

 Fluorinated amino acids have been used as components of modifi ed peptides and proteins 
in protein engineering  [1]  and have also found applications as potential enzyme inhibi-
tors and antitumor and antibacterial agents  [2 – 4] . To date, due to the potent biological 
activities of fl uorinated  α  - amino acids, several synthetic strategies and methods have 
been the subjects of reviews and books  [5, 6] . In this chapter synthetic strategies for 
fl uorinated amino acids recently developed in the 2000s are summarized. Syntheses of 
fl uorinated amino acids are classifi ed into three groups on the basis of the strategies for 
creation of the chiral center: (1) enantioselective, (2) diastereoselective, and (3) racemic 
syntheses.  

  9.2   Enantioselective Synthesis 

 Enantioselective synthesis involves chemical modifi cation via (section  9.2.1 ) introduction of 
a chiral center into achiral fl uorinated building blocks, (9.2.2) chiral transposition, (9.2.3) 
introduction of fl uorine functionality into nonfl uorinated chiral building blocks, (9.2.4) mod-
ifi cation of chiral fl uorinated building blocks, and (9.2.5) enzymatic resolution of racemic 
fl uorinated building blocks. The following sections summarize these fi ve categories. 
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  9.2.1   Introduction of a Chiral Center into Achiral Fluorinated Building Blocks 

  9.2.1.1   Introduction of Chirality by Hydrogenation 

 Asymmetric hydrogenation of either a carbonyl or an imino group to a hydroxyl group or 
an amino group has frequently been employed for the introduction of chirality in amino 
acid syntheses. Corey ’ s catecolborane – oxazaborolidine protocol enables transformation of 
difl uoromethyl ketone  1  into alcohol  2  with excellent enantioselectivity. The reaction of 
diastereoselective amination of  α  - hydroxyaldehyde  3  with  N , N  - diallylamine and 2 - furyl-
boronic acid provides furyl amino alcohol  4  in good chemical yield along with excellent 
diastereoselectivity. This protocol is applicable for the preparation of amino acids and 
amino alcohols with a trifl uoromethyl group by the combination of  N , N  - diallyl or  N , N  -
 dibenzyl amine and aromatic, heteroaromatic and alkenyl boronic acids  [7] . The usual 
chemical transformations as shown in steps 5 to 8 in Scheme  9.1  lead to (2 S ,3 R ) - 
difl uorothreonine  5   [8] .   

 Palladium - catalyzed carboalkoxylation of imidoyl iodides  6  provides benzyl  [9]  and 
even  tert  - butyl [10]  esters  7 . Asymmetric hydrogenation of the imino moiety of imono 
esters  7  in a Pd(OCOCF 3 ) 2  / ( R ) - BINAP / CF 3 CH 2 OH system gives enantio - enriched amino 
esters  8  in 85 – 91% ee (see Scheme  9.2 )  [11] .The enantioselectivity achieved by the hydro-
genation was much better than that by Corey ’ s hydride reduction  [12]  and was employed 
for the syntheses of enantiomerically pure  N  - Boc -  β , β  - difl uoroproline benzyl ester  9  (see 
Scheme  9.3 ) [13]  and enantiomerically enriched  N  - Boc -  β , β  - difl uoroglutamic acid benzyl 
ester  [13] .   

 Scheme 9.1      



 Recent Advances in the Syntheses of Fluorinated Amino Acids 215

 Interestingly, the stereochemistry of the hydroxyl group on the imino nitrogen in 
oxime  10  affects the stereochemistry of hydroxylamine  11  (see Scheme  9.4 ). Thus, hydride 
reduction of either ( Z ) -  or ( E ) - oximes  10  with hydroborane in the presence of chiral amino 
alcohols produces ( S ) -  and ( R ) -  N  - benzyl oximes  11 , respectively, as shown in the table in 
Scheme  9.4 , which were subsequently transformed to ( R ) - and ( S ) - trifl uoroalanine  12  
 [14] .   

 The carbon – carbon double bond of an enamine is also applicable for asymmetric 
hydrogenation leading to chiral amino acids. For example, hydrogenation of  13  by rhodium 
catalyst with ferrocenyl diphosphine  15  as a ligand was successful for the synthesis of 
methyl 3 - amino - 4 - polyfl uorophenylbutanoate  14  with excellent stereoselectivity (see 
Scheme  9.5 )  [15] .    

  9.2.1.2   Asymmetric Dihydroxylation 

 Asymmetric dihydroxylation of trifl uoromethylalkenes is also useful for construction of 
enantio - enriched trifl uoromethylated diols usable for trifl uoromethylated amino acids with 
chiral hydroxyl group. Thus, Sharpless AD reaction of  16  provides diol  17  with excellent 
enantioselectivity. Regioselective and stereospecifi c replacement of the sulfonate moiety 
in  18  with azide ion enables the introduction of nitrogen functionality. A series of well -
 known chemical transformation of  19  leads to 4,4,4 - trifl uorothreonine  20  (see Scheme  9.6 ) 
 [16] . Dehydroxylative - hydrogenation of  21  by radical reaction via thiocarbonate and sub-
sequent chemical transformation synthesize enantio - enriched ( S ) - 2 - amino - 4,4,4 - trifl uoro-
butanoic acid  22   [16] . Both enantiomers of  20  and  22  were prepared in a similar manner 
from (2 R ,3 S ) - diol of  17 .    

 Scheme 9.2      

 Scheme 9.3      
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 Scheme 9.4      

 Scheme 9.5     

  9.2.1.3   Asymmetric Alkylation 

 Asymmetric alkylation of imines has been employed most frequently for the construction 
of chiral amino moieties involved in the syntheses of nitrogen heterocycles and amino 
acids  [17] . This approach is also useful for fl uorinated amino acid synthesis as shown in 
Scheme  9.7 . Mannich reaction of enolate with imino ester  23  in the presence of L - proline 
gives  α  - amino esters  24  and  25  enantio - and diastereoselectively  [18] .   

 Asymmetric alkylation of  N  - protected glycine ester  26  under phase - transfer catalysis 
conditions is the well - known method for the syntheses of  α  - amino acids  [19] . Scheme 
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 9.8  shows two examples: one is synthesis of fl uorinated phenylalanines in which ben-
zylation to  26  proceeds in an excellent yield with almost perfect enantioselection under 
dimeric  Cinchona  alkaloid phase - transfer catalysis ( α , α  ′  - bis[ O (9) - allylcinchonidinum] -
  o,m , or  p  - xylene)  [20] ; the other is  S  N 2 ′  reaction of  26  with  29 , which provides  30  with 
moderate to good enantioselectivity  [21] . Diastereoselective synthesis of fl uorinated amino 
acids using 2 - hydroxypinanone glycine Schiff base is described in section  9.2 .     

 Scheme 9.6      

 Scheme 9.7      
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 Scheme 9.8      

 Scheme 9.9      

  9.2.2   Chiral Transposition 

 Both enantiomers of  α  - phenethyl amines have most frequently been used as one of the 
easily available and economically feasible chiral auxiliaries for diastereoselective synthe-
ses. Soloshonok developed a useful 1,3 - proton shift methodology in which chirality is 
transposed concertedly from  α  - phenethyl amines to newly formed trifl uoromethyl amines. 
This protocol is applicable for enantio - enriched amino acid synthesis, as shown in Scheme 
 9.9   [22] . The driving force for the proton shift is the thermodynamically lower stability 
of trifl uoromethyl imine  32  than that of phenyl imine  33   [23] . Ketones and imines with a 
strongly electron - withdrawing  α  - substituent such as the trifl uoromethyl group are, in 
general, unstable and are transformed to the corresponding hydrate as a stable form on 
exposure to water. The Schiff base of trifl uoropyruvate  35  readily undergoes 1,3 - proton 
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shift with Et 3 N, but trifl uoroalanine derivative  36  was racemic. This undesired stereo-
chemical outcome would arise from facile racemization of  36  under the reaction conditions 
due to the higher acidity of the methine proton of  36  than that of  33   [24] .    

  9.2.3   Introduction of Fluorine Functionality into Nonfl uorinated 
Chiral Building Blocks 

  9.2.3.1   Introduction of Chirality by Stereospecifi c Nucleophilic Substitution 

 Stereospecifi c nucleophilic substitution of a chiral  sec  - hydroxyl group is sometimes reli-
able when the hydroxyl group is preactivated by a strongly electron - withdrawing group. 
Some examples are shown in Schemes  9.10 ,  9.11 , and  9.12 .  sec  - Trifl uoromethanesulfonate 
derived from  38  undergoes stereospecifi c S N 2 reaction with sodium azide, affording  40 , 
which is subsequently transformed to difl uoroalanine derivative  41  (see Scheme  9.10 )  [25] . 
The carbomethoxy group of  42  is modifi ed to difl uoromethyl group of  43  via the formyl 
group so that  43  can be transformed into  44  in a similar manner  [25] .   

 The hydroxyl group of  sec  - alcohols is, in general, replaced with a fl uorine atom ste-
reospecifi cally (inversion) by reaction with DAST  [26] . Thus, the hydroxyl group of  45  
can be replaced stereospecifi cally with fl uorine by morpho - DAST to give (4 S ) - fl uoropro-
line ester  46  (see Scheme  9.11 )  [27] . Its enantiomer (4 R ) - fl uoroproline, a mimic of (4 R ) -
 hydroxyproline, which controls the thermal stability of the collagen - like triple - helical 
structure  [28] , is also prepared in a similar manner (79%)  [27] . 

 Stereospecifi c nucleophilic substitution of the hydroxyl group of  sec  - trifl uorometh-
ylalcohol  47  with carbon nucleophiles has been a subject of active investigation; however, 
until now no successful result has been reported, although the  S  N 2 reaction of  47  with 
some heteroatom nucleophiles is known  [29] . 

 Konno  et al.  demonstrated that palladium catalysis accelerates the formal stereospe-
cifi c replacement of the  sec  - MsO group in  48  with a carbon nucleophile generated from  N  -
 Boc - glycine  49  to give trifl uoromethylated amino acid derivatives  50  (see Scheme  9.12 ) 
 [30] .    

 Scheme 9.10      
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 Scheme 9.11      

 Scheme 9.12      

  9.2.3.2   Introduction of Fluorine Functionality into Nonfl uorinated Chiral 
Building Blocks 

 ( R ) - Isopropylideneglyceraldehyde, Garner ’ s aldehyde, ( S ) - serine, and L - proline have been 
most frequently employed as starting chiral building blocks. A fl uorine functionality is 
introduced into the building blocks and the subsequent chemical modifi cation of fl uori-
nated chiral synthetic intermediates leads to syntheses of enantiomerically pure or enriched 
fl uorinated amino acids as a fi nal product. Examples of the syntheses from ( R ) - isopropyli-
deneglyceraldehyde ( 51 ), Garner ’ s aldehyde ( 52 ), ( S ) - serine ( 53 ), and proline are shown 
in Schemes  9.13 – 9.18 .   

 A fi ve - step chemical modifi cation of  51  gives  N , O  - protected  α  - amino -  α  ′  - hydroxy-
ketone  54 . Difl uorination of the ketone  54  at the carbonyl carbon with morpho - DAST 
followed by conventional chemical modifi cation results in the synthesis of  β  - amino -  α , α  -
 difl uorocarboxylic acid  55  (see Scheme  9.13 )  [31] . Enantiomerically pure 5,5,5,5 ′ ,5 ′ ,5 ′  -
 hexafl uoroleucine  57  is effi ciently synthesized from Garner ’ s aldehyde  52  as shown in 
Scheme  9.14   [32] . Triphenylphosphine - induced reductive coupling of  52  with hexafl uo-
rothioacetone produces  56  in an excellent yield, which is conventionally transformed to 
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 57 . Reformatzky reaction of  52  followed by radical - initiated reductive hydrogenation of 
the hydroxyl group in  58  via a thiocarbamate intermediate provides  59 . The usual chemical 
modifi cation of  59  produces enantiomerically pure 4,4 - difl uoroglutamine  60  (see Scheme 
 15 )  [33] . 

 The hydroxyl group in serine  53  has a high potential for the various modifi cations in 
the synthesis of  β  - substituted  α  - amino acids. One example is shown in Scheme  9.16 , in 
which the C – O bond on C - 3 in serine  53  was at fi rst converted into a C – I bond and then 
into a C – C bond. The overall transformation from serine  53  via  62  and  63  leads to the 
synthesis of hexafl uoroleucine  64   [34] . L - Serine was also used for the synthesis of enan-
tiomerically pure 4,4 - difl uoroglutamic acid  66  (see Scheme  9.17 ), where the carboxyl 
group in  53  was protected as an orthoester  65  and a difl uoromethylene moiety was sup-
plied from bromodifl uoroacetate via Reformatzky reaction  [35] . Interestingly, aldehyde  67  
 [36] , readily prepared from L - serine, couples with 1,1 - bis( N , N  - dimethylamino) - 2,2 - difl uo-
roethene  68  at room temperature to give adduct  69  as the sole stereoisomer. A bulky  N  -
 protecting group (PhFI) effectively controls approach of nucleophile  68  to the hindered 
carbonyl group of  67 . 

 Scheme 9.13      

 Scheme 9.14      
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 Scheme 9.15      

 Scheme 9.16      

 Pyroglutaminol  70  is easily available from L - glutamic acid and is useful for amino 
acid synthesis as a functionalized chiral building block related to proline. Active methylene 
hydrogens are readily replaced with fl uorine step - by - step via monofl uoride by electrophilic 
fl uorinating reagents such as  N  - fl uorosulfone imines and  N  - fl uoroammonium salts like 
Selectfl or  [37] . Thus, 4, 4 - difl uoroglutamic acid  71  was successfully synthesized from the 
readily available bicyclolactam  72   [38] . This synthesis involves electrophilic difl uorination 
as a key step. Meanwhile, oxidation of 7 4  to  75  was found to be diffi cult due to the lower 
reactivity of the methylene group inactivated by the electron - withdrawing effect of the 
difl uoromethylene group (see Scheme  9.18 ). 

 The commercially available lactam  76  is usable for amino acid synthesis as a chiral 
cyclic building block. 4 - Fluoro -  and 4,4 - difl uoro - 3 - aminocyclopentane carboxylic acids 
 79  and  81 , potential inhibitors of  γ  - aminobutanoic acid (GABA) aminotransferase, were 
synthesized as shown in Scheme  9.19   [39] . In this process, replacement of hydroxyl or 
carbonyl groups with fl uorine was achieved by the use of DAST. Interestingly, the stereo-
chemistry in substitution with DAST is retained  [40] , although it is by inversion in most 
cases  [26] . Hydrolysis of  78  gave  80 .     
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 Scheme 9.17      

 Scheme 9.18      
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  9.2.4   Modifi cation of Chiral Fluorinated Building Block 
( S ) - Trifl uoropropene Oxide 

 ( S ) - Trifl uoropropene oxide (75% ee)  [41]  is commercially available. Both enantiomers are 
readily prepared from racemic TFPO by Jacobsen ’ s co - catalyzed enantioselective ring 
opening reaction  [42] . The enantiomerically pure aziridine  83  is prepared from  82  by ring 
opening with amine and recyclization with inversion of stereochemistry  [43] . Carboben-
zyloxylation of  83  was achieved via lithiation followed by alkylation with benzyl chloro-
formate with complete retention of confi guration  [44] . Ring opening of  84  with 
( S ) - 1 - phenethylamine provided  85  (see Scheme  9.20 ).    

  9.2.5   Enzymatic Resolution of Racemic Fluorinated Building Blocks 

 Both enzymatic esterifi cation and hydrolysis are useful tools for resolution of racemic 
fl uorinated building blocks. Among them, lipase - catalyzed reaction is reliable and most 

 Scheme 9.19      

 Scheme 9.20      
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frequently used. Difl uorocyclopropane diol  86  is resolved by lipase (Amano - PS) - catalyzed 
esterifi cation to give  87  in excellent yield and enantioselectivity. Further conventional 
chemical transformation of  87  leads to enantiomerically pure difl uorocyclopropane amino 
acid  90  (see Scheme  9.21 )  [45] . In relation to the biologically active 1 - aminocyclopropane -
 1 - carboxylic acid, several related fl uorinated cyclopropane carboxylic acids  91  –  93  have 
been synthesized.   

 Starting from ethyl 4, 4, 4 - trifl uorocrotonate, racemic aziridine carboxylic acid  96  
was prepared as shown in Scheme  9.22   [46]  and was then subjected to lipase - catalyzed 
esterifi cation. Methyl ester  97  was obtained in 35% yield with excellent enantiomeric 
purity. Acid - catalyzed ring opening of aziridine  97  proceeded regio -  and stereoselectively, 
affording 2 - substituted (2 R ,3 R ) -  or (2 R ,3 S ) - 3 - amino - 4,4,4 - trifl uorobutanoates  98  in high 
yields  [47] .   

 Scheme 9.21      

 Scheme 9.22      
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 Likewise, lipase - catalyzed hydrolysis of racemic lactam  99  gave both  100  and  101  
in almost enantiomerically pure form (see Scheme  9.23 ). Conventional chemical conver-
sion of the isobutenyl moiety of  101  to difl uoromethyl and trifl uoromethyl groups provided 
lactams  103  and  104 , which were further transformed to dipeptide  106  by ring - opening 
coupling with amino esters  [48] .     

  9.3   Diastereoselective Synthesis of Fluorinated Amino Acids 

  9.3.1   Chiral Auxiliary Approach 

 Easy availability, high diastereoselection, and removal under mild conditions are essential 
for auxiliaries that are feasible for synthetic organic chemistry. Very few chiral fl uorinated 
building blocks are commercially available, so that highly diastereoselective fl uoro - 
functionalization of nonfl uorinated building blocks bearing a chiral auxiliary is useful for 
the synthesis of desired target fl uorinated amino acids. Chiral auxiliaries often used for 
the synthesis of enantiomerically pure or enriched amino acids that appeared in references 
published since 2000 are summarized in Figure  9.1 .   

  9.3.1.1   (  S  ) -  and (  R  ) - 1 - Phenylethylamines and Their Related Amines as Auxiliaries 

 ( S ) -  and ( R ) - 1 - Phenylethylamines and the related 2 - hydroxy -  and 2 - methoxyamines are 
the most available and economically feasible auxiliaries and are frequently used as their 

 Scheme 9.23      
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aldimines and ketoimines bearing a fl uorine - functionality. The corresponding aldimine  113  
of trifl uoroacetaldehyde undergoes cycloaddition or electrophilic addition with nucleo-
philes. Cycloaddition of  113  with ketene provides highly enantiomerically enriched tri-
fl uoromethylated lactams  114  and  115 , although diastereoselectivity is poor  [49] . The 
lactams are transformed into  syn  - 2 - hydroxy - 3 - aminobutanoates  116  and  117 , respectively 
(see Scheme  9.24 ).   

 Figure 9.1     Chiral auxiliary approach. The dotted lines indicate the point of removal of the 
chiral auxiliary. 

 Scheme 9.24      
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 Likewise, imine  118  was transformd into  120 , a mimic of a conformationally rigid 
glutamic acid, via cyanide  119  (see Scheme  9.25 )  [50] . 1 - Phenyl - 1,1 - difl uoroacetaldehyde 
imine  121  was also used as a precursor of 3,3 - difl uorophenylalanine  123  via cyanide  122 , 
but no diastereoselectivity was observed in the cyanation step (see Scheme  9.26 )  [51] .   

 The 2 - methoxy group of 2 - methoxy - 1 - phenylethylamine sometimes plays an impor-
tant role in diastereoselection. Thus, imine  125  (X   =   OMe), which is prepared convention-
ally from imidoyl chloride  124 , undergoes allylation with allylzinc reagent in a 
diastereoselective manner ( > 98% de), affording  126  in a high yield. On the other hand, 
nonmethoxylated imine  125  (X   =   H) gives the product with a poor diastereoselectivity 
(40% de) (see Scheme  9.27 ). The methoxy group will chelate with the zinc atom tightly, 
making the transition state  127  favorable for the stereo - controlled allylation  [52, 53] . 
However, the effect of the stereoselectivity enhancement by the methoxy group is not 
necessarily applicable for the stereochemical outcome of the Strecker - type cyanation of 

 Scheme 9.25      

 Scheme 9.26      
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the Schiff base of  N  - (1 - phenyl - 2 - methoxyethyl)amine with trifl uoromethyl ketones since 
the reaction of the Schiff base with TMS - cyanide is strongly affected not only by substitu-
ent (X) but also by Lewis acid  [54] . Grubbs ’  ring - closing metathesis (RCM) of  126  leads 
to cyclohexene skeleton  128 , which is fi nally converted to 1 - amino - 6,6 - difl uorocyclohex-
ane - 1 - carboxylic acid  129 . Fluoride ion - promoted desilylation is useful for the deprotec-
tion of the trimethylsilylethyl group (TMSE) from 2 - (trimethylsilyl)ethyl carboxylate  128  
under mild conditions.    

  9.3.1.2   Chiral Oxazolidines as Auxiliaries 

 Oxazolidine  130  is a masked aldimine bearing a chiral  N  - (2 - hydroxy - 1 - phenyl)ethyl 
moiety and is readily available from ( R ) - phenylglycinol. Mannich reaction of  130  with 
Reformatsky reagent of ethyl bromodifl uoroacetate produces difl uorolactam  131  in high 
diastereoselectivity, which is then transformed to enantio - enriched ( S ) - 3 - amino - 2,2 - 
difl uoro - 3 - phenylpropanoic acid  133  (see Scheme  9.28 )  [55] .   

 Oxazolidine  134  is a masked trifl uoroacetaldehyde imine that generates  in situ  the 
corresponding imine  135  under Lewis acid catalysis conditions. Lewis acid - catalyzed 
reactions of  134  with TMS - cyanide and ketene silylacetal provide adducts  136  in high 
yields with good diastereoselectivities (see Scheme  9.29 )  [56] . Conventional chemical 
transformation of  137  produces 3 - amino - 4,4,4 - trifl uorobutanoic acid  138 . Similarly, tri-
fl uoroacetone oxazolidine  139  is used for the synthesis of 2 - trifl uoromethylalanine  142  

 Scheme 9.27      
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via  141 . The stereochemistry of C - 2 in  139  does not affect diastereoselectivity in cyanation 
to ketimine  140  (see Scheme  9.30 )  [54] .   

 Oxazolidine  144  obtained from amino alcohol  143  and ethyl trifl uoropyruvate is also 
a synthetic intermediate for 2 - amino - 2 - trifl uoromethylpentanoic acid  145 . Lewis acid -
 catalyzed allylation of  144  with allyl silane occurs in excellent yield with a moderate ste-
reoselectivity. Meanwhile,  O  -  tert  - butyldimethylsilyl - protected imine  146  gives better 
diastereoselectivity although yield is poor (see Scheme  9.31 )  [57] .   

 A 1 - phenylethylamino moiety is used for diastereomeric control not only in addition 
of nucleophiles to  N  - (1 - phenylethyl)imines but also in diasteroselective Michael addition 
to  α , β  - unsaturated esters. Thus, lithium  N  - (1 - phenylethyl) -  N  - benzylamide  148  is employed 
for a one - pot tandem Michael addition - fl uorination reaction (see Scheme  9.32 )  [58] . The 
reaction provides  anti  - 3 - amino - 2 - fl uoroesters  149  exclusively, whose diastereoselectivi-
ties (64 – 66% de) to the chiral carbon of the 1 - phenylethyl - group are good enough.    

  9.3.1.3   (2  R  ) - Bornane - 10,2 - sultam as an Auxiliary 

 Oppolzer ’ s (2 R ) - bornane - 10,2 - sultam  150  is a good auxiliary that transmits its chirality 
to the  α  - carbon of an amide. The reaction of lithium enolate of  151  with the corresponding 

 Scheme 9.28      

 Scheme 9.29      
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 Scheme 9.30      

 Scheme 9.31      

propargyl bromide affords  152  with excellent diastereoselectivity (see Scheme  9.33 )  [59] . 
The subsequent reactions starting from  151   –  hydrostannylation, iodine – tin exchange, and 
Pd - catalyzed Suzuki – Miyaura coupling with aryl borane of  151   –  furnish a total synthesis 
of  153 , 5,5 - diaryl - 2 - amino - 4 - pentenoate, a novel class of biologically active molecules 
targeted toward the recently cloned glycine reuptake transport system.   

 The radical perfl uoroalkyl - iodination reaction of  α , β  - unsaturated lactam  154  pro-
ceeds diastereoselectively. The stereospecifi c azide formation and subsequent chemical 
transformation of the ( R ) - isomer result in the synthesis of a series of perfl uoroalkylated 
 α  - amino acids  156  (see Scheme  9.34 )  [60] .    
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 Scheme 9.32      

 Scheme 9.33      

 Scheme 9.34      
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  9.3.1.4   2 - Hydroxy - 3 - Pinanone as an Auxiliary 

 Alkylation of the Schiff base of glycine with 2 - hydroxy - 3 - pinanone proceeds in an 
extremely diastereoselective manner. Thus, fl uoro - functionalization on the  α  - carbon of 
the Schiff base followed by hydrolysis provides fl uorinated  α  - amino acids in a highly 
enantiomerically enriched form. 2 - Fluoroethylation and 2 - fl uoroallylation of  157  (see 
Scheme  9.35 ) and bromodifl uoromethylation of  161  (see Scheme  9.36 ) give the desired 
adducts  158  and  162 , respectively, with excellent diastereoselectivities. Lithium enolate 
dimer  160  has been proposed as a reactive intermediate for the stereocontrolled alkylation 
 [61] . The adducts  158  and  162  were transformed to 4 - fl uoro - 2 - amino acids ( > 96% ee)  159  
 [61]  and 3,3 - difl uoroglutamine  164   [62] , respectively.    

 Scheme 9.35      

 Scheme 9.36      
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 Scheme 9.37      

  9.3.1.5   Oxazolidinone as an Auxiliary 

 4 - Substituted 2 - oxazolidones  165  are useful chiral auxiliaries for diastereoselective func-
tionalization at the  α  - carbon of their amide carbonyl group. The  α  - fl uoroaldehydes  166  were 
prepared by a series of reactions: electrophilic fl uorination of the corresponding oxazolidi-
none sodium enolates with  N  - fl uorobenzenesulfonimine; reductive removal of the auxiliary 
with LiBH 4 ; and Dess – Martin oxidation. The aldehydes are so unstable for isolation that they 
are converted with ( R ) -  p  - toluenesulfi namide to  p  - toluenesulfi nimines  167 , which are isol-
able and satisfactorily enantio - enriched. Chiral sulfi nimine - mediated diastereoselective 
Strecker cyanation with aluminum cyanide provided cyanides  168  in excellent diastereose-
lectivity, which were fi nally derived to 3 - fl uoroamino acids  169  (see Scheme  9.37 )  [63] .   

 Diastereoslective Michael addition of the amino group in the polymer - supported 
amino ester  171  to 4,4,4 - trifl uorocrotonamide  170  is another application of 4 - substituted 
2 - oxazolidone for fl uoroamino acid synthesis (see Scheme  9.38 )  [64] .    

  9.3.1.6   Chiral Sulfi namides as Auxiliaries 

 Both ( S ) -  p  - toluenesulfi namide  174   [65]  and ( R ) -  tert  - butylsulfi namide  182  (see Scheme 
 9.41 )  [66]  are used for amino acid synthesis. Diastereoselective alkylation to their imines 
is a key reaction for the creation of chiral amines. 

 Sulfi mines  175  are obtained in excellent yield by Staudinger condensation of sulfi n-
amide  174  with trifl uoropyruvates. In contrast, and quite surprisingly, the Staudinger 
reaction of  tert  - butylsulfi namide  182  with the pyruvates under the same conditions does 
not work. Sulfi mines  175  are alkylated with Grignard reagents in good yields but with 
poor to moderate diastereoselectivities (see Scheme  9.39 )  [67] .   

 Meanwhile, Reformatsky reaction of sulfi nimines  178  with bromodifl uoroacetate 
provides the adducts in excellent diastereoselectivities (see Scheme  9.40 )  [68] . The ste-
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 Scheme 9.38      

 Scheme 9.39      

reochemistry of ( S ) at C - 3 and the high diastereoselectivity arise from the six - membered 
transition state shown in  181 . The same reaction with the corresponding nonfl uorinated 
Reformatsky reagent (bromoacetate) provides 3 - aminoester with ( R ) - confi guration at C - 3 
for  179b  (R   =   aryl, 76%, 94% de), demonstrating that the fl uorine atoms of Reformatsky 
reagent have no effect on the stereochemical outcome of the C – C bond formation. The 
acid - catalyzed hydrolysis of the sulfi namide  179a  produces enantiomerically enriched 3 -
 amino - 2,2 - difl uorocarboxylates  180   [68] .   

 Likewise,  tert  - butylsulfi namide is also used for highly stereocontrolled syntheses of 
3 - amino - 2,2 - difl uorocarboxylates  185  (see Scheme  9.41 ) [69]  and 2 - phenyl - 3,3,3 - trifl uo-
roalanine  189  (see Scheme  9.42 )  [70] . Surprisingly, solvent is signifi cantly effective for 
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 Scheme 9.40      

 Scheme 9.41      

the stereochemical outcome in the Strecker - type cyanation of  187  (see Scheme  9.42 ). The 
use of ( R ) - sulfi namide provides the cyanide  191  with an opposite stereochemistry. Acid -
 catalyzed hydrolysis of sulfi namides  184  and  188  generates amines  185  and  189 , respec-
tively. The difl uoroamino acid  185  is incorporated into oligopeptide  186 .    

  9.3.1.7   Optically Active Aryl Methyl Sulfoxide 

 The optically active arylsulfi nylmethylene moiety plays two important roles in asymmetric 
synthesis of optically active amino acids: one is as chiral auxiliary, and the other is as 
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synthon for the hydroxymethyl group. The arylsulfi nylmethylene moiety is introduced to, 
for example, acyl halides, imines, and imidoyl halides by diastereoselective nucleophilic 
addition of arylsulfi nylmethyl lithium. Then, nonoxidative desulfi nylation followed by 
oxidation or conventional desulfi nylation leads to the synthesis of enantio - enriched amino 
acids (see Scheme  9.43 ).   

 A typical example is shown in Scheme  9.44 . Arylsulfi nylmethyl lithium is 
introduced diastereoselectively to imine  193  to give  194 . Then, enantio - enriched 

 Scheme 9.42      

 Scheme 9.43      

 Scheme 9.44      
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 Scheme 9.45      

 Scheme 9.46      

2 - trifl uoromethylalanine  195  is synthesized, where arylsulfi nyl group is transformed to a 
methyl group  [71] .   

 Another example is shown in Scheme  9.45 , in which arylsulfi nylmethyl lithium 
couples with polyfl uoroalkylimidoyl chlorides  197 . Diastereoselective reduction of imine 
 198  to amine  199  followed by nonoxidative desulfi nylative hydroxylation and oxidation 
of hydroxymethyl group provides trifl uoro -  and difl uoroalanines  202  (see Scheme  9.45 ) 
 [72] . The same protocol is applicable for the synthesis of 3,3 - difl uorocyclic amino acids 
 208  (see Scheme  9.46 )  [72, 73] . The borohydride reduction of sulfi nylimine  204  proceeds 
with almost complete diastereoselectivity ( > 98% de). The conventional chemical modifi -
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cation and Grubbs ’  RCM afford bicyclooxazolidone  207 , which is fi nally transformd to 
 208 . Starting from sulfi nylketone  209 , enantiomerically pure difl uoroalanine  213  is syn-
thesized by the same sequence of reactions as shown in Scheme  9.47   [74] . Stereospecifi c 
nucleophilic substitution of the hydroxyl group in sulfi nyl alcohol  214   [75]  with azide ion 
and subsequent reduction of the azide group with thiol gave sulfi nyl amine  216 . The non-
oxidative desulfi nylation followed by oxidation of the hydroxymethyl group afforded 
monofl uoroalanine  218  (see Scheme  9.48 )  [76] .    

  9.3.1.8   Menthyl Group as a Chiral Auxiliary 

 The menthyl group has often been employed as an easily available chiral auxiliary. 
8 - Phenylmenthyl 2 - amino - 3,3 - difl uorocyclopentenecarboxylate  222  prepared from  219  
via  221  was hydrogenated diastereoselectively to form  cis  - 2 - aminocarboxylate  223  
(see Scheme  9.49 )  [77] . The higher diastereoselectivity induced by the 8 - phenylmenthyl 
group was also observed in ZnI 2  - catalyzed NaBH 4  reduction of open - chain  β  - amino -  α , β  -
 unsaturated esters  224 . In contrast, the unsubstituted menthyl ester was reduced with no 
practical diastereoselectivity (see table in Scheme  9.49 ).   

 Scheme 9.47      

 Scheme 9.48      



240 Fluorine in Medicinal Chemistry and Chemical Biology

 A similar approach was employed for the synthesis of racemic  m    =   1 and higher 
members of cyclic  β  - amino esters  229  starting from  227  (see Scheme  9.50 )  [78] .   

 The oxazoline moiety is a masked carboxyl group. A chiral oxazoline moiety attached 
to enamine  230  confers chirality to the double bond on reduction. Separation of the dia-
stereomers followed by hydrolysis of the oxazoline moiety provide 3 - amino - 4,4 - difl uoro -  
or 3 - amino - 4,4,4 - trifl uorobutanoates  233  in enantiomerically pure forms (see Scheme 
 9.51 )  [79] .     

 Scheme 9.49      

 Scheme 9.50      
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  9.3.2   Building Blocks 

 Chiral fl uorinated building blocks are in general less readily available, so that fl uoro - 
functionalization of available chiral building blocks is one feasible approach for the 
asymmetric synthesis of fl uorinated amino acids (see Fig.  9.2 ).   

 Scheme 9.51      

 Figure 9.2     Chiral building block approach. 

  9.3.2.1   Garner ’ s Aldehyde 

 Garner ’ s aldehyde is readily available from serine. Synthetic processes so far reported for 
fl uoroamino acids mostly consist of (1) fl uoro - functionalization of the Garner ’ s aldehyde 
at the formyl group, (2) acid - catalyzed hydrolytic opening of the oxazoline ring, and (3) 
oxidation of the hydroxymethyl group to a carboxyl group. Reaction of  234  with ethyl 2 -
 fl uoro - 2 - phosphonoacetate followed by diastereoselective hydrogenation of  235  provides 
monofl uoroester  236 . A sequence of reactions  –  condensation of  236  with nitromethane, 
catalytic reduction of  237a , reaction of  237b  with acetimidate, and transformation of the 
oxazoline ring to an  α  - aminocarboxyl moiety  –  synthesize 4 - fl uoro - L - lysine  238  (see 
Scheme  9.52 )  [80] . 4,4 - Difl uoroglutamine  242  is synthesized similarly (see Scheme  9.53 ) 
 [81] .   

 The aldehyde  234  is also applicable for construction of the proline skeleton. The 
oxazoline moiety of  234  was transferred to the N - CHCO 2 H moiety of the prolines  249 , 
the trifl uoromethyl group of which was introduced by cross - coupling of bromide  244  with 
trifl uoromethyl copper reagent (see Scheme  9.54 )  [82] .    
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 Scheme 9.52      

 Scheme 9.53      

  9.3.2.2   (  R  ) - 2,3 -   O   - Isopropylideneglyceraldehyde 

 ( R ) - 2,3 -  O  - Isopropylideneglyceraldehyde  250  (see Scheme  9.55 ) is also one of the most 
readily available chiral building blocks for amino acid synthesis. Here again, a similar 
sequence to that with Garner ’ s aldehyde is used: fl uoro - functionalization at the formyl 
group and oxidation to carboxyl group of either the secondary or the primary hydroxyl 
group involved in the masked glyceraldehydes  250 . The Mitsunobu protocol for transfor-
mation of a hydroxyl group to an amino group is used as a key reaction for synthesis of 
fl uorinated amino acids  [83] .   

 In the synthesis of 3 - fl uoroamino acid  256  (Scheme  9.55 ), fl uorination of alcohol  251  
(R 2    =   H) with morpho - DAST afforded the desired alcohol only in low yield (10 – 25%). 
The same reaction of trimethylsilyl ether  251  (R 2    =   TMS) improved the yield (50%). The 
Mitsunobu amination of the secondary hydroxyl group in  254  successfully gives  255  in 
89% yield. Starting from  250 , several fl uorinated  α  -  and  β  - amino acids  257  –  259  have 
been prepared  [31] . 
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 Scheme 9.54      

 Scheme 9.55      
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 The benzyl imine  260  of aldehyde  250  is an excellent building block for the synthesis 
of enantiomerically pure trifl uoromethylated isoleucine  264  and valine  265  (see Scheme 
 9.56 ). The In - mediated alkylation of imine  260  with 4,4,4 - trifl uorocrotyl bromide in DMF 
proceeds with excellent diastereoselectivity ( > 95% de), affording  261 . In contrast, poor 
diastereoselectivity (20% de) is obtained in the same In - mediated aldol reaction of alde-
hyde  250 . The transition state structure  263  is proposed to explain the exclusive stereo-
control  [84] .    

  9.3.2.3   Proline Derivatives 

 Diastereoselective fl uoro - functionalization of proline derivatives produces fl uorinated pro-
lines. Both enantiomerically pure 4 - trifl uoromethyl and 4 - difl uoromethyl prolines  268  and 
 270  have been prepared (see Scheme  9.57 )  [85] . The key reaction for the stereo - controlled 
synthesis is diastereoselective Pd - catalyzed hydrogenation of  267  and  269 .   

 Nickel(II) complex  271  of the Schiff bases of glycine with  o  - [ N  -  α  - pycolylamine]be
nzophenone plays two roles in stereocontrolled C – C bond formation; an excellent chiral 
auxiliary and a building block. Its diastereoselective Michael addition to  272  occurs 
cleanly at the  α  - position of the glycine moiety, affording  273  almost quantitatively. The 
adduct  273  is hydrolyzed by acid - catalysis to give  274 , which is then cyclized to pyroglu-
tamic acid  275   [86] . During the two hydrolysis steps, both  o  - [ N  -  α  - pycolylamine]benzoph
enone and ( S ) - 5 - phenyl - 2 - oxazolidone can be recovered for recycling (see Scheme 
 9.58 ).     

  9.3.3   Other Diastereoselective Syntheses 

 Other interesting diastereoselective syntheses of fl uorinated amino acids are briefl y sum-
marized in this section. 

 Tandem alkene metathesis – intramolecular Michael addition of ( R ) - amine  276  pro-
ceeds diastereoselectively, providing pyrrolidines  278  and  279 . These pyrrolidines can be 

 Scheme 9.56      
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 Scheme 9.57      

 Scheme 9.58      

promising precursors of 5 - CF 3  - prolines and the related amino acids (see Scheme  9.59 ) 
 [87] .   

 Introduction of a trifl uoroethyl group at the  α  - carbon of the nitro group of  280  by a 
sequence of reactions  –  (1,5 - diazabicyclo[4.3.0]non - 5 - ene) (DBU) - catalyzed alkylation 
with trifl uoroacetaldehyde hemiacetal in MeCN, dehydration with acetic anhydride – pyri-
dine, and reduction of the C – C double bond with NaBH 4   –  produces  281 . 6 - Trifl uoroethyl -
  l  - lysine  282  can be prepared from  281  (see Scheme  9.60 )  [88] .   

 Diastereoselective fl uorination of enolate  283 , subsequent epoxidation of  284 , and 
separation of diastereomers provide  285 . Activation of epoxy - oxygen with Et 2 AlCl 
and deprotonation from the CHF group in  285  with LDA induces stereospecifi c 



246 Fluorine in Medicinal Chemistry and Chemical Biology

cyclopropanation, affording bicyclo product  286 , which is further transformed to bicyclic 
 α  - amino acid  287  (see Scheme  9.61 )  [89] .     

  9.4   Racemic Amino Acids 

 In this section, recent advances in the syntheses of racemic fl uorinated amino acids and 
the related peptides that involve conceptually new synthetic designs are briefl y 
summarized. 

 Base - catalyzed deprotonation – alkylation of trifl uoroalanine is not easy because  α  -
 trifl uoromethylated carbanions readily undergo defl uorination in general  [90] . Therefore, 
 α  - alkylated trifl uoroalanines have been prepared either by alkylation of imines obtained 
from trifl uoropyruvates  [54, 57] or by Strecker cyanation  [56]  to trifl uoroketimines fol-

 Scheme 9.59      

 Scheme 9.60      
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lowed by hydrolysis.  π  - Allyl palladium  291  is strongly electrophilic, so that it can trap 
the enolate of  288  to give  α  - allylated trifl uoroalanine  290  in excellent yields (see Scheme 
 9.62 )  [91] .   

 Stereospecifi c nucleophilic substitution of the hydroxyl group in  sec  - trifl uoromethyl 
alcohols with nucleophiles is one of the promising approaches for synthesis of optically 
active trifl uoromethylated tertiary carbon skeletons, since enantiomerically enriched  sec  -
 trifl uoromethylalcohols are readily available  [92] . However, the S N 2 reaction with carbon 
nucleophiles has never been developed, although the reactions with heteroatom nucleo-
philes are known  [92] . Only the intramolecular stereospecifi c cyclopropanation has been 
employed for the syntheses of racemic trifl uoromethylated coronamic acids  294  and  297 , 
as shown in Scheme  9.63   [93] . It is noteworthy that the stereochemistry for the cyclopro-
panation is governed by electrostatic repulsion between the trifl uoromethyl group and the 
electronic charge on  ortho  - positions in the aryl group rather than by steric repulsion 
between the two substituents  [94] .   

 Scheme 9.61      

 Scheme 9.62      
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 Imines  299  of trifl uoropyruvates are so strongly electrophilic that they undergo spon-
taneous ene - type carbon – carbon bond formation between  298  and  299  on their being 
mixed, as shown in Scheme  9.64 .  α  - Trifl uoromethylated tryptophan and its related amino 
esters  300  have been prepared (see Scheme  9.64 )  [95] .   

 Copper - catalyzed thermal reaction of diazo - trifl uoropyruvate  301  with aryl aldehydes 
in the presence of SbBu 3  provides alkenes  302 , which are transformed to racemic amino 
acids  304  (see Scheme  9.65 )  [96] . Antimony ylide  305  is proposed as an intermediate.   

 Dipeptides are mostly prepared by the condensation of two amino acids, in which a 
carboxyl group of one of the amino acids must be activated by condensation - promoting 
reagents. Noncondensation synthesis of trifl uoroalanine dipeptides is shown in Scheme 
 9.66   [97] . Pentafl uoroenamine  306  reacts with the amino group of amino esters in DMF 
at 0    ° C within 1 hour, affording trifl uoroalanine dipeptides in a one - pot synthesis. The 
overall reactions involve addition of amino ester to  306 , dehydrofl uorination of  308 , and 
acid - catalyzed hydrolysis of imidoylfl uorides  309 . Enamine  306  is readily prepared in 95% 
yield by magnesium - promoted defl uorination of the corresponding hexafl uoroacetone 
imine. Enamine  306  is strongly electrophilic and reacts spontaneously with even a weak 
nucleophile such as an amino ester due to the electron - withdrawing nature of both CF 2  
and CF 3  groups  [98]  and is highly chemoselective since it accepts the amino group of 

 Scheme 9.63      

 Scheme 9.64      
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serine and tyrosine without protecting the hydroxyl group. The same protocol is applicable 
for the synthesis of difl uoroproline dipeptides of  312  from  310   [99] .    

  9.5   Conclusions 

 Recent advances in the syntheses of fl uorinated amino acids have been summarized on 
the basis of the strategies for creating chiral centers in target amino acids: (1) enantioselec-
tive, (2) diastereoselective, and (3) racemic syntheses. Remarkable progress in fl uorinating 
reagents and fl uoro - functionalization methodologies; the commercial availability of 

 Scheme 9.65      

 Scheme 9.66      
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fl uorinated building blocks; and easy accessibility of computer - based information on the 
chemistry and science of organofl uorine compounds along with the well - collected and 
well - arranged reference books recently published  [100]   –  all of these increase the potential 
for synthesis of desirable fl uorinated amino acids.  

  References 

  (a)   Babu ,  I. R.  ,   Hamill ,  E. K.   and   Kumar ,  K.   ( 2004 )  A highly stereospecifi c and effi cient syn-
thesis of homopentafl uorophenylalanine .  J. Org. Chem. ,  69 ,  5468  –  5470 ;   (b)   Wang ,  P.  ,   Tang , 
 Y.   and   Tirrell ,  D. A.    Incorporation of Trifl uoroisoleucine into proteins in vivo . ( 2003 )  J. Am. 
Chem. Soc. ,  125 ,  6900  –  6906 .  
  (a)   Soloshonok   V. A.   (ed.) ( 2005 )  Fluorine - containing amino acids and peptides: fl uorinated 
synthons for life sciences . in  Fluorine - containing Synthons ,   ACS Symposium Series   911  , 
 American Chemical Society ,  Washington, D.C. ;   (b)   Soloshonok ,  V. A.  ,   Mikami ,  K.  ,   Yamazaki , 
 T.  ,  et al.  (eds) ( 2006 )  New biological application , in  Current Fluoroorganic Chemistry ,   ACS 
Symposium Series   949  ,  American Chemical Society ,  Washington, D.C. ;   (c)   Filler ,  R.   and 
  Kobayashi ,  Y.   ( 1982 )  Biomedicinal Aspects of Fluorine Chemistry ,  Kodansha, Ltd. ,  Tokyo ; 
  (d)   Ishikawa ,  N.   (ed.) ( 1987 )  Synthesis and Speciality of Organofl uorine Compounds ,  CMC , 
 Tokyo ;   (e)   Ishikawa ,  N.   (ed.) ( 1990 )  Biologically Active Organofl uorine Compounds ,  CMC : 
 Tokyo ;   (f)   Welch ,  J. T.   and   Eswarakrishnan ,  S.   ( 1991 )  Fluorine in Bioorganic Chemistry ,  John 
Wiley & Sons, Inc .,  New York ;   (g)   Ojima ,  I.  ,   McCarthy ,  J. R.   and   Welch ,  J. T.   (eds) ( 1996 ) 
 Biomedical Frontiers of Fluorine Chemistry ,   ACS Symposium Series   639  ,  American Chemical 
Society ,  Washington, D.C.   
  (a)   Ondetti ,  M. A.  ;   Cushman ,  D. W.   and   Rubin ,  B.   ( 1977 )  Design of specifi c inhibitors of 
angiotensin - converting enzyme: new class of orally active antihypertensive agents .  Science , 
 196 ,  441  –  444 ;   (b)   Cushman ,  D. W.  ,   Cheung ,  H. S.  ,   Sabo ,  E. F.   and   Ondetti ,  M. A.   ( 1977 ) 
 Design of potent competitive inhibitors of angiotensin - converting enzyme. Carboxyalkanoyl 
and mercaptoalkanoyl amino acids .  Biochemistry ,  16 ,  5484  –  5491 ;   (c)   Kollonitsch ,  J.  ,   Perkins , 
 L. M.   and   Patchett ,  A. A.  ,  et al.  ( 1978 )  Selective inhibitors of biosynthesis of aminergic neu-
rotransmitters .  Nature ,  274 ,  906  –  908 .   (d)   Wyvratt ,  M. J.  ,   Tristram ,  E. W.  ,   Ikeler ,  T. J.  ,  et al.  
( 1984 )  Reductive amination of ethyl 2 - oxo - 4 - phenylbutanoate with  l  - alanyl -  l  - proline. Syn-
thesis of enalapril maleate .  J. Org. Chem. ,  49 ,  2816  –  2819 .  
    Kukhar ,  V. P.   and   Soloshonok ,  V. A.   ( 1995 )  Fluorine - Containing Amino Acids: Synthesis and 
Properties ,  John Wiley & Sons, Inc .,  New York .  
    Qiu ,  X. - L.  ,   Meng ,  W. - D.   and   Qing ,  F. - L.   ( 2004 )  Synthesis of fl uorinated amino acids .  Tetra-
hedron ,  60 ,  6711  –  6743 . This is the most up - to - date review on the synthesis of fl uorinated 
amino acids.  
  (a)   Liu ,  M.   and   Sibi ,  M. P.    Recent advances in the stereoselective synthesis of  β  - amino acids . 
( 2002 )  Tetrahedron ,  58 ,  7991  –  8035 ;   (b)   Ojima ,  I.  ,   Inoue ,  T.   and   Chakravarty ,  S.    Enantiopure 
fl uorine - containing taxoids: potent anticancer agents and versatile probes for biomedical prob-
lems . ( 1999 )  J. Fluorine Chem. ,  97 ,  3  –  10 ;   (c)   Uneyama ,  K.   ( 1999 )  Asymmetric synthesis of 
fl uoro - amino acids , in  Enantiocontrolled Synthesis of Fluoro - Organic Compounds  (ed.   V. A.  
 Soloshonok  ),  John Wiley & Sons, Ltd ,  Chichester , pp.  3914  –  3918 ;   (d)   Uneyama ,  K.  ,   Katagiri , 
 T.   and   Amii ,  H.    New approaches to stereoselective synthesis of fl uorinated amino acids . ( 2002 ) 
 J. Synth. Org. Chem. Jpn ,  60 ,  1069  –  1075 ;   (e)   Welch ,  J. T.    Tetrahedron report number 221, 
Advances in the Preparation of Biologically Active Organofl uorine Compounds . ( 1987 )  Tet-
rahedron ,  43 ,  3123  –  3197 .  

1.

2.

3.

4.

5.

6.



 Recent Advances in the Syntheses of Fluorinated Amino Acids 251

  (a)   Petasis ,  N. A.   and   Zavialov ,  I. A.   ( 1997 )  A new and practical synthesis of  α  - amino acids 
from alkenyl boronic acids .  J. Am. Chem. Soc. ,  119 ,  445  –  446 ;   (b)   Petasis ,  N. A.   and   Zavialov ,  I. 
A.   ( 1997 )  A new synthesis of  α  - arylglycines from aryl boronic acids .  Tetrahedron ,  53 ,  16463  –
  16470 ;   (c)   Petasis ,  N. A.   and   Zavialov ,  I. A.   ( 1998 )  Highly stereocontrolled one - step synthesis 
of  anti  -  β  - amino alcohols from organoboronic acids, amines, and  α  - hydroxy aldehydes .  J. Am. 
Chem. Soc. ,  120 ,  11798  –  11799 ;   (d)   Petasis ,  N. A.   and   Boral ,  A.   ( 2001 )  One - step three - compo-
nent reaction among organoboronic acids, amines and salicylaldehydes .  Tetrahedron Lett. ,  42 , 
 5395  –  5342 ;   (e)   Petasis ,  N. A.   and   Patal ,  Z. D.   ( 2000 )  Synthesis of piperazinones and benzopi-
perazinones from 1,2 - diamines and organoboronic acids .  Tetrahedron Lett. ,  41 ,  9607  –  9611 .  
    Prakash ,  G. K. S.  ,   Mandal ,  M.  ,   Schweizer ,  S.  ,  et al.  ( 2002 )  Stereoselective synthesis of  anti  -
  α  - (difl uoromethyl) -  β  - amino alcohols by boronic acid based three - component condensation. 
Stereoselective preparation of (2 S ,3 R ) - difl uorothreonine .  J. Org. Chem. ,  67 ,  3718  –  3723 .  
    Watanabe ,  H.  ,   Hashizume ,  Y.   and   Uneyama ,  K.   ( 1992 )  Homologation of trifl uoroacetimidoyl 
iodides by palladium - catalyzed carbonylation. An approach to  α  - amino perfl uoroalkanoic 
acids .  Tetrahedron Lett. ,  33 ,  4333  –  4336 .  
    Amii ,  H.  ,   Kishikawa ,  Y.  ,   Kageyama ,  K.   and   Uneyama ,  K.   ( 2000 )  Palladium - catalyzed  tert  -
 butoxycarbonylation of trifl uoroacetimidoyl iodides .  J. Org. Chem. ,  65 ,  34043  –  34408 .  
    Abe ,  H.  ,   Amii ,  H.   and   Uneyama ,  K.   ( 2001 )  Pd - catalyzed asymmetric hydrogenation of  α  - fl uo-
rinated iminoesters in fl uorinated alcohol: a new and catalytic enantioselective synthesis of 
fl uoro  α  - amino acid derivatives .  Org. Lett. ,  3 ,  313  –  315 .  
    Sakai ,  T.  ,   Yan ,  F.  ,   Kashino ,  S.   and   Uneyama ,  K.   ( 1996 )  Asymmetric reduction of 2 - ( N  - ary-
limino) - 3,3,3 - trifl uoropropanoic acid esters leading to enantiomerically enriched 3,3,3 - trifl uo-
roalanine .  Tetrahedron ,  52 ,  233  –  244 .  
    Suzuki ,  A.  ,   Mae ,  M.  ,   Amii ,  H.   and   Uneyama ,  K.   ( 2004 )  Catalytic route to the synthesis of 
optically active  β , β  - difl uoroglutamic acid and  β , β  - difl uoroproline derivatives .  J. Org. Chem. , 
 69 ,  5132  –  5134 .  
    Demir ,  A. S.  ,   Sesenoglu ,  O.   and   Gercek - Arkin ,  Z.   ( 2001 )  An asymmetric synthesis of both 
enantiomers of 2,2,2 - trifl uoro - 1 - furan - 2 - yl - ethylamine and 3,3,3 - trifl uoroalanine from 2,2,2 -
 trifl uoro - 1 - furan - 2 - yl - ethanone .  Tetrahedron Asymmetry ,  12 ,  2309  –  2313 .  
    Kubryk ,  M.   and   Hansen ,  K. B.   ( 2006 )  Application of the asymmetric hydrogenation of 
enamines to the preparation of a beta - amino acid pharmacophore .  Tetrahedron Asymmetry ,  17 , 
 205  –  209 .  
    Jiang ,  Z. - X  ,   Qin ,  Y. - Y.   and   Qing ,  F. - L.   ( 2003 )  Asymmetric synthesis of both enantiomers of 
 anti  - 4,4,4 - trifl uorothreonine and 2 - amino - 4,4,4 - trifl uorobutanoic acid .  J. Org. Chem. ,  68 , 
 7544  –  7547 .  
    Kobayashi ,  S.   and   Ishitani ,  H.   ( 1999 )  Catalytic enantioselective addition to imines .  Chem. Rev. , 
 99 ,  1069  –  1094 .  
    C ó rdova ,  A.  ,   Nots ,  W.  ,   Zhong ,  G.  ,  et al.  ( 2002 )  A highly enantioselective amino acid - catalyzed 
route to functionalized  α  - amino acids .  J. Am. Chem. Soc. ,  124 ,  1842  –  1843 .  
  Reviews on phase - transfer catalysis for the syntheses of  α  - amino acids. (a)   Ooi ,  T.   and   Maruoka , 
 K.   ( 2004 )  Asymmetric organocatalysis of structurally well - defi ned chiral quaternary ammonium 
fl uorides .  Acc. Chem. Res. ,  37 ,  526  –  533 ;   (b)   Maruoka ,  K.   and   Ooi ,  T.   ( 2003 )  Enantioselective 
amino acid synthesis by chiral phase - transfer catalysis .  Chem. Rev. ,  103 ,  3013  –  3028 ;   (c)   Ooi , 
 T.   and   Maruoka ,  K.   ( 2003 )  Enantioselective synthesis of  α  - amino acids by chiral phase - transfer 
catalysis .  Yuki Gosei Kagaku Kyokaishi (J. Synth. Org. Chem.)   61 ,  1195  –  1206 .  
    Jew ,  S. - S.  ,   Jeong ,  B. - S.  ,   Yoo ,  M. - S.  ,  et al.  ( 2001 ) Synthesis and application of dimeric Cin-
chona alkaloid phase - transfer catalysts:  α , α  ′  - bis[ O (9) - allylcinchonidinium] -  o ,  m , or  p  - xylene 
dibromide.  Chem. Commun.   1244  –  1245 .  
    Ramachandran ,  P. V.  ,   Madhi ,  S.   and   O ’ Donnell ,  M. J.   ( 2007 )  Synthesis of fl uorinated glutamic 
acid derivatives via vinylalumination .  J. Fluorine Chem. ,  128 ,  78  –  83 .  

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.



252 Fluorine in Medicinal Chemistry and Chemical Biology

  (a)   Soloshonok ,  V. A.  ,   Ono ,  T.   and   Soloshonok ,  I. V.   ( 1997 )  Enantioselective biomimetic 
transamination of  β  - keto carboxylic acid derivatives. An effi cient asymmetric synthesis of  β  -
 (fl uoroalkyl) -  β  - amino acids .  J. Org. Chem. ,  62 ,  7538  –  7539 ;   (b)   Soloshonok ,  V. A.  ,   Ohkura , 
 H.   and   Yasumoto ,  M.   ( 2006 )  Operationally convenient asymmetric synthesis of ( S ) -  and ( R ) -
 3 - amino - 4,4,4 - trifl uorobutanoic acid .  J. Fluorine Chem. ,  127 ,  924  –  929 ;   (c)   Soloshonok ,  V. A.  , 
  Ohkura ,  H.   and   Yasumoto ,  M.   ( 2006 )  Operationally convenient asymmetric synthesis of ( S ) -  
and ( R ) - 3 - amino - 4,4,4 - trifl uorobutanoic acid .  J. Fluorine Chem. ,  127 ,  930  –  935 .  
    Uneyama ,  K.   ( 2006 )  Discussion on unique chemical phenomena of highly fl uorinated carbonyl 
and imino compounds ,  Organofl uorine Chemistry ,  Blackwell Publishing ,  Oxford , pp. 31  –  36 .  
    Soloshonok ,  V. A.   and   Kuklar ,  V. P.   ( 1997 )  Biomimetic transamination of  α  - keto perfl uoro-
carboxylic esters. An effi cient preparative synthesis of  β , β , β  - trifl uoroalanine .  Tetrahedron ,  53 , 
 8307  –  8314 .  
    Li ,  G.   and   van der   Donk ,  W. A.   ( 2007 )  Effi cient synthesis of suitably protected  β  - difl uoroala-
nine and  γ  - difl uorothreonine from  l  - ascorbic acid .  Org. Lett. ,  9 ,  41  –  44 .  
  For scope of fl uorination with DAST, see ref.  23 , pp.  233  –  239 .  
    Doi ,  M.  ,   Nishi ,  Y.  ,   Kiritoshi ,  N.  ,  et al.  ( 2002 )  Simple and effi cient syntheses of Boc -  and 
Fmoc - protected 4( R ) -  and 4( S ) - fl uoroproline solely from 4( R ) - hydroxyproline .  Tetrahedron , 
 58 ,  8453  –  8459 .  
    Raines ,  R. T.   ( 2006 )  Hyperstable collagen based on 4 - fl uoroproline residues , in  Current Fluo-
roorganic Chemistry ,   ACS Symposium Series   949  ,  American Chemical Society ,  Washington, 
D.C.   
  (a)   Katagiri ,  T.   and   Uneyama ,  K.   ( 2003 )  Stereospecifi c substitution at  α  - carbon to trifl uoro-
methyl group: application to optically active fl uorinated amino acid syntheses .  Chirality ,  15 , 
 4  –  9 ;   (b)   Katagiri ,  T.  ,   Uneyama ,  K.   ( 2005 )  Functional group transformation at  α  - carbon to tri-
fl uoromethyl group , in  Fluorine - containing Synthons ,   ACS Symposium Series   911  ,  American 
Chemical Society ,  Washington, D.C.   
    Konno ,  T.  ,   Daitoh ,  T.  ,   Ishihara ,  T.   and   Yamanaka ,  H.   ( 2001 )  A novel and expedient synthesis 
of optically active fl uoroalkylated amino acids via palladium - catalyzed allylic rearrangement 
and Ireland - Claisen rearrangement .  Tetrahedron Asymmetry ,  12 ,  2743  –  2748 .  
    Fokina ,  N. A.  ,   Kornilov ,  A. M.  ,   Kulik ,  I. B.   and   Kukhar ,  V. P.   ( 2002 )  Towards optically pure 
mono -  and difl uorinated amino acids: common methodology based on ( R ) - 2,3 -  O  - isopropyli-
deneglyceraldehyde .  Synthesis ,  2589  –  2596 .  
    Xing ,  X.  ,   Fichera ,  A.   and   Kumar ,  K.   ( 2001 )  A novel synthesis of enantiomerically pure 
5,5,5,5 ′ ,5 ′ ,5 ′  - hexafl uoroleucine .  Org. Lett. ,  3 ,  1285  –  1286 .  
    Meffre ,  P.  ,   Dave ,  R. H.  ,   Leroy ,  J.   and   Badet ,  B.   ( 2001 )  A concise synthesis of  l  - 4,4 - 
difl uoroglutamine .  Tetrahedron Lett. ,  42 ,  8625  –  8627 .  
    Anderson ,  J. T.  ,   Toogood ,  P. L.   and   Marsh ,  E. N. G.   ( 2002 )  A short and effi cient synthesis of 
 l  - 5,5,5,5 ′ ,5 ′ ,5 ′  - hexafl uoroleucine from  N  - Cbz -  l  - serine .  Org. Lett. ,  4 ,  4281  –  4283 .  
    Ding ,  Y.  ,   Wang ,  J.  ,   Abbound ,  K. A.  ,  et al.  ( 2001 )  Synthesis of  l  - 4,4 - difl uoroglutamic acid via 
nucleophilic addition to a chiral aldehyde .  J. Org. Chem. ,  66 ,  6381  –  6388 .  
  (a)   Lubell ,  W.   and   Rapoport ,  H.   ( 1989 )  Surrogates for chiral aminomalondialdehyde. Synthesis 
of  N  - (9 - phenylfl uoren - 9 - yl)serinal and  N  - (9 - phenylfl uoren - 9 - yl)vinylglycinal .  J. Org. Chem. , 
 54 ,  3824  –  3831 ;   (b)   Lubell ,  W.   and   Rapoport ,  H.   ( 1987 )  Confi gurational stability of N - 
protected  α  - amino aldehydes .  J. Am. Chem. Soc. ,  109 ,  236  –  239 ;   (c)   Lubell ,  W. D.  ,   Jamison , 
 T. F.   and   Rapoport ,  H.   ( 1990 )   N  - (9 - phenylfl uoren - 9 - yl) -  α  - amino ketones and  N  - (9 - phenylfl uo-
ren - 9 - yl) -  α  - amino aldehydes as chiral educts for the synthesis of optically pure 4 - alkyl - 3 -
 hydroxy - 2 - amino acids. Synthesis of the C - 9 amino acid MeBmt present in cyclosporin . 
 J. Org. Chem. ,  55 ,  3511  –  3522 .  
    Lal ,  G. S.  ,   Pez ,  G. P.   and   Syvret ,  R. G.   ( 1996 )  Electrophilic N – F fl uorinating agents .  Chem. 
Rev. ,  96 ,  1737  –  1755 .  

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.



 Recent Advances in the Syntheses of Fluorinated Amino Acids 253

    Konas ,  D. W.   and   Coward ,  J. K.   ( 1999 )  Synthesis of  l  - 4,4 - difl uoroglutamic acid via electro-
philic difl uorination of a lactam .  Org. Lett. ,  1 ,  2105  –  2107 .  
    Qiu ,  J.   and   Silverman ,  R. B.   ( 2000 )  A new class of conformationally rigid analogs of 4 - amino -
 5 - halopentanoic acids, potent inactivators of  γ  - aminobutyric acid aminotransferase .  J. Med. 
Chem. ,  43 ,  706  –  720 .  
  Very few examples of retention: (a)   Kozikowski ,  A. P.  ,   Powis ,  G.  ,   Fauq ,  A. H.  ,  et al.  ( 1994 ) 
 Synthesis and biological activity of the  d  - 3 - deoxy - 3 - fl uoro and  d  - 3 - chloro - 3 - deoxy analogs of 
phosphatidylinositol .  J. Org. Chem. ,  59 ,  963  –  971 ;   (b)   Gharbaoui ,  T.  ,   Legraverend ,  M.  , 
  Ludwing ,  O.  ,  et al.  ( 1995 )  Synthesis of new carbocyclic oxetanocin analogs .  Tetrahedron ,  51 , 
 1641  –  1652 .  
    Katagiri ,  T.   and   Uneyama ,  K.   ( 2000 )  Chemistry of TFPO .  J. Fluorine Chem. ,  105 ,  285  –  293 .  
    Schaus ,  S. E.  ,   Brandes ,  B. D.  ,   Larrow ,  J. F.  ,  et al.  ( 2002 )  Highly selective hydrolytic kinetic 
resolution of terminal epoxides catalyzed by chiral (salen)CoIII complexes. Practical synthesis 
of enantioenriched terminal epoxides and 1,2 - diols .  J. Am. Chem. Soc. ,  124 ,  1307  –  1315 .  
  (a)   Yamauchi ,  Y.  ,   Kawate ,  T.  ,   Katagiri ,  T.   and   Uneyama ,  K.   ( 2003 )  Trifl uoromethyl - stabilized 
optically active oxiranyl and aziridinyl anions for stereospecifi c syntheses of trifl uoromethyl-
ated compounds .  Tetrahedron   59 ,  9839  –  9847 ;   (b)   Yamauchi ,  Y.  ,   Katagiri ,  T.   and   Uneyama , 
 K.   ( 2002 )  The fi rst generation and stereospecifi c alkylation of  α  - trifl uoromethyl oxiranyl anion . 
 Org. Lett. ,  4 ,  173  –  176 .  
    Yamauchi ,  Y.  ,   Kawate ,  T.  ,   Katagiri ,  T.   and   Uneyama ,  K.   ( 2003 )  Generation and reactions of 
 α  - trifl uoromethyl stabilized aziridinyl anion, a general synthetic precursor for stereospecifi c 
construction of  α  - amino -  α  - trifl uoromethylated quaternary carbon .  Tetrahedron Lett. ,  44 , 
 6319  –  6322 .  
    Kirihara ,  M.  ,   Kawasaki ,  M.  ,   Takuwa ,  T.  ,  et al.  ( 2003 )  Effi cient synthesis of ( R ) -  and ( S ) - 1 -
 amino - 2,2 - difl uorocyclopropanecarboxylic acid via lipase - catalyzed desymmetrization of pro-
chiral precursors .  Tetrahedron Asymmetry ,  14 ,  1753  –  1761 .  
    Prati ,  F.  ,   Moretti ,  I.  ,   Forni ,  A.  ,  et al.  ( 1998 )  Synthesis and stereodirected  N  - halogenation of 
 trans  - 3 - trifl uoromethyl - 2 - methoxycarbonylaziridine .  J. Fluorine Chem. ,  89 ,  177  –  181 .  
    Davoli ,  P.  ,   Forni ,  A.  ,   Franciosi ,  C.  ,  et al.  ( 1999 )  Stereoselective synthesis of fl uorinated  β  -
 amino acids from ethyl  trans  -  N  - benzyl - 3 - trifl uoromethylaziridine - 2 - carboxylate .  Tetrahedron 
Asymmetry ,  10 ,  2361  –  2371 .  
    Kuznetsova ,  L.  ,   Ungureanu ,  I. M.  ,   Pepe ,  A.  ,  et al.  ( 2004 )  Trifl uoromethyl -  and difl uoromethyl -
  β  - lactams as useful building blocks for the synthesis of fl uorinated amino acids, dipeptides, 
and fl uoro - taxoids .  J. Fluorine Chem. ,  125 ,  487  –  500 .  
    Abouabdellah ,  A.  ,   Begue ,  J - P.  ,   Bonnet - Delpon ,  D.   and   Nga ,  T. T. T.   ( 1997 )  Diastereoselective 
Synthesis of the Nonracemic Methyl  syn  - (3 - Fluoroalkyl)isoserinates .  J. Org. Chem. ,  62 , 
 8826  –  8833 .  
    Ito ,  H.  ,   Saito ,  A.  ,   Kakuuchi ,  A.   and   Taguchi ,  T.   ( 1999 )  Synthesis of 2 - fl uoro analog of 
6 - aminonorbornane -  2 ,6 - dicarboxylic acid: a conformationally rigid glutamic acid derivative . 
 Tetrahedron ,  55 ,  12741  –  12750 .  
    Schlosser ,  M.  ,   Brugger ,  N.  ,   Schmidt ,  W.   and   Amrhein ,  N.   ( 2004 )   β , β  - Difl uoro analogs of  α  -
 oxo -  β  - phenylpropionic acid and phenylalanine .  Tetrahedron ,  60 ,  7731  –  7742 .  
    Fustero ,  S.  ,   Sanchez - Rosello ,  M.  ,   Rodrigo ,  V.  ,  et al.  ( 2006 )  Asymmetric synthesis of new 
 β , β  - difl uorinated cyclic quaternary  α  - amino acid derivatives .  Org. Lett. ,  8 ,  4129  –  4132 .  
    Osipov ,  S. N.  ,   Artyushin ,  O. I.  ,   Kolomiets ,  A. F.  ,  et al.  ( 2001 )  Synthesis of racemic cyclic 
amino acids; Synthesis of fl uorine - containing cyclic  α  - amino acid and  α  - amino phosphonate 
derivatives by alkene metathesis .  Eur. J. Org. Chem. ,  3891  –  3897 .  
    Huguenot ,  F.   and   Brigaud ,  T.   ( 2006 )  Concise synthesis of enantiopure  α  - trifl uoromethyl ala-
nines, diamines, and amino alcohols via the Strecker - type reaction .  J. Org. Chem. ,  71 , 
 7075  –  7078 .  

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.



254 Fluorine in Medicinal Chemistry and Chemical Biology

    Marcotte ,  S.  ,   Pannecoucke ,  X.  ,   Feasson ,  C.   and   Quirion ,  J. - C.   ( 1999 )  Enantioselective synthe-
sis of  α , α  - difl uoro -  β  - amino acid and 3,3 - difl uoroazetidin - 2 - one via the Reformatskii - type 
reaction of ethyl bromodifl uoroacetate with chiral 1,3 - oxazolidines .  J. Org. Chem. ,  64 , 
 8461  –  8464 .  
  (a)   Lebouvier ,  N.  ,   Laroche ,  C.  ,   Huguenot ,  F.   and   Brigaud ,  T.   ( 2002 )  Lewis acid activation of 
chiral 2 - trifl uoromethyl - 1,3 - oxazolidines. Application to the stereoselective synthesis of tri-
fl uoromethylated amines,  α  -  and  β  - amino acids .  Tetrahedron Lett. ,  43 ,  2827  –  2830 ;   (b)   Hugue-
not ,  F.   and   Brigaud ,  T.   ( 2006 )  Convenient asymmetric synthesis of  β  - trifl uoromethyl -  β  - amino 
acid,  β  - amino ketones, and  γ  - amino alcohols via Reformatsky and Mannich - type reactions 
from 2 - trifl uoromethyl - 1,3 - oxazolidines .  J. Org. Chem. ,  71 ,  2159  –  2162 .  
    Chaume ,  G.  ,   Van   Severen ,  M - C.  ,   Marinkovic ,  S.   and   Brigaud ,  T.   ( 2006 )  Straightforward syn-
thesis of ( S ) -  and ( R ) -  α  - trifl uoromethyl proline from chiral oxazolidines derived from ethyl 
trifl uoropyruvate .  Org. Lett. ,  8 ,  6123  –  6126 .  
    Andrews ,  P. C.  ,   Bhaskar ,  V.  ,   Bromfi eld ,  K. M.  ,  et al.  ( 2004 )  Stereoselective synthesis of  β  -
 amino -  α  - fl uoro esters via diastereoselective fl uorination of enantiopure  β  - amino enolates . 
 Synlett ,  5 ,  791  –  794 .  
    Isaac ,  M.  ,   Slassi ,  A.  ,   Da   Silva ,  K.   and   Xin   T.   ( 2001 )  Synthesis of chiral and geometrically 
defi ned 5,5 - diaryl - 2 - amino - 4 - pentenoates: novel amino acid derivatives .  Tetrahedron Lett. ,  42 , 
 2957  –  2960 .  
    Yajima ,  T.   and   Nagano ,  H.   ( 2007 )  Photoinduced diastereoselective addition of perfl uoroalkyl 
iodides to acrylic acid derivatives for the synthesis of fl uorinated amino acids .  Org. Lett. ,  9 , 
 2513  –  2515 .  
    Laue ,  K. W.  ,   Kroger ,  S.  ,   Wegelius ,  E.     ad Haufe ,  G.   ( 2000 )  Stereoselective synthesis of 
 γ  - fl uorinated  α  - amino acids using 2 - hydroxy - 3 - pinanone as an auxiliary .  Eur. J. Org. Chem. , 
 3737  –  3743 .  
    Katagiri ,  T.  ,   Handa ,  M.  ,   Matsukawa ,  Y.  ,  et al.  ( 2001 )  Effi cient synthesis of an optically pure 
 β  - bromo -  β , β  - difl uoroalanine derivative, a general precursor for  β , β  - difl uoroamino acids .  Tet-
rahedron Asymmetry ,  12 ,  1303  –  1311 .  
    Davis ,  F. A.  ,   Srirajan ,  V.   and   Titus ,  D. D.   ( 1999 )  Effi cient asymmetric synthesis of  β  - fl uoro 
 α  - amino acids .  J. Org. Chem. ,  64 ,  6931  –  6934 .  
  (a)   Volonterio ,  A.  ,   Bravo ,  P.  ,   Moussier ,  N.   and   Zanda ,  M.   ( 2000 )  Solid - phase synthesis of 
partially - modifi ed retro and retro - inverso -  ψ [NHCH(CF 3 )] - peptides .  Tetrahedron. Lett. ,  41 , 
 6517  –  6520 ;   (b)   Volonterio ,  A.  ,   Chiva ,  G.  ,   Fustero ,  S.  ,  et al.  ( 2003 )  Stereocontrolled solid -
 phase synthesis of fl uorinated partially - modifi ed retropeptides via tandem aza - Michael/enolate -
 protonation .  Tetrahedron Lett. ,  44 ,  7019  –  7022 ;   (c)   Volonterio ,  A.  ,   Bravo ,  P.   and   Zanda ,  M.   
( 2000 )  Synthesis of partially modifi ed retro and retroinverso -  ψ  [NHCH(CF 3 )] - peptides .  Org. 
Lett. ,  2 ,  1827  –  1830 ;   (d)   Volonterio ,  A.  ,   Bravo ,  P.   and   Zanda ,  M.   ( 2001 )  Solution/solid - phase 
synthesis of partially modifi ed retro -  ψ [NHCH(CF 3 )] - peptidyl hydroxamates .  Tetrahedron 
Lett. ,  42 ,  3141  –  3144 .  
    Davis ,  E. A.  ,   Reddy ,  R. E.  ,   Szewezyk ,  J. M.  ,  et al.  ( 1997 )  Asymmetric synthesis and properties 
of sulfi nimines (thiooxime  S  - oxides) .  J. Org. Chem. ,  62 ,  2555  –  2563 .  
  (a)   Cogan ,  D. A.  ,   Liu ,  G.  ,   Kim ,  K.  ,  et al.  ( 1998 )  Catalytic asymmetric oxidation of  tert  - butyl 
disulfi de. Synthesis of  tert  - butanesulfi namides,  tert  - butyl sulfoxides, and  tert  - butanesul-
fi nimines .  J. Am. Chem. Soc. ,  120 ,  8011  –  8018 ;   (b)   Backes   B. J.  ,   Dragoli ,  D. R.   and   Ellman , 
 J. A.   ( 1999 )  Chiral  N  - acyl -  tert  - butanesulfi namides: the  “ safety - catch ”  principle applied to 
diastereoselective enolate alkylations .  J. Org. Chem. ,  64 ,  5472  –  5478 .  
    Asensio ,  A.  ,   Bravo ,  P.  ,   Crucianelli ,  M.  ,  et al.  ( 2001 )  Synthesis of nonracemic  α  - trifl uoromethyl 
 α  - amino acids from sulfi nimines of trifl uoropyruvate .  Eur. J. Org. Chem. ,  1449  –  1458 .  
  (a)   Soloshonok ,  V. A.  ,   Ohkura ,  H.  ,   Sorochinsky ,  A.  ,  et al.  ( 2002 )  Convenient, large - scale 
asymmetric synthesis of  β  - aryl - substituted  α , α  - difl uoro -  β  - amino acids .  Tetrahedron Lett. ,  43 , 

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.



 Recent Advances in the Syntheses of Fluorinated Amino Acids 255

 5445  –  5448 ;   (b)   Sorochinsky ,  A.  ,   Voloshin ,  N.  ,   Markovsky ,  A.  ,  et al.  ( 2003 )  Convenient asym-
metric synthesis of  β  - substituted  α , α  - difl uoro -  β  - amino acids via Reformatskii reaction between 
Davis ’   N  - sulfi nylimines and ethyl bromodifl uoroacetate .  J. Org. Chem. ,  68 ,  7448  –  7454 .  
    Staas ,  D. D.  ,   Savage ,  K. L.  ,   Homnick ,  C. F.  ,  et al.  ( 2002 )  Asymmetric synthesis of  α , α  - 
difl uoro -  β  - amino acid derivatives from enantiomerically pure  N  - tert - butylsulfi nimines .  J. Org. 
Chem. ,  67 ,  8276  –  8279 .  
    Wang ,  H.  ,   Zhao ,  X.  ,   Li ,  Y.   and   Lu ,  L.   ( 2006 )  Solvent - controlled asymmetric Strecker reaction: 
stereoselective synthesis of  α  - trifl uoromethylated  α  - amino acids .  Org. Lett. ,  8 ,  1379  –  1381 .  
    Bravo ,  P.  ,   Capelli ,  S.  ,   Meille ,  S. V.  ,  et al.  ( 1994 )  Synthesis of optically pure ( R ) -  and ( S ) -  α  -
 trifl uoromethylalanine .  Tetrahedron Asymmetry ,  5 ,  2009  –  2018 .  
    Fustero ,  S.  ,   Navorro ,  A.  ,   Pina ,  B.  ,  et al.  ( 2001 )  Enantioselective synthesis of fl uorinated  α  -
 amino acids and derivatives in combination with ring - closing metathesis: intramolecular  π  -
 stacking interactions as a source of stereocontrol .  Org. Lett. ,  3 ,  2621  –  2624 .  
    Fustero ,  S.  ,   Sanz - Cervera ,  J. F.  ,   del   Pozo ,  C.   and   Acena ,  J. L.   ( 2006 )  Nitrogen - containing 
organofl uorine compounds , in  Current Fluoroorganic Chemistry ,   ACS Symposium Series   949  , 
 American Chemical Society ,  Washington, D.C.   
    Arnone ,  A.  ,   Bravo ,  P.  ,   Capelli ,  S.  ,  et al.  ( 1996 )  New versatile fl uorinated chiral building blocks: 
synthesis and reactivity of optically pure  α  - (fl uoroalkyl) -  β  - sulfi nylenamines .  J. Org. Chem. , 
 61 ,  3375  –  3387 .  
    Bravo ,  P.   and   Resnati ,  G.   ( 1987 )  An effi cient approach to enantiomerically pure fl uorhydrins . 
 Tetrahedron Lett. ,  28 ,  4865  –  4866 .  
    Bravo ,  P.  ,   Cavicchio ,  G.  ,   Crucianelli ,  M.  ,  et al.  ( 1997 )  Stereoselective synthesis of the anti-
bacterial 3 - fl uoro -  d  - alanine .  Tetrahedron Asymmetry ,  8 ,  2811  –  2815 .  
  (a)   Fustero ,  S.  ,   Sanchez - Rosello ,  M.  ,   Sanz - Cervera ,  J. F.  ,  et al.  ( 2006 )  Asymmetric synthesis 
of fl uorinated cyclic  β  - amino acid derivatives through cross metathesis .  Org. Lett. ,  8 ,  4633  –
  4636 ;   (b)   Fustero ,  S.  ,   Pina ,  B.  ,   Savalert ,  E.  ,  et al.  ( 2002 )  New strategy for the stereoselective 
synthesis of fl uorinated  β  - amino acids .  J. Org. Chem. ,  67 ,  4667  –  4674 .  
    Fustero ,  S.  ,   Bartolome ,  A.  ,   Sanz - Cervera ,  J. F.  ,  et al.  ( 2003 )  Diastereoselective synthesis of 
fl uorinated, seven - membered  β  - amino acid derivatives via ring - closing metathesis .  Org. Lett. , 
 5 ,  2523  –  2526 .  
    Fustero ,  S.  ,   Salavert ,  E.  ,   Pina ,  B.  ,  et al.  ( 2001 )  Novel strategy for the synthesis of fl uorinated 
 β  - amino acid derivatives from  ∆ 2 - oxazolines .  Tetrahedron ,  57 ,  6475  –  6486 .  
    Hallinan ,  E. A  ,   Kramer ,  S. W.  ,   Houdek ,  S. C.  ,  et al.  ( 2003 )  4 - Fluorinated  l  - lysine analogs as 
selective i - NOS inhibitors: methodology for introducing fl uorine into the lysine side chain . 
 Org. Biomol. Chem. ,  1 ,  3527  –  3534 .  
    Konas ,  D. W.  ,   Pankuch ,  J.   and   Coward ,  J. K.   ( 2002 )  The synthesis of (2 S ) - 4,4 - difl uoroglutamyl 
 γ  - peptides based on Garner ’ s aldehyde and fl uoro - Reformatskii chemistry .  Synthesis , 
 2616  –  2626 .  
    Qiu ,  X. - L   and   Qing ,  F.  - L.   ( 2002 )  Synthesis of Boc - protected  cis  -  and  trans  - 4 - trifl uoromethyl -
  d  - prolines .  J. Chem. Soc., Perkin Trans. ,  1 ,  2052  –  2057 .  
  (a)   Kolb ,  M.  ,   Barth ,  J.  ,   Heydt ,  J. - G.   and   Jung ,  M. J.   ( 1987 )  Synthesis and evaluation of mono - , 
di - , and trifl uoroethenyl - GABA derivatives as GABA - T inhibitors .  J. Med. Chem. ,  30 ,  267  –
  272 ;   (b)   Bey ,  P.  ,   Ducep ,  J. R.   and   Schirlin ,  D.   ( 1984 )  Alkylation of malonates or Schiff base 
anions with dichlorofl uoromethane as a route to  a  - chlorofl uoromethyl or  α  - fl uoromethyl  α  -
 amino acids .  Tetrahedron Lett. ,  25 ,  5657  –  5660 ;   (c)   Bravo ,  P.  ,   Cavicchio ,  G.  ,   Crucianelli ,  M.  , 
 et al.  ( 1997 )  Stereoselective synthesis of the antibacterial 3 - fl uoro -  d  - alanine .  Tetrahedron 
Asymmetry ,  16 ,  2811  –  2815 .  
    Chen ,  Q  ,   Qiu ,  X - L.   and   Qing ,  F - L.   ( 2006 )  Indium - mediated diastereoselective allylation of 
 d  -  and  l  - glyceraldimines with 4 - bromo - 1,1,1 - trifl uoro - 2 - butene: Highly stereoselective syn-
thesis of 4,4,4 - trifl uoroisoleucines and 4,4,4 - trifl uorovaline .  J. Org. Chem. ,  71 ,  3762  –  3767 .  

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.



256 Fluorine in Medicinal Chemistry and Chemical Biology

    Qiu ,  X. - L.   and   Qing ,  F. - L.   ( 2002 )  Practical synthesis of Boc - protected  cis  - 4 - trifl uoromethyl 
and  cis  - 4 - difl uoromethyl -  l  - prolines .  J. Org. Chem. ,  67 ,  7162  –  7164 .  
    Soloshonok ,  V. A.  ,   Cai ,  C.   and   Hruby ,  V. J.   ( 2000 )  A practical asymmetric synthesis of enan-
tiomerically pure 3 - substituted pyroglutamic acids and related compounds .  Angew. Chem. Int. 
Ed. ,  39 ,  2172  –  2175 .  
    Fustero ,  S.  ,   Jimenez ,  D.  ,   Sanchez - Rosello ,  M.   and   del   Pozo ,  C.   ( 2007 )  Microwave - assisted 
tandem cross metathesis intramolecular aza - Michael reaction: an easy entry to cyclic  β  - amino 
carbonyl derivatives .  J. Am. Chem. Soc. ,  129 ,  6700  –  6701 .  
    Hallinan ,  E. A.  ,   Dorn ,  C. R.  ,   Moore ,  W. M.  ,  et al.  ( 2003 )  The synthesis of 6 - trifl uoroethyl -  l  -
 lysine: a method to introduce functionality at C - 6 of  l  - lysine .  Tetrahedron Lett. ,  44 , 
 7345  –  7347 .  
    Yoshikawa ,  N.  ,   Tan ,  L.  ,   Yasuda ,  N.  ,  et al.  ( 2004 )  Enantioselective syntheses of 
bicyclo[3.1.0]hexane carboxylic acid derivatives by intramolecular cyclopropanation .  Tetrahe-
dron Lett. ,  45 ,  7261  –  7264 .  
    Uneyama ,  K.  ,   Katagiri ,  T.   and   Amii ,  H.   ( 2008 )  The chemistry of  α  - trifl uoromethylated carb-
anions is discussed.   Acc. Chem. Res. ,  41 ,  817  –  829 .  
    Konno ,  T.  ,   Kanda ,  M.  ,   Ishihara ,  T.   and   Yamanaka ,  H.   ( 2005 )  A novel synthesis of fl uorine -
 containing quaternary amino acid derivatives via palladium - catalyzed allylation reaction.   J. 
Fluorine Chem. ,  126 ,  1517  –  1523 .  
    Katagiri   T.   and   Uneyama ,  K.   ( 2003 )  Stereospecifi c substitution at  α  - carbon to trifl uoromethyl 
group: application to optically active fl uorinated amino acid syntheses .  Chirality ,  15 ,  4  –  9 .  
    Katagiri ,  T  ,   Irie ,  M.   and   Uneyama ,  K.   ( 2000 )  Syntheses of optically active trifl uoronorcoron-
amic acids .  Org. Lett. ,  2 ,  2423  –  2425 .  
    Katagiri ,  T.  ,   Yamaji ,  S.  ,   Handa ,  M.  ,  et al.  ( 2001 )  Diastereoselectivity controlled by electrostatic 
repulsion between the negative charge on a trifl uoromethyl group and that on aromatic rings . 
 Chem. Commun. ,  2054  –  2055 .  
    Osipov ,  S. N.  ,   Kova ,  N. M. K.  ,   Kolomiets ,  A. F.  ,  et al.  ( 2001 )   α  - Fluoromethyl tryptophans via 
imino ene reaction .  Synlett ,  1287  –  1289 .  
    Pang ,  W.  ,   Zhu ,  S.  ,   Jiang ,  H.   and   Zhu ,  S.   ( 2006 )  Transition metal - catalyzed formation of CF 3  -
 substituted  β  - unsaturated alkene and the synthesis of  α  - trifl uoromethyl - substituted  β  - amino 
ester .  Tetrahedron ,  62 ,  11760  –  11765 .  
    Guo ,  Y.  ,   Fujiwara ,  K.   and   Uneyama ,  K.   ( 2006 )  A novel route to dipeptides via noncondensation 
of amino acids: 2 - Aminoperfl uoropropene as a synthon for trifl uoroalanine dipeptides .  Org. 
Lett. ,  8 ,  827  –  829 .  
  The synthetic scope and mechanistic aspect of reactions of difl uoromethylene compounds are 
summarized in ref.  23 , pp  112  –  121 .  
    Guo ,  Y.  ,   Fujiwara ,  K.  ,   Amii ,  H.   and   Uneyama ,  K.   ( 2007 )  Selective defl uorination approach to 
 N  - Cbz - 3,3 - difl uoro - 2 - difl uoromethylenepyrrolidine and its application to 3,3 - difl uoroproline 
dipeptide synthesis .  J. Org. Chem. ,  72 ,  8523  –  8526 .  
  (a)   Hiyama ,  T.   ( 2000 )  Organofl uorine Comounds ,  Springer - Verlag ,  Berlin ;   (b)   Chambers   D. 
R.   ( 2004 )  Fluorine in Organic Chemistry ,  Blackwell Publishing ,  Oxford ;   (c)   Kirsh ,  P.   ( 2004 ) 
 Modern Fluoroorganic Chemistry ,  Wiley - VCH Verlag GmbH ,  Weinheim ;   (d)   Uneyama ,  K.   
( 2006 )  Organofl uorine Chemistry ,  Blackwell Publishing ,  Oxford .   

     
                                                      
            
                                                                                                                                                                                                                                                                                                                                                      

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.



10
 Fluorinated Moieties for Replacement 

of Amide and Peptide Bonds  

  Takeo   Taguchi   and   Hikaru   Yanai        

  10.1   Introduction 

 Chemical modifi cations of peptides to improve their biological activity,  in vivo  stability 
or bioavailability have been studied extensively  [1, 2] . As one of the promising approaches, 
replacement of a specifi c amide bond in the target peptide molecule by an appropriate 
amide bond surrogate can not only bring about enhanced recognition by the target enzyme, 
which induces the parent peptide to exhibit biological responses, but also facilitate pepti-
dase resistance, conformational control or increase of the lipophilicity of the target peptide 
(see Figure  10.1 )  [1, 2] .   

 Isosteric amide replacements are commonly shown using the symbol  Ψ [   ], where 
the  Ψ  indicates the absence of an amide bond and the structure that is replacing the amide 
is shown in the brackets. The alkene dipeptide isostere  Ψ [CH = CH], which is conforma-
tionally fi xed and enzymatically nonhydrolyzable (peptidase resistance), has been well 
studied because of its close similarity to the amide bond with regard to the steric demand, 
bond lengths, and bond angles, as described in Chapter  1   [3] . However, the low polarity 
of the alkene moiety compared with the amide bond, as well as the small dipole moment 
and the lack of ability to form hydrogen bonds are quite different characteristics of 
 Ψ [CH = CH] as a replacement of the amide bond. Introduction of fl uorine into the double 
bond remarkably changes the electronic nature of the double bond to one much closer 
to that of the amide bond, while still keeping steric similarity  [4 – 7] . In addition to the 
fl uoro - olefi n dipeptide isostere  Ψ [CF = CH], several types of fl uorinated moieties such 

Fluorine  in  Medicinal   Chemistry   and   Chemical   Biology  Edited by Iwao Ojima
©   2009 Blackwell Publishing, Ltd. ISBN: 978-1-405-16720-8



258 Fluorine in Medicinal Chemistry and Chemical Biology

as trifl uoromethyl - olefi n  Ψ [C(CF 3 ) = CH], trifl uoromethylamine  Ψ [CH(CF 3 ) - NH] and 
difl uoroethylene  Ψ [CF 2  - CH 2 ] have been developed as dipeptide isosteres. In this chapter, 
recent achievements in fl uoro - olefi n  Ψ [CF = CH] and trifl uoromethyl - olefi n  Ψ [C(CF 3 ) = CH] 
dipeptide isosteres are reviewed. Developing bioorganic chemistry of fl uoroarenes as 
replacement for nucleoside bases is also briefl y described.  

  10.2   Fluoro - olefi ns   Ψ [CF = CH]  as Dipeptide Isosteres 

  10.2.1   Synthetic Methods 

 As described above, the fl uoro - olefi ns are the most studied fl uorinated peptide mimetics. 
For the synthesis of the fl uoro - olefi n  Ψ [CF = CH] dipeptide isostere or the depsipeptide 
isostere (5 - hydroxy derivative, see Figure  10.2 ), stereochemical control of the olefi n con-
fi guration (either  E  or  Z ) and the relative stereochemistry of the two chiral centers at C - 2 
and C - 5 (either  syn  or  anti ) is a major issue to be solved. Furthermore, the use of readily 
available starting material is also important. Since the pioneering work by Allmenginger 
 et al . in the early 1990s  [8] , many research groups, as described in this section, have con-
tributed to this development of facile synthetic methods for fl uorinated dipeptide isosteres, 
in particular for optically pure forms, but this subject is still challenging. In this section 
are summarized (i) synthetic methods mainly focused on the olefi nation reactions of car-

 Figure 10.1     Various peptide bond mimics. 
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bonyl compounds and related reactions, (ii) utilization of fl uoroalkenyl building blocks, 
and (iii) application to the modifi cations of the target peptides of biological interest.   

  10.2.1.1   Utilization of Organophosphorus and Organosilyl Reagents 

 The Honor – Wadsworth – Emmons (HWE) reaction of  α  - fl uoro -  α  - phosphonoacetate  1  with 
aldehydes or ketones, providing  α  - fl uoro -  α , β  - unsaturated carbonyl compounds, is one of 
commonest methods for fl uoro - olefi ns having suitable functionality for further elaboration 
to the target molecules (see equation 1, Scheme  10.1 )  [9] . The stereochemical outcome of 
this reaction with both aliphatic and aromatic aldehydes is generally excellent, giving rise 

 Figure 10.2     Replacement of amide bonds by ( Z ) - fl uoro - olefi ns. 

 Scheme 10.1      
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to the ( E ) - isomer. In contrast, the Wittig reaction of phosphorane  3  (Bu 3 P = CFCO 2 Et) with 
aldehyde proceeds in nonstereoselective manner (see equation 2, Scheme  10.1 ). The reac-
tions of the dianion of  α  - fl uoro -  α  - phosphonoacetic acid  4 , with aromatic aldehydes give 
 Z  - isomers exclusively, while those with aliphatic aldehydes are nonstereoselective (see 
equation 3, Scheme  10.1 )  [10] . Sano and Nagao reported the  Z  - selective synthesis through 
acylation of  1  with acyl chloride, followed by NaBH 4  reduction of the ketone group (see 
equation 4, Scheme  10.1 )  [11] . Falck and Mioskowski reported a high yield and  Z  - selec-
tive synthesis of  α  - haloacrylates by the Cr(II) - mediated Reformatsky type reaction of tri-
haloacetate, including dibromofl uoroacetate  5  for fl uoro derivatives, with aldehydes (see 
equation 5, Scheme  10.1 )  [12] .   

 Allmenginger reported the preparation of Phe -  ψ [( E ) - CF = CH] - Gly in racemic form 
via  E  - selective HWE reaction, yielding  α  - fl uoroenoate  7 . Conversion of the ( E ) - aldehyde 
 8  to  N  - silylimine, followed by the addition of the Grignard reagent afforded amine  9  
without isomerization of the double bond (see Scheme  10.2 )  [13] .   

 The HWE reaction of (EtO) 2 P(O)CHFCO 2 Et ( 1 ) with ketones proceeds in nonselec-
tive manner. For example, Augustyns reported the HWE reaction of  1  with cyclopentanone 
derivative  10  to give a mixture of  α  - fl uoroenoate  11a  ( E / Z    =   1.3: 1), which, after separa-
tion of isomers, was converted to  N  - alkyl Gly -  ψ [CF = C] - Pro - CN ( 14 ) for their SAR studies 
on dipeptidyl peptidase (DPP) inhibitors (see Scheme  10.3 )  [14] . In this synthesis, conver-
sion of amide  12  to amine  13  was achieved by LiAlH 4  reduction of the imidoyl derivative 
formed by treating  12  with POCl 3 . Without this pre - treatment, LiAlH 4  reduction of  12  
gave  13  in very low yield because of several side - reactions (see Scheme  10.3 ).   

 For the preparation of Gly -  ψ  - [CF = CH] - Pro in relation to the study of cyclophilin 
A inhibitors, Welch and co - workers employed the Peterson reaction of  α  - fl uoro -  α  - 
trimethylsilyl acetate ( 15a,b ) with ketone  10 .  E / Z  selectivity was found to be infl uenced 
by the ester part of the acetate (see Scheme  10.4 )  [15] . The reaction of  tert  - butyl ester  15a  
gave almost an equal amount of the isomers ( 11b ,  E    :    Z    =   1   :   1.1), while moderate  E  
selectivity was observed when trimethylphenyl ester  15b  was used ( 11c ,  E    :    Z    =   6   :   1). 
Conversion of ester  Z -   11b  to amino derivative  16  was achieved via the Mitsunobu reaction 
of phthalimide with the alcohol formed by the DIBAL - H reduction of  Z -   11b .    

 Scheme 10.2      
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 Scheme 10.3      

 Scheme 10.4      

  10.2.1.2   Ring Opening Reaction of Oxygenated Chlorofl uorocyclopropanes to 
(  Z  ) -  α  - Fluoroenal 

 Under acidic conditions,  α  - fl uoro -  α , β  - unsaturated aldehydes form the thermodynamically 
stable  Z  - isomer. For the preparation of ( Z ) - aldehyde  19 , acid hydrolysis of pyrane deriva-
tive  18 , whose olefi n - confi guration corresponds to the  E  confi guration, was affected due 
to facile isomerization under the reaction conditions. Pyrane  18  was obtained by chloro-
fl uorocarbene addition to dihydrofuran under phase - transfer conditions (see Scheme  10.5 ) 
 [13] . ( Z ) - Aldehyde  19  was converted to Ph -  ψ [( Z ) - CF = CH] - Gly ( 20 ) using the same reac-
tions for the preparation of the ( E ) - isomer as described above (see Scheme  10.2 ).   
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 Carbene addition to an  E / Z  mixture of vinyl ether  21 , followed by solvolysis of the 
resultant cyclopropane  22  afforded ( Z ) -  α  - fl uoroenal  23  (Scheme  10.6 )  [16] . ( Z ) -  α  - Fluo-
roenal  23  was used for the preparation of Substance P analogues containing a Phe -  Ψ [( Z ) -
 CF = CH] - Gly dipeptide unit as described next.    

  10.2.1.3   Imidate  [3,3]  - Sigmatropic Rearrangement 

 Transposition of an allylic hydroxyl group into an amino group through  [3,3]  - sigmatropic 
rearrangement is well known as the Overmann rearrangement, which has been applied to 
the total synthesis of a variety of nitrogen - containing natural products. In general, the 
rearrangement proceeds via a six - membered chair - like transition state, resulting in a 
perfect chirality transfer of the stereogenic center at the allylic hydroxyl moiety. For the 
synthesis of a Phe -  Ψ [( Z ) - CF = CH] - Gly dipeptide unit in optically pure form to be applied 
to Substance P analogues, Allemendinger employed enantioselective aldol reactions of 
chiral enolates  24  and  25  with ( Z ) -  α  - fl uoroenal  23 , giving rise to both enantiomers ( R ) -  26  
and ( S ) -  26 , respectively, with high optical purities (see Scheme  10.7 )  [16] .   

 Enantiomerically pure imidate  27  was subjected to thermal rearrangement at 140    ° C 
to give the desired amide derivative  28  in good yield, retaining the optical purity of  26  
(see Scheme  10.8 ). Jones oxidation of the primary alcohol to carboxylic acid afforded 
dipeptide isostere  29  in optically pure form, which was applied to the preparation of Sub-
stance P analogues  30   [16] . It should be noted that nonfl uorinated analogues easily undergo 
isomerization of the double bond to form  α , β  - unsaturated amides, while the fl uorinated 
double bond in these compounds and the corresponding intermediates is stable under basic 
and acidic conditions employed, refl ecting the stabilizing effect of fl uorine on the double 
bond  [17] .   

 Scheme 10.5      

 Scheme 10.6      
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 Scheme 10.7      

 Scheme 10.8      

 For the synthesis of fl uoro - olefi n dipeptide isosteres corresponding to dipeptides 
consisting of two chiral amino acids in stereochemically pure forms with respect to both 
the confi guration of the C – C double bond and the chiral centers at C - 2 and C - 5, we 
reported the imidate rearrangement route starting from optically pure aldehydes derived 
from, for example, commercially available ester  31  (see Scheme  10.9 )  [18] . Indium - medi-
ated difl uoroallylation of aldehyde  32  gave difl uorohomoallyl alcohol  33  as a mixture of 
diastereomers, which were separated by column chromatography. In the presence of CuI 
(20   mol%), Grignard reaction of  32  with difl uorohomoallyl alcohol  33  afforded allylic 
substitution product  34  in a highly  Z  - selective manner, wherein both aliphatic and aromatic 
Grignard reagents can be employed. Scheme  10.9  illustrates a typical example. The 
imidate rearrangement of  syn  -  34c  led to the formation of  syn  -  35c  and the subsequent 
conversion to the carboxylic acid proceeded smoothly to give Leu -  Ψ [CF = CH] - Ala ( syn  -
  36c ) without any loss in optical purity. This method has some generality since a variety 
of Grignard reagents can be used for the preparation of fl uoroallyl alcohols  34  from  33 . 
Alternatively, the starting chiral aldehydes, such as  32 , could also be readily prepared by 
hydroxymethylation of carboxylic acid derivatives using a chiral auxiliary protocol  [19] . 
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Preparation of  N  - Ac - Glu -  Ψ [CF = CH] - Ala was also reported using the imidate rearrange-
ment protocol  [20] .    

  10.2.1.4   Aldolization of Fluorooxaloacetate 

 Bartlett and Otake employed aldol reaction of an in - situ - generated fl uorooxaloacetate with 
a chiral aldehyde derived from  37  to prepare  α  - fl uoroenoate  38 . Stereoselectivity was 
moderate ( Z    :    E     =    2.3   :   1), with preferential formation of the  Z  - isomer (see Scheme  10.10 ) 
 [19] . Further elaboration led to the preparation of tripeptide analogues, Cbz - Gly -  Ψ [( Z ) -
 CF = CH] - Leu - Xaa ( 39 ).    

  10.2.1.5   Sulfoxide - elimination Reaction 

 Alkylation of the anion of  α  - fl uoro -  α  - phenylsulfi nylacetate  40  with an alkyl halide, fol-
lowed by thermal  syn  - elimination of sulfi nic acid, gave  α  - fl uoroenoate  41  in  Z  - selective 
manner (see Scheme  10.11 )  [21] .    

  10.2.1.6   Defl uorinative Allylic Substitution and Related Reactions 

 Reaction of  γ , γ  - difl uoro -  α , β  - enoate derivatives  42  with Me 2 CuLi (5 equivalents), followed 
by aqueous work - up afford the reductive defl uorination product  44  without forming the 
 α  - methylated product. It is postulated that enolate intermediate  43  reacts with alkyl halide 
smoothly and regioselectively to give the desired  α  - alkylated product  45  (see Scheme 
 10.12 )  [22, 23] . The reaction proceeded in an excellently  Z  - selective manner.   

 Otaka and Fujii demonstrated that alkyl transfer from Me 2 CuLi can be promoted by 
air oxidation of intermediate  43  (see Scheme  10.13 )  [24] .   

 Scheme 10.9      
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 Scheme 10.10      

 Scheme 10.11      

 Scheme 10.12      
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 Although Me 2 CuLi - mediated reductive defl uorination of  42 , followed by  α  - alkylation 
with alkyl halide, gave product  45  in high yield and in  Z  - selective manner, the relative 
stereochemistry at C - 5 and C - 2 was not controlled (see Scheme  10.12 ). For the stereo -
 controlled alkylation at C - 2, a chiral auxiliary at the carboxyl moiety was used, and rela-
tively high diastereoselectivity was realized in the case of camphorsultam derivative  46  
(see Scheme  10.14 )  [23] .   

 For the preparation of chiral nonracemic dipeptide isosteres, Otaka and Fujii also 
reported the use of camphorsultam derivative  49 , which was prepared in optically pure 
form through the Reformatsky reaction of BrCF 2 CO 2 Et with a chiral imine (see Scheme 
 10.15 )  [25] .   

 Scheme 10.13      

 Scheme 10.14      

 Scheme 10.15      
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 A facile synthesis of fl uoro - olefi ns through Pd(0) - catalyzed reductive defl uorination 
of allylic  gem  - difl uorides, in particular  γ , γ  - difl uoro -  α , β  - enoates was recently reported (see 
Scheme  10.16 )  [26] . Stereoselectivities were moderate to high ( E    :    Z    =   1   :   1 – 1   :   9).   

 The reductive defl uorination – alkylation method shown in Scheme  10.12  was success-
fully applied to the synthesis of  N  - Boc - Sta -  Ψ [CF = CH] - Ala ethyl ester  51 , which mimics 
the central Sta - Ala unit of pepstatin, a naturally occurring inhibitor of aspartyl proteases 
including renin, pepsin, HIV - 1 and HIV - 2 proteases (see Figure  10.3 )  [27] .   

  γ , γ  - Difl uoro -  α , β  - enoate  56 , the key substrate for the reductive defl uorination – alkyla-
tion reaction, was synthesized in optically pure form using  N  - Boc leucinol  52  as the start-
ing material (see Scheme  10.17 ). The Reformatsky reaction of bromodifl uoroacetate with 
aldehyde  53 , having natural statin confi guration, gave a 3   :   1 diastereomeric mixture of  β  -
 hydroxy ester  54 , which was subjected to radical deoxygenation reaction to give difl uoro 
ester  55 . DIBAL reduction of  55 , followed by the HWE reaction using phosphonoacetate 
provided the key substrate  56 .   

 As expected, Me 2 CuLi - mediated reductive defl uorination of  56  and subsequent meth-
ylation with methyl iodide proceeded smoothly to give methylated product  57  in 96% 
yield. Regarding the stereoselectivity, a moderate  Z  - selectivity ( Z    :    E    =   6.4   :   1) was observed 
for the olefi n moiety, but the C - 2 - methylation proceeded in nonselective manner. Fortu-
nately, two diastereomers were readily separable by medium - pressure liquid chromatog-
raphy (MPLC) as shown in Scheme  10.18 . Structural assignments were made based on 
the x - ray crystallographic analysis of (2 S ) -  57 .   

 As described above, an organocopper reagent derived from alkyl lithium, such as 
Me 2 CuLi, readily reacts with  γ , γ  - difl uoro -  α , β  - enoate  42  to form a reductive defl uorinated 
metal species  43 , exclusively (see Scheme  10.12 ). To facilitate the reactivity of fl uorine 
as a leaving group, we also investigated the effects of alkylaluminum on this reaction as 

 Scheme 10.16      

 Figure 10.3     Pepstatin and Sta -  ψ [CF = CH] - Ala. 
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 Scheme 10.17      

 Scheme 10.18      

an additive and/or alkylating reagent, since it is well documented that aluminum, in addi-
tion to its high oxygenophilicity (O - Al 511    ±    3   kJ/mol), has exceedingly high affi nity 
toward fl uorine (F - Al 663    ±    3   kJ/mol)  [28] . We found that, in the presence of Cu(I), the 
reaction of  γ , γ  - difl uoro -  α , β  - enoate  42b  having a free hydroxyl group at the  δ  - position with 
trialkylaluminum (5 equivalents) gave allylic alkylation product  44 , whereas  γ , γ  - difl uoro -
  α , β  - enoate having amino group  42a  or hydrogen derivative  42c  did not give the alkylated 
products (see Scheme  10.19 )  [22, 23] . With the hydroxyl substrate  44b , the reaction pro-
ceeded in a  Z  - selective manner but without or with very low diastereoselectivity.   
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 Scheme 10.19      

 Excellent diastereoselectivity was realized on using the substrate of allylic alcohol 
substrates  59  instead of  α , β  - unsaturated ester substrate  42  (Y   =   OH) mentioned above. 
Thus, in the presence of CuI · 2LiCl, the reaction of the  E  - isomer of 5 - hydroxy - 4,4 - difl uoro -
 2 - alken - 1 - ol ( E ) -  59  with trialkylaluminum proceeded smoothly to give the allylic substitu-
tion product  60  with complete 2,5 -  syn  -  and  Z  - selectivity (see Scheme  10.20 )  [29, 30] . With 
the  Z  - isomer substrate  Z  -  59 , reaction proceeded in a manner that favored the 2,5 -  anti  -
 product, although the reactivity of the  Z  - isomer was clearly low compared with that of the 
 E  - isomer. It should be noted that the C - 5 free hydroxyl functionality is crucial for the 
reaction to occur, since the lack of this OH group (i.e., protection as its ether or amine 
derivative in place of the OH group), resulted in no reaction under similar conditions, 
recovering the starting material.   

 This highly stereoselective reaction would provide an effi cient method for the prepa-
ration of fl uoroalkene dipeptide isosteres  62  and related molecules such as depsipeptide 
isosteres  61  (see Scheme  10.21 )  [29,30] .    

  10.2.1.7   Cross - coupling Reaction of Fluorinated Alkenyl Bromides 

 In 2002, Burton and co - workers demonstrated that the  Z  -  and  E  - isomers of bromofl uoro-
methylene compound  63 , easily obtained by the Wittig reaction of carbonyl compound 
with Ph 3 P - CFBr 3  - Zn, were obtained through effi cient kinetic separation using the palla-
dium - catalyzed carboalkoxylation reaction (see Scheme  10.22 )  [31] . Since the  E  - isomer 

 Scheme 10.20      
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 Scheme 10.21      

 Scheme 10.22      

of bromide  63  reacted much faster than the  Z  isomer, ( Z ) -  α  - fl uoroenoate ( Z ) -  64  was 
preferentially obtained at low temperature. After a complete consumption of the  E  - isomer 
by Pd - catalyzed reduction with HCO 2 H, the  Z  - isomer of bromide ( Z ) -  63  remaining was 
subjected to carboalkoxylation at 70    ° C to give ( E ) -  64 .   

 Pannecoucke and co - workers developed a highly stereospecifi c synthesis of ( Z ) -  and 
( E ) -  α  - fl uoroenones  66  through a kinetically controlled Negishi coupling reaction catalyzed 
by palladium (see Scheme  10.23 )  [32] .   

 Further elaboration of both ( Z ) -  and ( E ) -  66  led to the formation of fl uoro - olefi n 
 ψ [CF = CH] dipeptide isosteres in enantiomerically pure form. For example, chiral imine 
( Z ) -  68  prepared by Ti(IV) - promoted condensation of  α  - fl uoroenone  66a  with Ellman ’ s 
sulfonamide  67  was reduced in a highly diastereoselective manner to give the reductive 
amination product  69 , which was converted to the dipeptide isostere  70  via several steps 
(see Scheme  10.24 )  [33] .     
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 Scheme 10.23      

 Scheme 10.24      

  10.2.2   Applications to Biologically Active Peptides and Related Studies 

  10.2.2.1   Substance P and Thermolysin 

 As an early example of the application of fl uoro - olefi n  Ψ [CF = CH] dipeptide isosteres, 
Allmendinger  et al.  reported the preparation of neuropeptide substance P (SP) analogues 
containing the Phe -  Ψ [(Z) - CF = CH] - Gly dipeptide unit  [16] . In a receptor binding assay 
(see Table  10.1 ), SP analogue ( S ) -  30a  having the natural  S  - confi guration in the Phe moiety 
was almost as active as SP itself (entry 1 vs. entry 6), while its diastereomer ( R ) -  30a , the 
unnatural  R  - confi gured analogue, was 10 times less active than ( S ) -  30a  (entry 2). A similar 
difference was also observed in the binding affi nities of the pyro - Glu - containing hexapep-
tide analogues ( S ) -  30b  and ( R ) -  30b  (entries 3 and 4). Furthermore, compared to the non-
fl uorinated olefi nic analogue ( S ) -  30c , the fl uorinated analogue ( S ) -  30b  bound 10 times 
more strongly to the receptor (entry 3 vs. entry 5).   

 Bartlett and Otake experimentally verifi ed the applicability of tripeptide analogues 
with the Cbz - Gly -  Ψ [( Z ) - CF = CH] - Leu - Xaa structure as ground - state analogue inhibitors 
of the zinc endopeptidase thermolysin (see Figure  10.4 )  [19] . These fl uoro - olefi n tripeptide 
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 Table 10.1     Receptor binding of Substance  P  and fl uoroalkene dipeptide analogues 

  

      

  entry        X    R 1     R 2     R 3     lC 50   

  1    ( S ) -  30a     F    Arg - Pro - Lys - Pro - Gln - Gln - Phe    PhCH 2     H    2   nM  
  2    ( R ) -  30a     F    Arg - Pro - Lys - Pro - Gln - Gln - Phe    H    PhCH 2     20   nM  
  3    ( S ) -  30b     F    Pyro - Glu -     PhCH 2     H    0.8    µ M  
  4    ( R ) -  30b     F    Pyro - Glu -     H    PhCH 2     10    µ M  
  5    ( S ) -  30c     H    Pyro - Glu -     PhCH 2     H     > 10    µ M  
  6    Substance P                1.3   nM  

   

       

 Figure 10.4     Tripeptide analogues of the Cbz - Gly -  Ψ [CF = CH] - Leu - Xaa structure. 

analogues  39  bind to thermolysin about one order of magnitude more tightly than the 
substrates, in which the binding mode of the fl uoro - olefi n inhibitor and substrate are not 
identical on the basis of  K  i  vs.  K  m  correlation,. Although these analogues are not particu-
larly potent as enzyme inhibitors, they are useful as substrate models in structural 
studies.    

  10.2.2.2   Dipeptidyl Peptidase Inhibitors 

 Dipeptidyl peptidase IV (DPP IV, EC 3.4.14.5, CD26) is a serine protease cleaving off 
dipeptides from the amino terminus of peptides or proteins having proline or alanine at 
the penultimate position. Since prolylamides are known to play a critical role in peptide 
structure and function, and because of their high resistance toward nonspecifi c enzymatic 
hydrolysis, a few enzymes capable of cleaving this structural motif have attracted consid-
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erable attention. It has been shown that DPP IV inhibition can be used as a new tool for 
controlling type II diabetes  [34] . Typically, these inhibitors possess a dipeptide skeleton 
with a free amine terminus and a pyrrolidine ring attached to an electrophilic site for Ser -
 OH scavenging such as a nitrile, a boronic acid, or a hydroxamate (see Figure  10.5 ).   

 Since the discovery of Xaa - (2 - cyano)pyrrolidines ( 71a , X   =   CN, Figure  10.5 ) as 
potent and reversible inhibitors of DPP IV, the optimization of these  “ lead ”  structures in 
terms of activity and selectivity have been extensively investigated  [35] . It was suggested 
that for strong enzyme inhibition, reversible interaction of the electrophilic nitrile group 
in the inhibitors and the Ser - OH group in the active site of the enzyme would play an 
important role. However, these nitrile - containing inhibitors  71a  suffer from the inactiva-
tion process to form cyclic amidines  74  and/or hydrolyzed product, diketopiperadine 
derivative  75 , due to a facile intramolecular cyclization of  N  - terminal amine to the nitrile 
group through conformational change from  trans  - amide to  cis  - amide as shown in Scheme 
 10.25 .   

 To solve the inactivation issues mentioned above, the concept of conformationally 
restricted ( Z ) - fl uoro - olefi n dipeptide isosteres that mimic the active  trans  conformation of 
the DPP IV inhibitors was applied by Welch and co - workers to the preparation of inhibi-
tors having Ala -  Ψ [CF = CH] - Pro structure ( 76  and  78 ) and their inhibitory activities were 
evaluated (see Figure  10.6 )  [36, 37] . DPP IV inhibitory activities and the stability of the 
inhibitors  76  and  77 , in comparison with those of the model dipeptide Ala - Pro derivative 
 78  are summarized in Table  10.2 . These fl uoro - olefi n analogues,  76  and  77 , showed better 
DPP IV inhibitory activity than that of  78 . In particular,  u  -  76  having the same relative 
stereochemistry as the natural dipeptide (L - Xaa - L - X ′ aa) confi gurations exhibited potent 

 Figure 10.5     DDP IV inhibitory dipeptides and fl uoro - olefi n analogues. 

 Scheme 10.25      
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 Figure 10.6     Ala -  Ψ [CF = CH] - Pro analogues as DDP IV inhibitors. 

 Table 10.2     Inhibition of  DPP  IV  and stability of inhibitors 

  inhibitor    Inhibition, %    ([l],  µ M)     K  i ,  µ M     K  d     ×    10 4 , min  − 1   a)       t  1/2 , h  

   u  -  76     42 
 100  

  (10) 
 (250)    0.19    1.1    103  

   l  -  76     4 
 17  

  (10) 
 (500)  

  14.4    ND    ND  

   u  -  77     16 
 50  

  (1) 
 (10)  

  7.69     –   b)        

   l  -  77     14 
 47  

  (1) 
 (10)  

  6.03     –   b)        

   78     29    (1,100)    30.0    13.0    8.8  

     a)      K  d : Decomposition rate constant   
    b)     No detectable degradation at pH 7.6 under buffered conditions.   

activity ( K  i    =   0.19    µ M). Moreover, the stability of these fl uoro - olefi n - containing peptide 
mimetics was remarkable. For example, no detectable degradation of the cyano derivatives 
 77  was observed at pH 7.6 under buffered conditions. Although the effects of the replace-
ment of the parent amide bond with the fl uoro - olefi n moiety in these molecules on inhibi-
tory potency and stability might not be fully deduced from these limited examples, good 
affi nity of these fl uorine - modifi ed peptide mimetics to the enzyme was experimentally 
verifi ed.     

 Augustyns and co - workers reported a structure – activity relationship (SAR) study of 
fl uoro - olefi n analogues of  N  - substituted glycylpyrrolidines  79a , glycylpiperidines  80a , and 
glycyl - (2 - cyano)pyrrolidines  81  as well as the corresponding olefi n analogues  79b  and 
 80b  for their activities as DPP IV or DPP II inhibitors (Table  10.3 )  [38] . Except for  79c - 1 , 
most of these compounds exhibited a strong preferential binding to DPP II. Recent crystal-
lographic analyses of peptidic inhibitor – DPP IV complexes revealed that the P 2  – P 1  amide 
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oxygen atom of inhibitors is involved in hydrogen bonding with the Asp710 and Arg125 
residues of the enzyme. Assuming the importance of such a hydrogen bond, the observed 
low affi nity of the fl uoro - olefi n isosteres,  79a  and  80a , for DPP IV could be attributed to 
the fact that they are much weaker hydrogen - bond acceptors than an amide functionality. 
In contrast, the hydrogen - bond formation seems less critical for DPP II inhibition. More-
over,  81 , wherein a nitrile group was introduced to fl uoro - olefi n isostere  79a , did not result 
in increased DPP IV or DPP II inhibitory activity, although these analogues showed sub-
stantially increased stability in solution over the parent amide compound.    

  10.2.2.3   Peptide - Nucleic Acid 

 Peptide - nucleic acid (PNA) is a DNA analogue based on a polyamide backbone. It is 
known that PNAs strongly bind to complementary DNA and RNA sequences, obeying the 
Watson – Crick hydrogen - bonding rules, by taking advantage of the lack of electrostatic 
repulsion between anionic ribose - phosphate moieties in the backbone  [39] . The potential 
utility of PNAs as gene - therapy agents has been attracting much attention from medicinal 
chemists, although their poor cellular uptake, low solubility in water, and self - aggregation 
are remaining problems for clinical applications  [40, 41] . To realize more specifi c and 
higher affi nity to DNA and RNA, modifi cation of PNA backbone has been extensively 
studied. Leumann and co - workers reported the synthesis and evaluation of fl uoroalkene 
and nonfl uorinated alkene isosteres of PNAs as conformationally locked mimics (see 
Figure  10.7 )  [42 – 45] .   

 Table 10.3     Inhibition of  DPP  IV  and  DPP  II  

  

      

  R    n   =   1    n   =   2  

  compd.    lC 50  ( µ M)    lC 50  ( µ M)    Compd.    lC 50  ( µ M)    lC 50  ( µ M)  

  DPP lV    DPP ll    DPP lV    DPP ll  

   1                

   79a - 1      > 1000    90    ±    1     80a - 1      > 500    500    ±    50  
   79b - 1      > 1000    62    ±    12     80b - 1      > 1000    136    ±    14  
   79c - 1     148    ±    26    276    ±    72     80c - 1      > 1000    177    ±    54  

   2          
      

   79a - 2      > 1000    38    ±    3     80a - 2      > 1000    34    ±    4  
   79b - 2      > 1000    26    ±    3     80b - 2      > 1000    55    ±    4  
   79c - 2     1000    ±    10    500    ±    50     80c - 2      > 1000    397    ±    25  

   3                
   79a - 3      > 250    1.3    ±    0.2     80a - 3      > 250    1.0    ±    0.1  
   79a - 3     ND    ND     80c - 3      > 1000    3.1    ±    0.1  
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 The thymidyl - PNA monomer  87  having a fl uoroalkene structure was obtained by 
multistep reactions using the Wittig reaction for the construction of the fl uoroalkene func-
tionality as shown in Scheme  10.26 . The Wittig reaction of bis - MMTr - protected symmetric 
ketone  82 , derived from diethyl 3 - hydroxyglutarate with (EtO) 2 P(O)CHFCO 2 Et, gave 
fl uoroalkene  83  in 67% yield. The reaction of  83  with BCl 3  and the subsequent silylation 
gave fl uorinated lactone  84 . The introduction of thymidyl group and amino functionality 
to  84  was achieved by the chemoselective Mitsunobu reaction of a diol, prepared by 1,2 -
 reduction of  84 , with  N  3  - benzoyl thymine and Ph 3 P/CBr 4  - mediated S N 2 - type substitution 
of the homoallylic alcohol moiety with LiN 3  to give azide  85 . Conversion of the azide 
group of  85  to an MMTr - amino acid functionality in fi ve steps provided monomeric fl uo-
roalkene isostere unit  87 . With the use of essentially the same method, a fl uoroalkene 
isostere of an adenyl - PNA was also synthesized. By means of MMTr/acyl solid - phase 
peptide synthesis  [46] , these fl uoroalkenic monomers were incorporated into the corre-

 Figure 10.7     Rotameric forms of PNA and the structures of alkenic isosteres. 

 Scheme 10.26      
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sponding PNA sequence, which was equipped with lysine units at the N - termini to enhance 
water solubility and for easy purifi cation.   

 The  T  m  value of fl uoroalkene isostere  89a  with antiparallel DNA component was 
found to be slightly higher than that of the normal PNA oligomer  88  ( ∆  T  m    =   +2.4    ° C) (see 
Figure  10.8 ). This result indicates better stabilization of the PNA/DNA duplex through 
introduction of a fl uoroalkene unit at the central part of the PNA backbone. Nonfl uorinated 
( E ) - alkene isostere  90  [ note:  The ( E ) - alkene isostere has the same geometric confi guration 
as the ( Z ) - fl uoroalkene isostere] at the same location in the PNA sequence provided better 
stabilization of the PNA/DNA duplex with antiparallel DNA component than that of  88  
( ∆  T  m    =   +3.5    ° C). In contrast, nonfl uorinated ( Z ) - alkene isostere  91  resulted in signifi cant 
destabilization of the duplex ( ∆  T  m    =    − 5.2    ° C). Thus, it is suggested that the  Z  - confi guration 
of the double bond may cause a structural mismatch. Interestingly, the stability of the 
PNA/DNA duplexes of decamers  89 , containing single fl uoroalkene modifi cation with 
antiparallel DNA, was found to be strongly dependent on its position in the PNA sequence, 
with  ∆  T  m  values ranging from +2.4 to  − 8.1    ° C. Additionally, a similar tendency was 
observed for the PNA/DNA duplexes with parallel DNA.    

  10.2.2.4   Fluoroarenes as Nucleoside Base Mimics 

 The use of fl uoroarene derivatives as structural mimetics of nucleobases has been studied 
extensively  [47, 48] . In pioneering work in this fi eld, Kool and co - workers reported the 
structural similarity between natural 2 ′  - deoxythymidine (dT) and 1 ′ ,2 ′  - dideoxy - 1 ′  - (2,4 -
 difl uoro - 5 - methylphenyl) -  β  -  d  - ribofuranoside  92  (dF) (see Figure  10.9 )  [49, 50] .   

 As shown in Scheme  10.27 , fl uoroarene isostere  92  was prepared from 2,4 - difl uoro -
 5 - bromotoluene and silyl - protected lactone  93  in three steps  [51] . Thus, the coupling 
reaction of lactone  93  with an aryl Grignard regent, which was prepared from 2,4 - difl uoro -
 5 - bromotoluene and magnesium in the presence of catalytic amount of iodine, and the 
subsequent reductive dehydroxylation of lactol intermediate by Et 3 SiH resulted in the  β  -
 selective introduction of difl uorotoluyl group. Further treatment with TBAF deprotected 
the silyl groups to give  92  in excellent yield. With the use of essentially the same proce-
dure, dichloro -  and dibromo - analogues were also prepared. To incorporate  92  into the 
DNA sequence, 5 ′  - OH selective protection of  92  with 4,4 ′  - dimethoxytrityl chloride (DMTr -
 Cl) and subsequent phosphorylation with 2 - cyanoethyl  N , N  - diisopropylchlorophosphora-
midite gave the fully protected nucleotide precursor  94 , which was subjected to 

 Figure 10.8      T  m  data of PNA, alkenic PNA and fl uoroalkenic PNA. 
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 Figure 10.9     Natural 2 ′  - deoxythymidine and 1 ′ ,2 ′  - dideoxy - 1 ′  - (2,4 - difl uoro - 5 - methylphenyl) -  β  -  D  - 
ribofuranoside. 

 Scheme 10.27      

oligonucleotide synthesis using an automated synthesizer based on phosphoramidite chem-
istry  [52] .   

 Fluoroarene isostere  92  was designed as a nonpolar nucleoside with the closest pos-
sible steric and structural similarity to the natural deoxythymidine, but without hydrogen -
 bonding ability. Despite the proposed ability of C – F groups in fl uoroarene derivatives as 
weak hydrogen - bonding acceptors and aromatic C – H groups as weak hydrogen - bonding 
donors  [53, 54] ,  1 H - NMR titration of 9 - ethyladenine with 2,4 - difl uorotoluene in aqueous 
media did not show signifi cant change of chemical shifts in 9 - ethyladenine  [50] . In general, 
it is known that the hydrogen - bonds between molecules in aqueous solution are weak due 
to the high dielectric constant of the medium as well as competitive hydrogen - bonding 
with the solvent itself. Therefore, this observation indicates the lack of hydrogen - bonding 
between the fl uoroarene nucleoside isostere and the complementary natural nucleoside in 
aqueous media. On the other hand, Engeles and co - workers recently found intermolecular 
C – H ·  ·  · F – C hydrogen bonding in the crystalline form of 1 ′  - deoxy - 1 ′  - (4 - fl uorophenyl) -  β  -  d  -
 ribofuranose  95a  (see Figure  10.10 )  [55] . The x - ray crystallographic analysis of  95a  
(recrystallized from methanol) confi rmed that the distance between the fl uorine atom and 
the arylic hydrogen at the 3 - position of another molecule (2.30    Å ) is signifi cantly shorter 
than the sum of the van der Waals radii of fl uorine and hydrogen (2.55    Å ). Unfortunately, 
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in the cases of 3 - fl uorophenyl -  β  -  d  - ribofuranose  95b  and 2,4 - difl uorophenyl -  β  -  d  - ribofura-
nose  95c , no H ·  ·  · F distance shorter than 2.55    Å  was observed. This intermolecular C –
 H ·  ·  · F – C hydrogen bond also showed nearly linear arrangement with dihedral angle of 
158    ° . Interestingly, the H ·  ·  · F distance in a single crystal of  95a  recrystallized from water 
was found to be longer (2.38    Å ) than in that recrystallized from methanol (2.30    Å ) due to 
the incorporation of a water molecule into the unit cell: that is, a water molecule is placed 
between 2 ′  - OH and 5 ′  - OH, which makes the F ·  ·  · H distance longer.   

 Engeles and co - workers also reported the effect of these fl uoroarene isosteres on the 
thermodynamic properties of the duplex RNA  [55]  (see Figure  10.11 ). In the 12 - mer oli-
gonucleotides (5 ′  - CUU UUC XUU CUU paired with 3 ′  - GAA AAG YAA GAA), the 

 Figure 10.10     Fluoroarene nucleoside isosteres. 

 Figure 10.11     Thermodynamic properties of modifi ed/unmodifi ed duplex RNA (5 ′  - CUU 
UUC XUU CUU paired with 3 ′  - GAA AAG YAA GAA). 
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wobble base pair U · G showed the highest  T  m  (38.6    ° C). Single modifi cation of oligonucle-
otide sequence by the incorporation of nonfl uorinated phenyl isostere  95d  signifi cantly 
destabilized the RNA duplex structure, although fl uorinated analogues  95a ,  95b  and  95c  
improved the thermal stability of the duplex RNA compared with  95d . In particular, the 
 T  m  values of singly modifi ed duplex RNAs with 2,4 - difl uorophenyl isostere  95c  were 
notably higher than those with monofl uorinated isosteres. 4,6 - Difl uorobenzoimidazole 
isostere  96  was also found to be an effective mimic of purine bases such as inosine. Sur-
prisingly, the pairing of fl uorinated nucleobase isosteres with a purine or pyrimidine 
nucleobase resulted in similar  T  m  values. Thus, these fl uoroarene isosteres potentially act 
as a new class of universal base, which can pair with all natural bases without energy loss. 
The evaluation of  doubly  modifi ed duplex RNAs also suggested a signifi cant interaction 
between  96  and  95c  ( T  m    =   34.6    ° C). It was also demonstrated by the exhaustive thermal 
analysis that the duplex RNA with  95c  ·  96  base pair is 0.6   kcal/mol more stable than that 
of the calculated value. To explain this stabilization, Engeles and co - workers proposed a 
weak F ·  ·  · H hydrogen - bond between the fl uorinated nucleotides  [55] .   

 Kool and co - workers also reported 1 ′ ,2 ′  - dideoxy - 1 ′  - (4 - fl uoro - 6 - methylbenzoimid-
azolyl) -  β  -  d  - ribofuranose ( 97 , dH) as a highly effective nonpolar isostere of 2 ′  - deoxy-
guanosine (dG) (see Figure  10.12 )  [56] . In crystalline forms, the bond lengths and base 
shapes in these compounds are quite close, although the orientation of the base with respect 
to the furanose ring is different. That is, the natural dG adopts an  anti  conformation with 
a torsion angle  χ  of  − 122    ° , while the base part of  97  is twisted by 58    °  relative to this and 
falls between typical  anti  and  syn  ranges with a measured torsion angle  χ  of  − 65    ° . 
However, NMR studies in D 2 O revealed that the conformation of  97  in solution was 
essentially identical to that of dG. For instance, the conformations of the deoxyribose parts 
of both nucleosides were classifi ed to be 70% S for dG and 66% S for  97 . In general, the 
2 - deoxyribofuranoside structure preferentially occupies the  S (2 ′  -  endo ) conformation. 
Additionally, nuclear Overhauser effect (NOE) data of  97  in D 2 O strongly indicate that 
nucleoside  97  is favored as the  anti  - conformer.   

 One of the most important aspects of 4 - fl uoro - 6 - methylbenzimidazole as a modifi ed 
nucleobase is its strong stabilization of duplex DNA through a stacking effect. The stack-
ing properties of  97  and other modifi ed nucleosides can be measured by the dangling end 
thermal denaturation studies of DNA duplexes with self - complementary stands (dXCGC-

 Figure 10.12     2 ′  - Deoxyguanosine and 1 ′ ,2 ′  - dideoxy - 1 ′  - (4 - fl uoro - 6 - methylbenzoimidazolyl) -  β  -  D  - ribo - 
furanose. 



 Fluorinated Moieties for Replacement of Amide and Peptide Bonds 281

GCG.) (see Figure  10.13 a)  [57] . Regarding the free energy of stacking for the natural/
modifi ed nucleobases, this study showed that the nucleobase mimic  97  stacked consider-
ably more strongly than any of the four natural DNA bases. A possible stacking model 
was proposed as shown in Figure  10.13 . In this model, the 4 - fl uoro - 6 - methylbenzimid-
azole ring nicely overlaps the cytosine base.   

 As an unique application of fl uoroarene isosteres, Kool and co - workers recently 
reported that sets of 1 ′ ,2 ′  - dideoxy - 1 ′  - (2,4 - dihalo - 5 - methylphenyl) -  β  -  d  - ribofuranose ( 98 ) 
and 1 ′  - deoxy - 1 ′  - (2,4 - dihalo - 5 - methylphenyl) -  β  -  d  - ribofuranose ( 99 ) as thymidine or 
uridine analogues with gradually increasing size can be used as  “ molecular rulers ”  (see 
Figure  10.14 )  [56] . X - ray crystallographic analysis and various NMR studies in D 2 O 
showed that the conformations of these isosteres in both crystalline state and solution 
closely resemble that of thymidine. Additionally, PM3 calculations of  98  and  99  suggested 
that change of the substituent X from hydrogen to a series of halogen atoms would increase 
the bond lengths at the 2,4 - positions, corresponding to oxygens of thymidine, ranging from 
1.09    Å  to 1.97    Å  (see Figure  10.14 ). Therefore, enzymatic evaluation using a set of these 
compounds should be able to elucidate the fi delity of substrate specifi city for the target 
enzyme.   

 According to this concept, in 2005 Kool and Essingmann reported the utility of 
 “ molecular rulers ”  as probes for the active - site tightness of DNA polymerase  [58, 59] . In 
kinetic studies of single nucleotide insertion in the steady state using a gel electorophore-
sis - based analysis, it was found that the effi ciency of the replication of 28 - mer/23 - mer 
template - primer duplexes, having the sequence (5 ′  - ACT G A T CTC CCT ATA GTG AGT 
CGT ATT A · 5 ′  - T AAT ACG ACT CAC TAT AGG GAG A) with variably sized nucleoside 
triphosphates  100  promoted by DNA polymerase I from  E. coli  (Klenow fragment, exo-
nuclease defi cient), was highly dependent on the size of compounds (see Figure  10.15 ). 
A comparison of the effi ciency for nucleotide insertions, which was measured by  V  max / K  M , 
shows that the Cl - substituted analogue dLTP, whose chloroarene ring is larger than natural 
thymine by 0.5    Å , is the most effi cient compound in this series. In addition, the relative 
effi ciency of dLTP is almost the same as that of natural dTTP within experimental error, 

 Figure 10.13     (a) The helix – coil equilibrium of 5 ′  - XCGCGCG and dangling end thermal 
denaturation studies. (b) Possible 5 ′  - end stacking geometry for the aromatic rings. 



282 Fluorine in Medicinal Chemistry and Chemical Biology

 Figure 10.14     PM3 - calculated bond length of arene isosteres. 

 Figure 10.15     Steady - state kinetic effi ciencies for single - nucleotide insertion by DNA poly-
merase I with variably sized nucleoside triphosphate. 

despite the nonpolar nature of dLTP. When the molecule size exceeded that of the chlori-
nated analogue, the relative effi ciency dropped markedly by a factor of 164 for the largest 
dITP in response to a subtle size increase of 0.35    Å  over the optimum. This result suggests 
that the active site of DNA polymerase strictly recognizes the steric bulkiness and the 
shape of the substrate.   

 The  “ molecular ruler ”  methodology for determining the size of the active site of DNA 
polymerase was also applied to the investigations of other DNA polymerases, such as T7 
DNA polymerase and Dpo4 polymerase  [60, 61] . 

 On the other hand, a set of 1 ′  - deoxy - 1 ′  - (2,4 - dihalo - 5 - methylphenyl) -  β  -  d  - ribofura-
noses ( 99 , rN) was used for the investigation of fl exible active site of reverse transcriptase 
of HIV - 1 virus (HIV - RT) (see Figure  10.16 )  [62] . Since HIV - RT is well known as a highly 
mutagenic polymerase, the understanding of its mutagenicity potentially provides a solu-
tion to the rapid development of drug resistance during treatment of AIDS. The effi ciencies 
of the dATP incorporation to singly modifi ed RNA templates by HIV - RT are shown in 
Figure  10.16 . All uracil analogues  99  directed preferential incorporation of dATP. Regard-
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ing the effect of size on the effi ciency, the smallest analogue (X   =   H) was less tolerated 
than other analogues in the template, but there was otherwise little or no difference in 
dATP incorporation effi ciencies. The results are remarkably different from those for the 
DNA polymerases, and clearly suggest the high structural fl exibility of HIV - RT.      

  10.3   Trifl uoromethylated Alkenes   Ψ [CH(CF 3 ) = CH]  as Dipeptide Isosteres 

 In 1998, Wipf and co - workers demonstrated that the replacement of a peptidic amide bond 
with a trifl uoromethylated alkene mimics well the  β  - turn structure of the original peptide 
 [7] . AM1 - calculated dipolar moments of the amide bond and various alkene isosteres sug-
gested the electrostatic similarity between the amide and the trifl uoromethylalkene func-
tionalities (see Figure  10.17 )  [7] .   

  10.3.1   Synthetic Method 

 The synthesis of trifl uoromethylalkene dipeptide isosteres was reported by Wipf and co -
 workers  [7] . As shown in Scheme  10.28 , the multistep synthesis of Ala -  Ψ [C(CF 3 ) = CH] -
 Xaa type isosteres was achieved from 1,1,1 - trichloro - 2,2,2 - trifl uoroethane. The 
carboxylation of trifl uorotrichloroethane via trifl uorodichloroethylzinc intermediate, ester-
ifi cation with benzyl alcohol, and Reformatsky addition – elimination with acetaldehyde 

 Figure 10.16     Steady - state kinetic effi ciencies for single - nucleotide insertion by HIV - 1 reverse 
transcriptase to duplex RNA templates [5 ′  - r(ACU GXU CUC CCU AUA GUG AGU CGU 
AUU A), · 55 ′  - d(T AAT ACG ACT CAC TAT AGG GAG A)] with dATP. 

 Figure 10.17     Dipolar moments (debye) of amide and various alkene isosteres. 
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yielded  α  - trifl uoromethylated crotonate  101  as a 2   :   3 mixture of  E  -  and  Z  - isomers. The 
Sharpless asymmetric dihydroxylation of ( Z ) -  101 , which was isolated by column chroma-
tography on silica gel, afforded chiral diol in 73% ee. Conversion of this diol to an epoxide 
under Mitsunobu conditions, half - reduction of the ester moiety with DIBAL - H, and Wittig 
olefi nation gave trifl uoromethylated epoxide  102 . Introduction of amino group through 
ring opening of epoxide  102 , followed by allylic methylation of the resultant  γ  - mesyloxy -
  α , β  - enoate  103  with methylcuprate, and the fi nal amidation gave Ala -  Ψ [C(CF 3 ) = CH] - Ala 
 104 .   

 Later, Wipf and co - workers also reported the improved synthesis of trifl uoromethyl-
alkene isostere  110  through addition reaction of internal alkynes to  N  - phosphonylimines 
(see Scheme  10.29 )  [63] . As shown in Scheme  10.29 , the reaction of  N  - phosphonylimine 
 104  with vinylzinc species, derived from alkynylstannane  103  through hydrozirconation, 
followed by transmetallation with Me 2 Zn, gave vinylstannane  105  in 65% yield. The reac-
tion of  105  with NIS ( N  - iodosuccinimide) afforded iodoalkene  106  in 63% yield. It should 
be noted that vinylstannane  105  was also converted to fl uoroalkene  107  in moderate yield 
through reaction with XeF 2  and AgOTf  [64] . The resulting iodoalkene  106  was trans-
formed to naphthylamide  109  in a further four steps. Finally, the stereoselective introduc-
tion of a CF 3  group through reaction of  109  with FSO 2 CF 2 CO 2 Me  [65]  in the presence of 
Cu(I) thiophenecarboxylate (CuTc) gave trifl uoromethylalkene isostere  110  in reasonable 
yield.    

  10.3.2   Conformational Analysis and Biological Aspects 

 One of the most important structural properties of trifl uoromethylalkene isosteres is the 
reproduction of  β  - turn topography. As shown in Figure  10.18 , natural  β  - turn structure can 

 Scheme 10.28      
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 Scheme 10.29      

 Figure 10.18     Structure and classifi cation of  β  - turns. Type IV  β  - turns are defi ned as those 
having two or more angles which differ by at least 40    °  from the defi nitions of  β  - turn types I, 
I ′ , II, II ′ , III and III ′ . Type VI  β  - turns have a  cis  - Pro at the position  i +2. Type VII  β  - turns form 
a kink in the protein chain created by  ψ   i   +1     ≈    180    °  and  |  φ   i   +2  |     <    60    °  or  |  ψ   i   +1  |     <    60    °  and 
 φ   i   +2     ≈    180    ° . 

be classifi ed broadly into 11 types  [66] . Compared with nonfl uorinated alkene and meth-
ylalkene isosteres, the corresponding trifl uoromethylalkene isosteres act as more effective 
 β  - turn promoters. Thus, the combination of A 1,3  and A 1,2  strains at the trifl uoromethylated 
alkyne moiety leads to considerable restrictions in  φ , ψ  - dihedral angles in these peptides.   
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 For instance, BocNH -  l  - Ala -  Ψ [C(CF 3 ) = CH] -  d  - Ala - CONHMe takes solely type - II  β  -
 turn structure ( φ  2    =    − 60    ° ,  ψ  2    =   120    ° ,  φ  3    =   110    ° ,  ψ  3    =    − 23    ° ) in crystalline form (see Figure 
 10.19 ). In this case, the corresponding methylated alkene isostere also exists as a similar 
conformer in crystalline form, although the simple alkene isostere does not have a hydro-
gen - bond between the carbonyl oxygen at residue 1 and the amide proton at residue 4.   

 A similar observation was reported for the trifl uoromethylalkene isostere of gramici-
din S (GS), which is an antibiotic cyclodecapeptide (see Figure  10.20 )  [67] . In natural GS, 
the rigid and amphipathic antiparallel  β  - pleated sheet is held in place by two type - II ′   β  -
 turns at both  d  -  p he - Pro positions as well as four intramolecular hydrogen - bonds between 
the valine and leucine residues. Base on the x - ray crystallographic analysis, it is confi rmed 
that trifl uoromethylalkene isostere  102  adopts the pleated antiparallel  β  - sheet structure 
with two hydrogen bonds in solid state. The  d  -  p he - Pro unit has an ideal set of dihedral 
angles for the type II ′   β  - turn ( φ  2    =   137    ° ,  ψ  2    =    − 95    ° ,  φ  3    =    − 82    ° ,  ψ  3    =    − 5.7    ° ). Comparison 
of natural GS and  Ψ [C(CF 3 ) = CH] 2 GS in solution by variable temperature NMR and CD 
(circular dischroism) analyses also indicates the structural similarity of these two com-
pounds. In contrast, CD spectra of nonfl uorinated isostere  Ψ [C(CH 3 ) = CH] 2 GS  103  suggest 
the presence of disordered peptide conformation. Antibacterial activities of des - Cbz -  102  
and des - Cbz -  103  also mimic that of the natural GS (MIC   =   5 – 15    µ g/mL).     

 Figure 10.19      β  - Turn structure of BocNH -  L  - Ala -  ψ [C(CF 3 ) = CH] -  D  - Ala - CONHMe. 

 Figure 10.20     Structures of gramicidin S,  Ψ [C(CF 3 ) = CH] 2 GS, and  Ψ [C(CH 3 ) = CH] 2 GS. 
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  10.4   Conclusion 

 Recent advances in the bioorganic and medicinal chemistry of fl uoropeptide mimetics and 
related compounds are reviewed. The fl uoro - olefi n dipeptide isosteres  Ψ [CF = CH] have 
been studied extensively. Although steady advances in synthetic methods should be noted, 
the development of more effi cient and selective methods that tolerate various substitution 
patterns and produce products in enantiomerically pure forms with a short - step procedure 
is still required. Such development in synthetic methods will undoubtedly promote appli-
cations of fl uoropeptide mimetics and related compounds to medicinal research. Weak or 
lack of hydrogen bond - forming ability of fl uorinated isosteres as amide mimics has been 
suggested to explain the observed weak enzyme – substrate interactions or low biological 
activities. On the other hand, their enhanced  in vivo  stability and/or enhanced affi nity to 
enzymes have also been experimentally verifi ed. Fluorinated dipeptide isosteres and 
nucleobase mimics also provide new and useful tools for bioorganic chemistry research, 
as exemplifi ed in their use in molecular recognition of oligonucleotides.  
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 Perfl uorinated Heteroaromatic Systems 

as Scaffolds for Drug Discovery  

  David   Armstrong  ,   Matthew W.   Cartwright  ,   Emma L.   Parks  ,   Graham   Pattison  , 
  Graham   Sandford  ,   Rachel   Slater  ,   Ian   Wilson   John A.   Christopher  ,   David D.   Miller  , 

  Paul W.   Smith  , and   Antonio   Vong        

  11.1   Introduction 

 The drug discovery process within the pharmaceutical industry has undergone many sig-
nifi cant changes over the past 40 years in order to decrease the high attrition rate of drug 
candidates in the highly resource intensive discovery and development phases  [1 – 3] . 
Advances in technology brought about by the introduction of high - throughput screening 
(HTS) in 1989 now allow hundreds of thousands of compounds to be assessed for biologi-
cal activity by a variety of  in vitro  assays within a very short time frame  [4] . The subse-
quent introduction of combinatorial chemistry techniques  [1]  allowed the synthesis of 
compound collections comprising around a million different entities for biological screen-
ing purposes  [5] . However, despite some early promise, the production of such large 
numbers of new molecules did not lead to the desired increase in the number of suitable 
candidates for hit - to - lead generation  [6, 7] . 

 Consequently, medicinal chemists have begun to pay closer attention to the structure, 
nature and function of molecules synthesized and screened as drug candidates in order to 
be able to recognize and, crucially, predict  drug - like  entities to aid the medicinal chemist 
in their choice of synthetic target molecules. Approaches to predict  drug - likeness  have 
been developed in recent years and include simple counting schemes, functional group 
methods and the analysis of the multidimensional  “ chemical space ”  occupied by drugs 
and neural network learning systems, and all these differing strategies have been discussed 
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at length  [5, 8] . In general, however, molecular  “ drug - like ”  properties can be defi ned as 
being a combination of favourable physiochemical (e.g. solubility, stability) and biological 
parameters (e.g. absorption, distribution, metabolism, elimination and toxicity; ADME -
 Tox)  [2] . 

 In a seminal publication that outlines one popular approach, published in 1997, 
Lipinski  [1]  analysed the physiochemical properties that are required for determining 
whether a molecule will be orally bioavailable, and a statistical analysis of existing 
successful drug systems was formalised as simple heuristic guidelines known as the 
 “ Rules of fi ve ”  (RO5) (see Table  11.1 ). These  “ rules ”  were intended to be  “ conservative 
predictors ”   [9]  to aid medicinal chemists to synthesize and select compounds that would 
possess suitable physiochemical drug - like properties and, therefore, help reduce com-
pound attrition rates during clinical stages because, in principle, resources would not be 
utilized on the synthesis of molecules that would not have drug - like characteristics.   

 The research by the Pfi zer group resulted in a paradigm shift of thinking for the 
medicinal chemist  [12]  and has been cited well over a thousand times in the literature  [9] . 
Subsequently, similar analysis was carried out by scientists at other major pharmaceutical 
companies such as GSK  [11] , Boehringer Ingelheim  [13] , Astra Zeneca  [14] , Bayer  [15]  
and Lilly  [16] , and very similar conclusions were formulated. From these further inves-
tigations, two notable extensions  [11]  to the RO5 (see Table  11.1 ) were established and 
are now widely used as additional predictive fi lters to identify suitable drug - like 
structures. 

 The RO5 have proved to be an extremely useful set of physiochemical parameters in 
the decision - making process in hit - to - lead generation and have been applied to the syn-
thesis and analysis of many libraries of drug - like molecules that contain low - molecular -
 weight systems that possess diverse structural features  [1] . If a particular compound has 
structural features that lie outside these guidelines, it is highly probable that solubility and 
permeability problems will occur in subsequent stages of drug development  [9] . There are, 
however, exceptions to these rules  [1] , such as various medicinally important antibiotics, 
antifungals, vitamins and cardiac glycosides, and it is very important to note that RO5 -
 compliant molecules are not, of course, automatically good drugs. Additionally, the 
RO5 do not give any indication as to the types of molecular structures that should be 
synthesized. They are merely a guideline as to whether a particular structural class of 
compound may possess drug - like features  [9] . 

 Consequently, it falls to the medicinal chemist to identify and design the structures 
of suitable drug - like entities using the RO5 as predictive guidelines, and subsequent con-

 Table 11.1     Lipinski parameters ( RO 5) for predicting  “ drug - likeness ”  of potential 
molecular targets 

  Rule of 5  [10]      •  Molecular weight  ≤ 500  
   •  The calculated log of the octanol/water partition coeffi cient, Clog  P     ≤    5  
   •  Hydrogen - bond donors  ≤ 5  
   •  Hydrogen - bond acceptors (sum of N and O atoms)  ≤ 10  

  Extensions  [11]      •  The polar surface area  ≤ 140    Å  2  or sum of hydrogen - bond donors and 
acceptors  ≤ 12  

   •  Rotatable bonds  ≤ 10  
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struction of libraries or arrays of appropriate drug - like molecules has been increasingly 
based upon the concept of  privileged structures.  First proposed by Evans in 1988  [17] , 
privileged structures can be described as molecules that possess versatile binding 
properties so that, through modifi cation of various structural features, they are selective 
for a variety of different biological receptors. The parameters defi ned when choosing a 
privileged structure system can be summarized as in Table  11.2   [18] .   

 Once a suitable privileged structure has been identifi ed, rapid analogue synthesis 
(RAS) techniques are used to produce arrays of compounds containing the required privi-
leged structure as the  “ heart ”  of the molecule and these methods can have a powerful 
impact within the drug discovery arena  [19, 20] . Methodology that may be applied to RAS 
must be highly selective and high - yielding to allow the synthesis of libraries of privileged 
polyfunctional entities  [21] . Most importantly, RAS requires the synthesis of  “ core scaf-
folds ’ , that is, molecules that themselves have privileged structure features and possess 
many functional groups that allow rapid and selective functionalization, to give an array 
of analogues based upon the privileged core system. The design and synthesis process 
from identifi cation of privileged structure to the RAS of many analogues of drug - like 
systems and identifi cation of lead compounds by high - throughput screening is shown 
schematically in Figure  11.1 .   

 It can reasonably be argued, therefore, that the key to the hit - to - lead generation 
process is the construction of a range of readily available  “ core scaffolds ”  possessing 
multiple functionality that may be processed by effi cient, regioselective and stereoselec-
tive, versatile, short and high - yielding RAS methodology. 

 Based on the criteria outlined above, low - molecular - weight, polyfunctional hetero-
aromatic compounds should make excellent candidates for privileged structures because 
heteroaromatic structural subunits are present among many natural products and in about 
70% of all pharmaceutical products that may be administered orally (some examples are 
shown in Figure  11.2 ).   

 Table 11.2     Features of  “ privileged structures ”  

   •  Obeys RO5 (particularly MW  ≤  500)  [3]   
   •  Present in a large amount of natural products with varied biological activities  
   •  Contains one or more rigid ring system and easily chemically modifi ed to produce a 

diverse library range  

    Figure 11.1     Privileged structures, core scaffolds and RAS in the drug discovery process.  
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 Generally, rigid, polycyclic heteroaromatic systems, such as quinazolinones, are 
excellent privileged structures and many heterocyclic systems that have been assessed and 
developed as privileged structures have been thoroughly reviewed  [3] . One key structural 
feature exhibited by heteroaromatic systems is their ability to contain a diverse range 
of substituents in a well - defi ned three - dimensional space around a core structural 
scaffold which, in comparison with their acyclic analogues, results in the constriction of 
conformational freedom  [22] . In order to be more exploitable, heterocyclic  “ core scaf-
folds ”  must bear several reactive sites that may be readily functionalized in a controlled 
manner in high yield and with high regioselectivity. Unfortunately, scaffold and subsequent 
analogue synthesis of many polyfunctionalized heterocyclic systems is hampered by the 

    Figure 11.2     Examples of biologically active heteroaromatic systems.  
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inherent low reactivity and low regioselectivity of many aromatic heterocyclic systems 
 [23, 24]  and there exists, therefore, a continuing requirement in the life science industries 
for accessible, novel, heterocyclic scaffolds that bear multiple functionality and can be 
processed into systems that possess maximally diverse structural features. 

 In this chapter, we describe the use of highly fl uorinated heteroaromatic systems as 
effective core scaffolds for the synthesis of an increasingly wide range of polyfunctional 
heterocyclic systems.  

  11.2   Perfl uorinated Heterocycles as Core Scaffolds 

 Perfl uoroheteroaromatic compounds  [25, 26] , in which all the hydrogen atom substituents 
of the heterocyclic ring have been replaced by fl uorine atoms, were fi rst synthesized in 
the 1960s by reaction of potassium fl uoride with appropriate perchlorinated heteroaromatic 
precursors  [25, 26]  and a range of perfl uorinated heteroaromatic systems may be accessed 
by halogen exchange (Halex) techniques as shown in Figure  11.3 .   

 Perfl uorinated heteroaromatic derivatives are highly susceptible towards nucleophilic 
attack owing to the presence of several highly electronegative fl uorine atoms attached 
to the heteroaromatic ring; consequently, the chemistry of perfl uoroheteroaromatic 
systems is dominated by nucleophilic aromatic substitution processes and new chemistry 
continues to emerge  [25, 26] . Highly halogenated heteroaromatics are not merely of aca-
demic interest: a variety of such systems are commercially available from the usual 
research chemical suppliers and, indeed, some are prepared on the industrial scale for use 
in the fi bre reactive dye industry and as intermediates for life - science products; for 
example 3,5 - dichloro - 2,4,6 - trifl uoropyridine is a precursor for a herbicide manufactured 
by the Dow company  [27] . No special handling procedures are required for syntheses 

    Figure 11.3     Synthesis of perfl uoroheteroaromatic systems  [25, 26] .  
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involving perhaloheterocyclic derivatives; for example, pentafl uoropyridine is a readily 
available, inexpensive, colourless liquid that has a boiling point of 100    ° C. Consequently, 
their chemistry can be used by the general organic chemistry community and can be scaled 
up if required. 

  11.2.1   Pentafl uropyridine as a Core Scaffold 

 Reactions between pentafl uoropyridine  1  and a variety of nucleophiles have been estab-
lished  [25, 26]  and are found to be regioselective in the vast majority of cases, giving 
products  2  arising from nucleophilic aromatic substitution of the fl uorine atom located at 
the 4 - position of  1  via the corresponding well - known Meisenheimer intermediate as shown 
in Figure  11.4 , although a few exceptions to this general rule occur  [28] . The regioselec-
tivity of these processes is due to (i) the presence of the ring nitrogen, which activates 
 para  positions preferentially, and (ii) maximizing the number of activating fl uorine atoms 
that are located  ortho  to the site of nucleophilic attack  [25, 26] .   

 Monosubstituted systems  2  are, of course, still activated towards nucleophilic 
attack and, indeed, all fi ve fl uorine atoms can be replaced upon reaction with an excess 
quantity of suitably reactive sulfur nucleophile species to give  3   [29]  (see Figure  11.4 ), 
demonstrating the feasibility of using highly fl uorinated heterocycles as scaffolds where 
the carbon – fl uorine bond acts as the readily substituted functional group. 

 The order of nucleophilic attack for pentafl uoropyridine  1  is established  [25]  to be 
4    >    2    >    3, for monosubstitution reactions involving a range of nucleophiles. The order of 
substitution for a succession of fi ve nucleophilic substitution steps, where Nuc 1  is the fi rst 
nucleophile, and Nuc 2  is the second, etc., can therefore be postulated to occur as outlined 
in Figure  11.4  to give  4  ultimately, although the outcome of successive reactions may 
depend upon the nature and effect of the substituent that is installed onto the pyridine ring 
in each nucleophilic substitution step. The wide range of functional nucleophiles available 

    Figure 11.4     Nucleophilic aromatic substitution of pentafl uoropyridine  [25, 26, 29] .  
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(e.g. O - , N - , C - , S - centred) makes the theoretical number of highly functionalized pyridine 
ring systems that could be accessed by this methodology very large indeed if the sequence 
of nucleophilic aromatic substitution processes can be achieved in a controllable manner. 
Surprisingly, however, the number of sequential nucleophilic substitution processes using 
pentafl uoropyridine as the starting material is very small despite the potential reactivity 
of these systems, but the few examples reported so far demonstrate the viability of the 
potential use of this substrate as a scaffold in the manner indicated in Figure  11.4 . For 
example, as shown in Figure  11.5 , heating 4 - methoxytetrafl uoropyridine  5  with an excess 
of sodium methoxide in methanol gave the 2,4,6 - trimethoxypyridine derivative  6   [30] . In 
a controlled stepwise process, perfl uoro - 4 - isopropylpyridine  7 , prepared by nucleophilic 
substitution of the 4 - fl uorine atom of pentafl uoropyridine by perfl uoroisopropyl anion 
(i.e. Nuc 1    =   (CF 3 ) 2 CF  −  , Figure  11.4 ), generated  in situ  from hexafl uoropropene and 
TDAE  [31] , subsequently gave trisubstituted products  8  (Nuc 2  and Nuc 3 , Figure  11.4 ) by 
reaction with a range of oxygen - , nitrogen -  and carbon - centred nucleophiles (see Figure 
 11.5 )  [32] .   

 The reactivity profi le established for pentafl uoropyridine, where the 4, 2 -  and 6 - 
positions are sequentially, regiospecifi cally substituted by a succession of oxygen - centred 
nucleophiles, has allowed medicinal chemists to use pentafl uoropyridine as a core scaffold 
for the synthesis of small arrays of biologically active pyridine systems that fall within 
the Lipinski parameters (see Table  11.3 ).   

 The factor VIIa/TF (tissue factor) complex and Xa are proteins known to be involved 
in the blood coagulation cascade  [33]  and, as such, are validated targets in the search 
for novel antithrombotic drugs  [34, 35] . Having established that a series of 2,6 - 
diphenoxypyridines, including several 3,5 - difl uoro - 4 - methyldiaryloxypyridines derived 
from 4 - methyltetrafl uoropyridine, to be modest inhibitors of factor Xa, medicinal chemists 
synthesized a small library of 3,5 - difl uorotriaryloxypyridines  9  from pentafl uoropyridine 
 [36] . The 2,4,6 - substitution pattern was obtained through sequential nucleophilic aromatic 
substitution by substituted phenols in typically high yields and polysubstitution could 
often be accomplished in a single reaction vessel. Systems derived from this series of 
2,6 - diphenoxypyridines served as a basis for creating a more potent system, leading to the 
potent FVIIa/TF inhibitor  10 , formed by reaction of a sequence of nitrogen, oxygen and 
oxygen - centred nucleophiles. 

    Figure 11.5     Polysubstituted products from pentafl uoropyridine  [30, 32] .  
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 It is thought that inhibition of the p38 kinase protein could treat the underlying cause 
of chronic infl ammatory diseases, and it is in this context that chemists in Switzerland 
prepared a diverse set of aryl - substituted pyridinylimidazoles  11  to achieve potentially 
high - affi nity binding to the active site  [37] . Deprotonation of the SEM (2 - [trimethylsilyl]
ethoxymethyl) - protected imidazole gave a carbanion that reacted as a nucleophile with 
pentafl uoropyridine to give the expected 4 - substituted pyridine. Bromination at the 4 -  
and 5 - positions of the imidazole was followed by regioselective Stille reaction to yield a 
pyridinylimidazole derivative, while subsequent Suzuki or Stille coupling at the remaining 
carbon – bromine bond was followed by deprotection of the imidazole. Finally, diamination 

 Table 11.3     Biologically active polysubstituted systems synthesized from 
pentafl uoropyridine 
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at the 2 -  and 6 - positions of the tetrafl uoropyridine gave the desired biologically active 
3,5 - difl uoropyridine system  11 .  

  11.2.2   Tetrafl uoropyrimidine as a Core Scaffold 

 Perfl uorinated diazines (pyrimidine, pyrazine and pyridazine) are typically 1000 times 
more reactive towards nucleophiles than is pentafl uoropyridine and application of the 
sequential nucleophilic substitution methodology to reactions involving various diazine 
systems with a range of nucleophiles would, in principle, lead to the synthesis of many 
novel polyfunctional diazine derivatives. However, only a very limited number of reports 
concerning reactions of perfl uorinated diazines with nucleophiles have been published  [25, 
26]  and the use of tetrafl uorodiazines as scaffolds has not been developed to any great 
extent. Several instances of reactions of tetrafl uoropyrimidine  12  (Table  11.4 ) with a small 
range of nucleophiles have been reported  [38]  and, in all cases, nucleophilic substitution 
occurs selectively at the 4 - position. A recent systematic study of reactions of the 4 - 
aminopyrimidine systems (see Table  11.4 ) found that second and third substitution 
processes occurred selectively at the 6 -  and 2 - positions, respectively, giving ready access 
to a small array of 5 - fl uoro trisubstituted pyrimidine derivatives  13   [39] .    

  11.2.3   Perbromofl uoropyridine Scaffolds 

 Clearly, the range of nucleophiles that is available, the functionality that could be installed 
(for example upon a pyridine or pyrimidine ring) and, of course, the functional groups on 
pendant substituents may, in principle, allow access to a great variety of polyfunctional 
pyridine analogues. However, despite this, the reactions outlined above are restricted to a 
sequence of nucleophilic substitution processes, thereby limiting the variety of structural 
arrays that can be synthesized from such perfl uorinated core scaffolds. Consequently, 
related perhalogenated scaffolds that have more fl exible functionality may be advanta-
geous and, in this context, 2,4,6 - tribromo - 3,5 - difl uoropyridine  14 , synthesized by reaction 
of pentafl uoropyridine with a mixture of hydrogen bromide and aluminium tribromide in 
an autoclave at 140    ° C  [40]  was assessed as a potential polyfunctional scaffold system (see 
Figure  11.6 ). In a series of model reactions it was established that the bromofl uoropyridine 
system reacts with  “ hard ”  nucleophiles (e.g. oxygen - centred nucleophiles) to give products 
 15  arising from selective replacement of fl uorine, whereas  “ soft ”  nucleophiles (sulfur, 
nitrogen, etc.) selectively replace bromine to give product  16   [40] . The presence of 
carbon – bromine bonds on this scaffold allows Pd - catalysed Sonogashira  [41]  and Suzuki 
 [42]  coupling reactions to occur giving, for example,  17 , and selective debromo - lithiation 
at the 4 - position followed by trapping of the lithiated pyridine species  [43]  by a variety 
of electrophiles, giving access to a wide range of polyfunctional pyridine systems  18  that 
could be utilised as scaffolds in their own right. Subsequently, a combination of nucleo-
philic aromatic substitution and Pd - catalysed Sonogashira reactions involving pentafl uo-
ropyridine as the core scaffold has enabled the synthesis of several pentasubstituted 
pyridine systems such as  19  and  20   [44]  (see Figure  11.6 ).    
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  11.2.4   Polyfunctional Fluorinated  [5,6]  -  and  [6,6]  - Bicyclic 
Heteroaromatic Scaffolds 

 Bicyclic nitrogen heterocyclic systems can have a range of very valuable biological 
activity and there are several examples of  [5,6]  -  and  [6,6]  - ring - fused systems in which a 
ring - fused pyridine motif is a constituent part (see Figure  11.2 ). However, many bicyclic 
nitrogen - containing heterocycles remain surprisingly inaccessible  [23]  despite the relative 
simplicity of their molecular structures, and the chemistry of even the least complex 
heterocycles of this class remains largely unexploited. Inevitably, this provides great 
opportunities for the discovery of new small - molecule chemical entities that fall within 

 Table 11.4     Tetrafl uoropyrimidine as a core scaffold  [39]  
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the RO5, if suitable polyfunctional, bicyclic, nitrogenated heterocyclic scaffolds can be 
reliably accessed. 

 In this context, a polyfl uorinated imidazopyridine system  21  has been prepared by a 
multistep synthetic route (see Figure  11.7 ) beginning from 3 - chlorotetrafl uoropyridine  22 , 
via the formation and subsequent condensation of 3,4 - diamino - 2,5,6 - trifl uoropyridine with 
diethoxymethyl acetate  [45] . Subsequent reaction of the ring - fused system with ammonia 
demonstrated the potential of such systems as polyfunctional scaffolds, if much shorter 

    Figure 11.6     Perfl uorobromopyridine derivatives as core scaffolds  [40 – 44] .  
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synthetic sequences for the preparation of a range of these structural core scaffolds could 
be developed.   

 A convenient synthetic strategy for the synthesis of polyfl uorinated polycyclic ring 
scaffolds involving reaction of pentafl uoropyridine with bifunctional nucleophiles could, 
in principle, provide access to a wide range of polyfunctional systems (see Figure  11.8 ). 
Here, for example, substitution of the 4 - position of the pentafl uoropyridine scaffold would, 
in principle, be followed by attack at the adjacent 3 - position owing to the geometric con-
straints of the system to give appropriate ring - fused systems  23 . The bicyclic scaffold 
possesses further sites that are activated towards nucleophilic attack and could, therefore, 
provide approaches to the synthesis of a wide variety of functional fused ring systems  24 , 
if the orientation of subsequent nucleophilic substitution processes could be controlled.   

 However, initial attempts to use this strategy to prepare azapurine derivatives, by 
reaction of pentafl uoropyridine and either guanidine or thiourea, led to 4 - aminopyridine 
 25  and bispyridyl derivatives  26  respectively via base - induced elimination processes  [46]  
(see Figure  11.9 ).   

 In these cases, while nucleophilic substitution at the 4 - position of pentafl uoropyridine 
by guanidine could be achieved readily  [46] , attack at the less activated 3 - position by the 
weak NH 2  nucleophile present on the guanidine moiety made cyclization a less favoured 
process than elimination. Consequently, in order to achieve cyclization by nucleophilic 
substitution in the second step, a more reactive second nucleophile is necessary. 

    Figure 11.7     Synthesis of imidazopyridine systems  21  from 3 - chlorotetrafl uoropyridine  22 .  
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    Figure 11.8     Strategy for the synthesis of ring - fused heterocycles from pentafl uoropyridine.  
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 Pentafl uoropyridine and several nucleophilic model difunctional secondary diamines, 
such as  N,N  ′  - dimethylethylene diamine  27a , gave pyrido[3,4 -  b ]pyrazine systems  28  in a 
two - step one - pot annelation reaction, upon refl ux or microwave heating  [47]  (see Table 
 11.5 ). The chemistry of tetrahydropyrido[3,4 -  b ]pyrazine systems is relatively undeveloped 
because of the diffi cult, low - yielding multistep syntheses, either from diaminopyridine 
 [48]  or chloroaminopyridine  [49]  precursors or by reduction of pyrido[3,4 -  b ]pyrazine 
derivatives by metal hydrides  [50 – 55] , which are required to prepare even the simplest 
member of this heterocyclic class. Indeed, for the synthesis of appropriate multisubstituted 
scaffold systems based upon the tetrahydropyrido[3,4 -  b ]pyrazine subunit, this diffi cult 
situation is magnifi ed further. Less - nucleophilic primary diamine nucleophiles such as 
 27b  gave only noncyclized products  30  arising from substitution of the 4 - position of 
pentafl uoropyridine.   

 The pyrido[3,4 -  b ]pyrazine scaffold reacted with a series of nucleophiles to give major 
products arising from substitution at the 7 - position  [47] . Although this process was not 
regiospecifi c, the alkoxylated scaffold could be isolated and purifi ed by column chroma-
tography from the minor isomer that was formed by substitution of the fl uorine atom 
located at the 5 - position. 

 The trifl uorinated scaffold reacts preferentially at the 7 - position with some product 
arising from competing substitution at the 5 - position and this selectivity is due to the 
activating infl uence of ring nitrogen and maximizing of the number of activating fl uorine 
atoms that are  ortho  to the site of attack (see Figure  11.10 ). The difl uorinated scaffolds 
are still activated towards nucleophilic attack and a short series of fl uoropyrido[3,4 -
  b ]pyrazines  29  has been synthesized in which the remaining fl uorine atoms that are located 
 ortho  to pyridine nitrogen were displaced  [47] .   

 By a similar strategy, an imidazopyridine scaffold  32  was synthesized by reaction of 
pentafl uoropyridine and benzamidine  31   [56]  and, in this case, subsequent nucleophilic 
substitution occurs at the 5 position to give  33 , presumably because of interaction of the 
nucleophile and the imidazo ring NH bond which directs the incoming nucleophile to the 
less activated site adjacent to pyridine ring nitrogen. 

 This overall synthetic strategy (see Figure  11.8 ) was adapted to give a range of 
isomeric pyrido[2,3 -  b ]pyrazines structures  34  by simply varying the order of reaction 
with appropriate mono -  and difunctional nucleophiles  [57, 58]  (see Table  11.6 ). 
For example, reaction of sodium phenylsulfi nate with pentafl uoropyridine gives the 

    Figure 11.9     Reactions of pentafl uoropyridine with urea and guanidine systems  [46] .  
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 Table 11.5     Synthesis of pyrido[3,4 -  b ]pyrazine and imidazopyridine scaffolds  [47, 56]  
    

    Figure 11.10     Regioselectivity of nucleophilic substitution of pyrido[3,4 -  b ]pyrazine and 
imidazopyridine scaffolds  [56] .  
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 Table 11.6     Synthesis of pyrido[2,3 -  b ]pyrazine scaffolds  [57, 58]  
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    Figure 11.11     Reaction of 4 - cyanotetrafl uoropyridine with amidines  [56] .  
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4 - phenylsulfonylpyridine derivative and, since the phenylsulfonyl group is strongly 
electron withdrawing, annelation by reaction with appropriate diamines proceeded 
readily to give pyrido[2,3 -  b ]pyrazine scaffolds  [57, 58] . In addition, 4 - bromo -  and 4 - 
cyanotetrafl uoropyridine systems gave the corresponding pyrido[2,3 -  b ]pyrazines,  34f  and 
 34g  respectively, upon reaction with  N,N  ′  - dimethylethylene diamine  [58] .   

 However, not all tetrafl uoropyridine derivatives were suitable substrates for the 
synthesis of pyrido[2,3 -  b ]pyrazine scaffolds by analogous annelation reactions  [58] . The 
4 - ethoxy and 4 - dimethylaminotetrafl uoropyridine systems gave only noncyclized products 
 34h  and  34i , respectively, arising from substitution of the 2 - position. However, the 4 - nitro 
derivative led to the formation of a mixture of products  34j, k  arising from substitution 
of both the 2 - fl uorine and 4 - nitro group, which is itself a very labile leaving group in 
nucleophilic aromatic substitution processes  [58] . 

 Additionally, 4 - cyanotetrafl uoropyridine  35  reacts with amidines  [56]  to give a 
mixture of products  36  and  37  arising from substitution of fl uorine at both the 2 -  and 
3 - positions in a 1   :   1 ratio (see Figure  11.11 ). The product derived from 3 - substitution and 
subsequent cyclization onto the cyano group, refl ects the activating infl uence of the 
strongly electron - withdrawing cyano group on adjacent heteroaromatic carbon sites and 
the electrophilicity of the cyano group itself. An excess of the amidine leads to high yields 
of  38   [56] .   

 Preliminary reactions involving scaffold  39  derived from 1,2 - diaminoethane with 
nitrogen and sulfur nucleophiles led to products  40  arising from substitution of the phe-
nylsulfonyl group, a very good leaving group that is located at an activated site  para  
to pyridine nitrogen, and reaction of acetic anhydride gave selective acylation yielding 
 41  (see Figure  11.12 ), indicating some of the possibilities for functionalization of these 
bicyclic scaffolds  [57] .   

 In an application of this annelation strategy to a medicinal chemistry project, tricyclic 
2 - pyridone  42  was synthesized using pentafl uoropyridine as the core scaffold and all but 
one of the fl uorine atoms were displaced in a multistep process in which a carbon – oxygen 
centred difunctional nucleophile is used as the annelating reagent (see Figure  11.13 ). 
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    Figure 11.12     Reactions of pyrido[2,3 -  b ]pyrazine scaffolds  [57] .  
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    Figure 11.13     Synthesis of 2 - pyridone systems from pentafl uoropyridine.  

N

F

F

F

FF

NaOtBu

N

F

OtBu

F

FF N

F

OtBu

F

F

Li OTBDMSi)

ii) F -

HO

70 %
63 %

i) NH2NH2
ii)NaOH, O2

N

F

OtBu

FHO
NaH

N

OtBu

FO

82 %90 %

LDA
EMME

N

OtBu

FO

O

OEt

O
EtO

i) DBU
ii) TFA

N

OH

FO

O

EtO O

POCl3 / DMF
N

Cl

FO

O

EtO O

42



308 Fluorine in Medicinal Chemistry and Chemical Biology

Fluoroquinolones have proved to be one of the most successful classes of antibacterial 
agents both economically and clinically  [59]  and, as such, 2 - pyridones, as bio - isosteres of 
quinolones, provide a valuable source of potential new therapeutic agents  [60] .     

  11.3   Summary 

 The drug discovery arena requires the availability of an ever - increasing, diverse range of 
polyfunctional heterocyclic core scaffolds based upon privileged structures with proven 
biological activity from which to synthesize arrays of structurally similar analogues that 
follow the Lipinski RO5 parameters with the aim of reducing the resources used in 
hit - to - lead progression. In this chapter, we have outlined how perfl uorinated heteroaro-
matic systems such as pentafl uoropyridine and tetrafl uoropyrimidine can be utilized as 
very effective core scaffolds for the synthesis of a diverse array of polysubstituted pyridine, 
pyrimidine,  [5,6]  -  and  [6,6]  - bicyclic fused - ring systems. Given the vast diversity of 
mono -  and difunctional nucleophiles that are readily available from commercial suppliers, 
the core scaffolds and polyfunctional privileged structure systems that may be accessed 
from perfl uorinated heteroaromatic starting materials offer, potentially, many great 
opportunities.  
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   gem   - Difl uorocyclopropanes as Key 

Building Blocks for Novel Biologically 
Active Molecules  

  Toshiyuki   Itoh        

  12.1   Introduction 

 The cyclopropyl group is a structural element present in a wide range of naturally 
occurring biologically active compounds found in both plants and microorganisms  [1] . 
Since substitution of two fl uorine atoms on the cyclopropane ring is expected to alter 
both chemical reactivity and biological activity due to the strong electron - withdrawing 
nature of fl uorine  [2] , ge m  - difl uorocyclopropanes are expected to display unique biological 
and physical properties and a great deal of attention has been given to their chemistry 
and singular properties  [3,4] . This chapter describes the chemistry of these  gem  - 
difl uorocyclopropanes that have unique biological activities. In particular, we focus on the 
methodology for the synthesis of optically active  gem  - difl uorocyclopropanes as well as 
our investigation into the novel biological activities of  gem  - difl uorocyclopropane 
derivatives.  

  12.2   Biologically Active   gem   - Difl uorocyclopropanes 

 The fi rst example of biologically active  gem  - difl uorocyclopropane derivative was reported 
in 1986 by Johnson and his co - workers  [5a] . Halogen - substituted analogues of DDT - 
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pyrethroid were synthesized and their insecticidal activity was examined. Subsequently, 
it was found that  gem  - difl uorocyclopropane  1  possesses strong toxicity to some insects. 
It was revealed that the optimum insecticidal activity required two fl uorine substituents at 
the C - 2 position of the cyclopropane ring since chlorine -  or monofl uorine - substituted 
compounds,  2  and  3 , were less active than  gem  - difl uorocyclopropane  1  (see Figure 
 12.1 ).   

 The next important examples of biologically active  gem  - difl uorocyclopropane deriva-
tives were reported in 1995 – 1997 from several groups independently  [6, 8, 9] . Pfi ster 
and co - workers found a strong multidrug resistance (MDR) reversal activity of  gem  - 
difl uorinated compound  5 , which is an analogue of the MDR reversal agent MS - 073. When 
 anti  - ( R ) -  5  was used with the anticancer agent doxorubicin (1    µ g/mL) against the CHRC - 5 
Chinese hamster cell line, expressing P - glycoprotein - mediated MDR, the cytotoxicity of 
doxorubicin was substantially increased (EC 50  20.7    ±    3.8   nM), though anti - ( R ) -  5  alone did 
not show any cytotoxicity  [6] .  gem  - Difl uorocyclopropane anti - ( R ) -  5  exhibited an effect 
 ∼ 2 - fold stronger than the corresponding nonfl uorinated compound,  anti  - H -  5 , and  ∼ 3 - fold 
stronger than MS - 073 (see Figure  12.2 )  [6] . In addition,  anti  - ( R ) -  5  was found to show 
excellent stability in acidic medium ( t  1/2    =    > 72   h at pH 2.0 and 37    ° C) compared with MS -
 073 ( t  1/2    =    ∼ 15   min at pH 2.0 and 37    ° C). Among four stereoisomers,  anti  - ( R ) -  5  possesses 
the most potent activity. It is suggested that the superior activity of anti - isomers over syn -
 isomers may be ascribed to effi cient  π  - stacking of the rigid  anti  - methanobenzosuberyl 
group with the phenylalanine residue extending outwards in the  α  - helical backbone of 
 P  - glycoprotein  [6] . Barnett and co - workers recently reported an improved synthesis of 
 anti  - ( R ) -  5   [7] .   

    Figure 12.1     Effect of substitution of fl uorine at the C - 2 position of the cyclopropyl ring on 
insecticidal activity.  
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 Boger and Jenkins reported the synthesis of 9,9 - difl uoro - 1,2,9,9 a  -  tetrahydrocyclopr
opyl[ c ]benzo[ e ]indol - 4 - one (F 2 CBI) and its trimethylindolcarbonyl derivatives such as 
F 2 CBI - TMI ( 6 ) as a fl uorinated analogue of CC - 1065, duocarmycin SA, and duocar-
mycin A, which are potent antitumor antibiotics exhibiting their cytotoxicities based on 
sequence - selective DNA alkylation through the nucleophilic ring - opening of the cyclopro-
pane moiety  [8]  (see Figure  12.3 ). It was found that the introduction of two fl uorine atoms 
onto the cyclopropane ring brings about enhanced reactivity in the acid - catalyzed 
solvolysis ( ∼ 500 times compared with that of nonfl uorinated analogues) without altering 
the inherent regioselectivity. Single - crystal x - ray structure analysis of the difl uoro 

    Figure 12.2     Effect of the  gem  - difl uorinated analogue of MS - 073 on the proliferation of mul-
tidrug resistant CH R C5 Chinese hamster cells in the presence of doxorubicin (1    m g/mL).  
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analogues explained this enhanced reactivity and regioselectivity; that is, the cyclopropane 
C – CF 2  – C bond angle was expanded and the carbon – carbon bond opposite to the 
difl uoromethylene moiety was lengthened to induce additional strain energy. As a conse-
quence, the stability of F 2 CBI at pH 3 and 25    ° C ( t  1/2    =   4.2   h) was much lower than that 
of nonfl uorinated counterpart, CBI, under the same conditions ( t  1/2    =   930   h). The 
observed difference in the stability of the F 2 CBI structure as compared to the CBI 
structure was refl ected to the cytotoxicity of their derivatives. Thus,  6  (IC 50  36   nM) 
was  ∼ 1000 times less cytotoxic than CBI - TMI (IC 50  30   pM). Also, the introduction of 
the  gem  - difl uorocyclopropane moiety showed no perceptible effect on the DNA 
alkylation selectivity with reduced effi ciency. Thus, in this case, fl uorinated analogues did 
not provide better biological activity than the nonfl uorinated counterparts, although the 
introduction of fl uorine induced substantial changes in chemical and biological 
properties.   

 Taguchi and co - workers reported the potential of  gem  - difl uorocyclopropane as a 
source of biologically active compounds  [9] .  gem  - Difl uorinated methylenecyclopropane 
(F 2 MCP)  7  was synthesized and its reactivity as a Michael acceptor was examined. The 
crossover reaction of F 2 MCP  7  with 4 - aminophenylthiol in the presence of the nonfl uori-
nated methylenecyclopropane (MCP)  8  showed that F 2 MCP  7  reacted exclusively with the 
thiol to give adduct  9  in excellent yield, while nonfl uorinated MCP did not react with the 
thiol at all and  8  was recovered (see Figure  12.4 )  [9] . The result suggests that F 2 MCP 
might act an irreversible inhibitor for certain enzymatic reactions such as acyl - CoA dehy-
drogenase - catalyzed reactions.   

 As described above, incorporation of fl uorine into bioactive compounds is well rec-
ognized to be very effective means for the enhancement of the physiological properties 
of molecules  [1 – 3] . Since fl uorine is the most electronegative element, its substitution 
infl uences the acidity/basicity of neighboring groups and the lipophilicity of molecules 
(see Chapter  1 ). Due to the isoelectronic nature of fl uorine to oxygen, a fl uorine substituent 
can mimic a hydroxyl group in some biological responses  [10] . Increased ring - strain 
energy might be another important characteristic of fl uorine - substituted cyclopropanes 
 [3a, 11] . Cyclopropane ring - opening reactions are important for the mechanism of 
cyclopropane - based enzyme inhibitors  [12]  and fl uorine - substitution may enhance the 

    Figure 12.3     Biologically active  gem  - difl uorocyclopropane F 2 CBI as a duocarmycin 
analogue.  



gem-Difl uorocyclopropanes as Key Building Blocks for Novel Biologically Active Molecules 317

inhibitory activity of these compounds. Examples are summarized in Figures  12.5 – 
12.8 .   

 Figure  12.5  shows two examples of  gem  - difl uorocyclopropanes as a part of a rather 
complex natural product framework. Koizumi and co - workers synthesized  gem  - difl uoro-
cyclopropane  10  as an analogue of the antiandrogenic agent, KNP 215  [13]  and examined 
its activity in terms of the suppressive effect on the androgen - stimulated weight gain. 
Compound  10  exhibited an activity similar to that of KNP 215. Danishefsky and co -
 workers reported the synthesis of the  gem  - difl uorocyclopropane analogue of anticancer 
agent cycloproparadicicol  11 , but the potency of  11  was only  ∼ 1/185 of that of the parent 
compound  [14] . 

 Various biological activities have been reported for simple  gem  - difl uorcyclopropane 
molecules (see Figure  12.6 ). Conformationally restricted analogues of glutamate, 
known as an excitatory neurotransmitter in mammals, have attracted much attention for 
identifi cation of receptor subtype - specifi c agonists or antagonists (see Chapter  3 ). Intro-
duction of a cyclopropane moiety to such biologically active substances is one of the 
key protocols in investigating an active conformer for the target receptor. It was anticipated 
that the introduction of fl uorine would bring about little change in the steric size of the 
molecule but would enhance the acidity of the neighboring carbonyl group and decrease 

    Figure 12.4     High reactivity of F 2 MCP as a Michael acceptor.  

    Figure 12.5     Examples of biologically active  gem  - difl uorocyclopropanes (complex 
molecules).  
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the basicity of the amino group due to the strong electron - withdrawing nature of 
fl uorine. 

 Taguchi and co - workers synthesized several biologically active  gem  - 
difl uorocyclopropanes, such as metabotropic glutamate receptor agonist  12   [15]  and 
methylene -  gem  - difl uorocyclopropane  13   [16] . 2 - (2 - Carbohydroxy - 3,3 - difl uorocyclopropyl) - 
glycines (F 2 CCGs) were synthesized by means of a chiral auxiliary method (for F 2 CCG - I 
 12   [15a, 15c] ) as well as a chiral pool method (for all eight possible stereoisomers  [15c] ). 
Enhancement of acidity of the  ω  - carboxyl group by fl uorine incorporation was confi rmed 
by NMR titration experiments. Evaluation of the neuropharmacological activities of 
F 2 CCGs in rat, compared with those of the corresponding cyclopropylglycine isomers, 
revealed that the (2 S ,1 ′  S ,2 ′  S ) - isomer,  l  - F 2 CCG - I  12 , was a potent agonist for metabotropic 

    Figure 12.6     Examples of biologically active  gem  - difl uorocyclopropanes (simple 
molecules).  
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glutamate receptors, which induced a priming effect on  α  - aminopimelate and  l  - glutamate 
 [15c, 15d, 5e] . Methylenecyclopropylglycine (MCPG) and its metabolite, MCPF - CoA, 
are known to have inhibitory activity against enoyl - CoA hydratase (crotonase), respon-
sible for fatty acid metabolism  [17] . Four possible stereoisomers of methylene -  gem  - 
difl uorocyclopropylglycines  13  (F 2 MCPG) were synthesized  [16] , although their 
biological activities were not reported. 

 Barger and co - workers also synthesized F 2 MCP derivatives  14  and evaluated their 
activities against the nematode pest  Meloidogyne incognite   [18] . Unfortunately, com-
pounds  14  were inactive up to a concentration of 400   ppm, while the corresponding non-
fl uorinated compound (R   =   H) showed 100% inhibition of the microbe at only 7.8   ppm 
 [18] . Kirihara  et al.  reported a highly effi cient method for the synthesis of the optically 
active  gem  - difl uorocyclopropane analogue  15  of 1 - aminocyclopropane - 1 - carboxylic acid 
using a chemo - enzymatic strategy  [19] . Kirk, Haufe, and their co - workers synthesized 
2,2 - difl uoro - 1 - phenylcyclopropylamine ( 16 ) and evaluated its inhibitory activity for 
fl avin - containing monoamine oxidase (MAO). Unfortunately, no inhibitory effect was 
observed and it was concluded that monofl uorine substitution was essential to cause MAO 
inhibition  [20] . Recently, Roe  et al.  reported an interesting biologically active simple  gem  -
 difl uorocyclopropane  17 , which acted as a competitive inhibitor of the juvenile hormone -
 epoxide hydrolase  [21] . 

 We developed a synthetic methodology for preparing optically active  gem  - 
difl uorocyclopropane building blocks using lipase technology  [4] . Using this methodology, 
 gem  - difl uorocyclopropanes  18  and  19 , bearing a 9 - anthracenecarbonyl group, were syn-
thesized. These compounds showed a strong DNA - cleavage property switched on by 
photoirradiation  [22]  (see Figure  12.6 ). 

 Nucleoside analogues have been recognized as potential chemotherapeutic agents and 
in fact several carbocyclic nucleosides exhibit potent anti - HIV activities. Accordingly, 
 gem  - difl uorocyclopropane - containing nucleoside analogues and mimics have attracted 
substantial interest and various compounds have been synthesized (see Figures  12.7  
and  12.8 ). Csuk pioneered this fi eld and his group prepared a good number of  gem  - 
difl uorocyclopropane - containing nucleoside mimics as represented by compounds  20 – 25  
 [23] , some which were found to possess antitumor activity and anti - HIV activity. Although 
all compounds reported by Csuk ’ s group are racemic, optically active compounds could 
be prepared using the enzymatic resolution technology developed by us  [4]  and by 
Kirihara ’ s group  [19] . 

 Zemlicka and co - workers synthesized methylene -  gem  - difl uorocyclopropane mimics 
of nucleoside and found that the  Z  - isomer of adenine - 9 - yl analogue  26  exhibited anticancer 
activity against leukemia and solid tumor cell lines  in vitro  (see Figure  12.8 )  [24] . 
Adenin - 9 - yl, 2 - amino - 6 - chloropurin - 9 - yl, and guanin - 9 - yl analogues of  26  were synthe-
sized and evaluated for their activities against HCMV, HSV - 1, HSV - 2, EBV, VZV, and 
HIV - 1. However, only the  E  - isomer of adeninyl analogue  26  showed moderate antiviral 
activity against the Towne strain of HCMV propagated in human foreskin fi broblast (HFF) 
cells (EC 50  21    µ M), which was noncyctotoxic at this concentration  [24] . Recently, Robins 
and co - workers reported the synthesis of the  gem  - difl uorocyclopropane analogues of 
nucleosides such as  27  and  28  (see Figure  12.8 )  [25] , but no biological activities of these 
compounds have yet been disclosed.  
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    Figure 12.8     Nucleoside - type biologically active  gem  - difl uorocyclopropanes prepared by the 
Zemlick and Robins group.  

    Figure 12.7     Nucleoside - type biologically active  gem  - difl uorocyclopropanes prepared by the 
Csuk group.  



gem-Difl uorocyclopropanes as Key Building Blocks for Novel Biologically Active Molecules 321

  12.3   Synthesis of   gem   - Difl uorocyclopropanes 

 Three synthetic methods for  gem  - difl uorcyclopropane derivatives have been developed 
to date. Shibuya and Taguchi reported an effi cient route to optically active  gem  - 
difl uorocyclopropane derivative  30a  through diastereoselective Michael addition of Evans 
enolate  29a  to 4 - bromo - 4,4 - difl uorobut - 2 - enoate, followed by Et 3 B - mediated radical cou-
pling (see equation 1, Scheme  12.1 )  [15a] . Alternatively, for the synthesis of metabotropic 
glutamate receptor agonist F 2 CCG - I, the Michael acceptor having the Evans oxazolidinone 
as the chiral auxiliary was reacted with  N  - diphenylmethyleneglycinate  29b  in DMF to 
give difl uorocyclopropylglycine derivative  30b  with an excellent diastereoselectivity 
( > 95% de) (see equation 2, Scheme  12.1 )  [15c] .   

 The most versatile method for constructing  gem  - difl uorocyclopropanes is the 
carbine - addition reaction to olefi ns, which includes two types as shown in Scheme  12.2  
(type A and type B). Boger and Jenkins synthesized the  gem  - difl uorocyclopropane moiety 
through intramolecular metal - carbenoid addition to 1,1 - difl uoroalkene group (type A). 
Thus, diazoquinone  31  was treated with 0.1 – 0.2 equivalents of Rh 2 (OAc) 4  in toluene at 
110    ° C to give  gem  - difl uorocyclopropane  32  in good yield  [8]  (see equation 3 in Scheme 
 12.2 ). The most widely used method for preparing  gem  - difl uorocyclopropanes is the 
difl uorocarbene addition to olefi ns (type B), which is applicable to large - scale preparation. 
Although numerous reactions for generating difl uorocarbene have been reported, three 
major methods are shown under type B in Scheme  12.2   [26 – 29] : (a) pyrolysis of chloro-
difl uoroacetate  [26]  or trimethylsilyl fl uorosulfonyldifl uoroacetate (TFDA), known as 
Dolbier ’ s reagent  [27] ; (b) generation from dibromodifl uoromethane following Barton ’ s 

    Scheme 12.1     Synthesis of  gem  - difl uorocyclopropane through diastereoselective Michael 
reaction followed by radical coupling.  
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or Schlosser ’ s procedure  [28] ; and (c) generation from trifl uoromethylmercury compounds, 
known as Seyferth ’ s reagents  [29] . Of these methods, (b) and (c) can generate difl uoro-
carbenes under mild conditions. Unfortunately, CF 2 Br 2  and Seyferth ’ s reagent are no 
longer commercially available because of their inherently hazardous properties. Therefore, 
ClCF 2 COONa is currently the sole commercial source for difl uorocarbene generation. 
Since this reaction requires harsh conditions (180 – 190    ° C in diglyme), development of a 
new and effi cient method is desirable for the generation of difl uorocarbene under mild 
conditions.   

 Scheme  12.3  summarizes typical examples for the synthesis of  gem  - 
difl uorocyclopropanes via difl uorocarbene addition to olefi ns. Although high temperature 
is necessary to generate difl uorocarbene by pyrolysis of ClCF 2 COONa, addition of 
difl uorocarbene to carbon – carbon double bonds proceeds in a stereospecifi c cis manner 

    Scheme 12.2     Preparation of  gem  - difl uorocyclopropanes through addition of difl uorocarbene 
to olefi n.  
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    Scheme 12.3     Typical examples of the synthesis of  gem  - difl uorocyclopropanes using difl uo-
rocarbene addition to olefi n.  
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 [19a] . Taguchi and co - workers prepared optically pure  gem  - difl uorocyclopropane  34  
through addition of difl uorocarbene to optically active olefi n ( S ) -  33 , followed by 
chromatographic separation of the resulting diastereomers, ( S,R,R ) -  34  and ( S,S,S ) -  34  
(2.6   :   1, 77% yield) (see equation 4, Scheme  12.3 )  [15a] . We prepared novel bis -  gem  - 
difl uorocyclopropanes  36  as a mixture of  dl  -  36  and  meso  -  36  (1   :   1.5, 81% yield) through 
difl uorocarbene addition to ( E,E ) - diene  35   [4b]  (see equation 5, Scheme  12.3 ). Generally, 
pyrolysis of trimethylsilyl fl uorosulfonyldifl uoroacetate (TFDA) proceeds under milder 
conditions (130    ° C) as shown in equation 6, Scheme  12.3   [14] . However, TFDA is avail-
able only in a few countries at present. Difl uorocarbene can be generated at room tem-
perature under the Barton – Schlosser conditions (CF 2 Br 2 , PPh 3 , KF, and 18 - crown - 6). 
Interesting spiro -  gem  - difl uorocyclopropane  40  was synthesized by de Meijere and co -
 workers using this method (see equation 7, Scheme  12.3 )  [30] . To the best of our knowl-
edge, this is the most effi cient method for preparation of  gem  - difl uorocyclopropanes. 
However, as mentioned above, it is impossible to obtain hazardous CF 2 Br 2  commercially. 
For experienced researchers using appropriate safety precautions, toxic Seyferth ’ s reagent 
is a useful source for preparing  gem  - difl uorocyclopropanes. Robins and co - workers syn-
thesized  gem  - difl uorocyclopropane nucleoside  42  using this method because substrate  41  
was not tolerant of high temperature (see equation 8, Scheme  12.3 )  [25] .    

  12.4   Synthesis of Optically Active   gem   - Difl uorocyclopropanes via 
Enzymatic Resolution 

 Enzymatic resolution has been successfully applied to the preparation of optically active 
 gem  - difl uorocyclopropanes (see Scheme  12.4 ). We succeeded in the fi rst optical resolution 
of racemic  gem  - difl uorocyclopropane diacetate,  trans  -  43 , through lipase - catalyzed 
enantiomer - specifi c hydrolysis to give ( R,R ) - ( − ) -  44  with  > 99% ee (see equation 9, Scheme 
 12.4 )  [4a] . We also applied lipase - catalyzed optical resolution to an effi cient preparation 
of monoacetate  cis  -  46  from prochiral diacetate  cis  -  45  (see equation 10, Scheme  12.4 )  [4a] . 
Kirihara  et al.  reported the successful desymmetrization of diacetate  47  by lipase - catalyzed 
enantiomer - selective hydrolysis to afford monoacetate ( R ) -  48 , which was further trans-
formed to enantiopure amino acid  15  (see equation 11, Scheme  12.4 )  [19] . We demon-
strated that the lipase - catalyzed enantiomer - specifi c hydrolysis was useful for 
bis -  gem  - difl uorocyclopropane  49 . Thus, optically pure diacetate ( R,S,S,R ) -  49  and ( S,R,R,S ) -
 diol  50 , were obtained in good yields, while meso -  49  was converted to the single mono-
acetate enantiomer ( R,S,R,S ) -  51  via effi cient desymmetrization (see equation 12, 
Scheme  12.4 )  [4b, 4e] . Since these mono -  and bis -  gem  - difl uorocyclopropanes have two 
hydroxymethyl groups to modify, a variety of compounds can be prepared using them as 
building blocks  [4, 22] .   

 de Meijere and co - workers reported the synthesis of enantiopure 7,7 - difl uorodispiro
[2.0.2.1]heptylmethanols ( 54 ) via difl uorocyclopropanation of methylenespirobiscyclo-
propane (1 S ,3 R ) -  53  ( > 99% ee), which was obtained by lipase - catalyzed enantiomer - 
specifi c transesterifi cation of ( ± ) -  52 , followed by separation of two diastereomers (see 
equation 13, Scheme  12.4 )  [30] .  



    Scheme 12.4     Preparation of optically active  gem  - difl uorocyclopropanes using enzymatic 
resolution.  



326 Fluorine in Medicinal Chemistry and Chemical Biology

  12.5   Biologically Active   gem   - Difl uorocyclopropanes: 
Anthracene –   gem   - Difl uorocyclopropane Hybrids as  DNA  Cleavage 
Agents Switched on by Photoirradiation 

 As described above,  gem  - difl uorocyclopropane analogues of structurally complex 
biologically active natural products reported to date have not shown enhanced activities 
 [8, 14] , while rather simple synthetic  gem  - difl uorocyclopropanes have shown interesting 
biological activities  [15, 16, 18 – 22] . We recently reported the synthesis of  gem  - 
difl uorocyclopropanes that showed a strong DNA - cleaving property switched on by 
photoirradiation  [22] . 

 During the course of determining the stereochemistry of 1,3 - bishydroxymethyl - 2,2 -
 difl uorocyclopropane on the basis of CD (circular dischroism) spectroscopic analysis of 
the corresponding 9 - anthracenecarboxylic acid diester  55 , we recognized the interesting 
fact that diester  55  was so unstable in dichloromethane solution under sunlight that it 
formed unidentifi ed complex compounds by opening its  gem  - difl uorocyclopropane ring 
 [4g] . We also found that, similar to this mono - difl uorocyclopropane  55 , the anthracenecar-
boxylic acid diester of bis -  gem  - difl uorocyclopropane was rapidly decomposed by expo-
sure to sunlight  [4c] . It has been shown that anthracene or anthraquinone derivatives serve 
as potent DNA - cleavage agents  [31 – 34] . For example, Schuster and co - workers reported 
that anthraquinonecarboxamide caused GG - selective cleavage of duplex DNA  [32] , while 
Kumar and Punzalan found that anthracene - substituted alkylamine derivatives possessed 
potent DNA - cleaving activity  [33] . Toshima  et al.  reported that quinoxaline - carbohydrate 
hybrids acted as GG - selective DNA - cleaving or DNA - binding agents, depending on the 
structure of the sugar moiety  [34] . From these results, we anticipated that our anthracene -
  gem  - difl uorocyclopropane hybrids would possess DNA - cleaving activity on photoirradia-
tion (see Figure  12.9 ). It has been shown that decomposition of a  gem  - difl uorocyclopropane 
ring proceeds via a radical species  [35] , which may cause DNA - damage  [36] . We 
prepared optically active anthracenecarbonyl derivatives of  gem  - difl uorocyclopropane, 
 19, 55 , and  56 , and evaluated their DNA - cleaving activities. As shown in Figure  12.9 , 
( S,S ) -  55  (lane II) and ( S,S ) -  56  (lane IV) showed only weak DNA - cleaving activities, 
while much stronger activity was exhibited by anthracenecarboxamidomethyl -  gem  - 
difl uorocyclopropane  19 . In the presence of 100    µ M of ( S,S ) -  19 , which corresponds to 1.3 
molar equivalents to a DNA base pair, DNA was cleaved by photoirradiation and super-
coiled  φ X174 DNA (Form I) was converted to the relaxed form (Form II) (see Figure  12.9 , 
lane V). No signifi cant difference in activity was observed between the enantiomers of  19 , 
i.e., ( S,S ) -  19  (lane V) and ( R,R ) -  19  (lane IV). Although nonfl uorinated cyclopropane 
counterpart ( S,S ) -  57  also caused substantial DNA - cleavage (lane VI), the activity of 
 gem  - difl uorocyclopropane ( S,S ) -  19  was obviously superior to that of ( S,S ) -  57  at the same 
concentration. However, no sequence specifi city was observed in these DNA - cleavage 
experiments.   

 We also found an interesting difference in DNA - cleaving activity between the enan-
tiomers of aminomethyl -  gem  - difl uorocyclopropylmethyl anthracenecarboxylate, ( S,S ) -  18  
and ( R,R ) -  18 . As Figure  12.10  shows, ( R,R ) -  18  exhibited  ∼ 10 - fold stronger DNA - cleaving 
activity than ( S,S ) -  18  for supercoiled  φ X174 DNA. The result clearly indicates that the 
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chirality of the  gem  - difl uorocyclopropane moiety controls the DNA - cleaving activity of 
these anthracene –  gem  - difl uorocyclopropane hybrids.   

 These results possibly suggest that the DNA - cleavage by these anthracene –  gem  -
 difl uorocyclopropane hybrids is caused mainly by intercalation or minor - groove binding 
of the anthracenyl group to DNA and the  gem  - difl uorocyclopropane component plays an 
important role in determining the DNA - binding mode. Although we found no differences 
in sequence specifi city between ( S,S ) -  18  and ( R,R ) -  18 , we hypothesize that the terminal 
amino group may bind to the phosphate moiety of DNA, and then direct the intercalation 

    Figure 12.9     Photocleavage of supercoiled  φ X174 plasmid DNA by cyclopropane derivatives. 
Lanes: c, control; I, ethyl 9 - anthracenecarboxylate; II, (S,S) -  55 ; III, (S,S) -  56 ; IV, (R,R) -  19 ; 
V, (S,S) -  19 ; VI, (S,S) -  57 . Reaction buffer: 20   mM sodium phosphate pH 7.0 (20% DMSO) 
Samples were irradiated at 25    ° C for 45   min at a distance of 6   cm using a xenon lamp with 
a polystyrene fi lter (365   nm). Electrophoresis was run using 0.8% agarose gel with TAE 
buffer at 100   V for 40   min. The gel was stained with EtBr and visualized by UV - B lamp 
(transilluminator).  
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    Figure 12.10     Photocleavage of supercoiled  φ X174 plasmid DNA by cyclopropane deriva-
tives (S,S) -  and (R,R) -  18 . The (R,R) - isomer may bind with DNA more easily than the (S,S) -
 isomer via intercalative or groove binding. Reaction buffer: 25   mM sodium phosphate pH 7.0 
(20% DMSO). Concentrations of photocleavers are 100    m M (1.2 equivalents of DNA in base 
pairs) for (S,S) -  18  and 85.5    µ M (0.667 equivalents of DNA in base pairs) for (R,R) -  18 . Samples 
were irradiated at 25    ° C for 40   min at a distance of 4   cm using a xenon lamp with a polystyrene 
fi lter (365   nm) Electrophoresis was run using 0.8% agarose gel with TAE buffer at 100   V for 
40   min. The gel was stained with EtBr and visualized by UV - B lamp (transilluminator).  

or minor - groove binding of the anthracene moiety to certain DNA sequence (see Figure 
 12.11 )  [22b] .   

 On the basis of these results, we set out to synthesize a molecular tool for designing 
novel DNA - markers. Thus, tetrakis( gem  - difl uorocyclopropane)  59  was prepared through 
homometathesis reaction of ( S,R,R,S ) -  58  using the Grubbs type II catalyst  [37] . Olefi n 
 59  was reacted with ethyl diazoacetate in the presence of Cu(OAc) 2  as catalyst in CH 2 Cl 2  
at 40    ° C to give pentakis(cyclopropane)  60 . Hydrolysis and the subsequent esterifi cation 
with pyrenylmethanol using EDC in the presence of DMAP afforded pyrenyl ester  61  as 
a mixture of diastereomers  [22a]  (see Scheme  12.5 ). Separation of diastereomers, 
derivatization, and evaluation of the activity of each isomer as sequence - specifi c DNA -
 marker is actively underway in our laboratory.    

  12.6   Conclusions and Outlook 

 Introduction of two fl uorine atoms to a cyclopropane ring can alter its chemical reactivity 
and biological activity due to the strong electron - withdrawing nature of fl uorine, and this 
can make it possible to create new molecules that exhibit unique biological activities or 
functions. As described above, numerous studies have been performed by focusing on 
preparing difl uoro - mimics of biologically active cyclopropane - containing compounds. 
However, we found that rather simple 9 - anthracenecarboxylic acid esters or amides of 
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    Figure 12.11     Working hypothesis for the origin of difference in DNA - cleaving activities 
between ( S,S ) -  18  and ( R,R ) -  18 . The ( R,R ) - isomer may bind to DNA more tightly than the 
( S,S ) - isomer via intercalation or minor - groove binding. See color Plate 12.11.  

    Scheme 12.5     Synthesis of a novel molecule 61 as a key building block for potential sequence -
 specifi c markers of DNA.  
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 gem  - difl uorocyclopropanes possess considerable DNA - cleaving activity that is switched 
on by photoirradiation. This fi nding suggests that  gem  - difl uorocyclopropane - 
containing compounds may exhibit singular biological activities and that the  gem  - 
difl uorocyclopropane structure may serve as a useful building block for a variety of 
unique functional molecules.  
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13
 Fluorous Mixture Synthesis ( FMS ) of 
Drug - like Molecules and Enantiomers, 

Stereoisomers, and Analogues of 
Natural Products  

  Wei   Zhang        

  13.1   Introduction 

  13.1.1   Natural Products and Synthetic Drug - like Compounds 

 Mother nature is a good resource for new molecules; over 10   000 natural products are 
isolated each year  [1] . Historically, natural products have provided a good number of leads 
for the development of new drugs  [2] . However, since natural products are commonly 
screened as an extraction mixture, deconvolution of an active component and structural 
characterization are diffi cult tasks. In addition, isolation of natural products has a long 
cycle time and is considered expensive  [3] . These limitations have prompted efforts to 
synthesize natural product analogues and natural - product - like compounds for biological 
screening and quantitative structure – activity relationship (QSAR) studies. 

 Besides natural products, synthetic small molecules are another source of drug can-
didates. Drug - like synthetic molecules usually have privileged structures such as indole, 
benzopyran, and benzodiazepinone rings  [4] . Compared with natural products, drug - like 
synthetic small compounds tend to have more aromatic rings, planar molecular structures, 
and few stereogenic centers. They usually have appropriate size and hydrogen - bonding 
capacity to bind in the active - site pockets of biological targets. Chemical stability and 
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physical properties such as solubility and log    P  are always considered in the design of 
synthetic compounds. The drug - likeness of synthetic compounds can be estimated by the 
 “ Lipinski rule - of - fi ve. ”   [5] . 

 Natural product analogues and drug - like compounds are commonly prepared by solu-
tion - phase synthesis. Solution - phase chemistry has favorable reaction kinetics and is easy 
for intermediate analysis. However, compounds are produced  “ one at a time, ”  followed 
by a tedious purifi cation process such as chromatography. This is not productive in the 
preparation of compound libraries for QSAR studies. The advance of solid - phase synthesis 
and solid - supported solution - phase synthesis has signifi cantly increased the throughput of 
compound purifi cation processes. Nevertheless, disadvantages such as unfavorable hetero-
geneous reaction kinetics and diffi culty in monitoring the reaction process have limited 
the capacity of solid - phase synthetic technology to access many natural product analogues 
and complex drug - like molecules  [6] . The recent development of fl uorous technologies 
has provided a solution - phase approach for the synthesis of complicated molecules and 
their analogues.  

  13.1.2   The Concept of Fluorous Mixture Synthesis 

 Fluorous chemistry integrates the characteristics of solution - phase reactions and the phase 
tag strategy developed for solid - phase chemistry  [7 – 15] . Perfl uoroalkyl chains instead of 
polymer beads are used as the phase tags to facilitate the separation process. In 2001 the 
Curran group fi rst reported the concept of fl uorous mixture synthesis (FMS) for solution -
 phase library synthesis  [16] . FMS is able to produce individual pure compounds without 
the effort of deconvolution. It adapts literature procedures to synthesize complex natural 
products, their enantiomers and diastereomers. FMS can also be used for the development 
of new synthetic protocols and to make novel drug - like molecules  [17, 18] . 

 Fluorous mixture synthesis consists of the following general steps (see Scheme 
 13.1 ). 

  1.     Individually attach a set of substrates to a corresponding set of homologous fl uorous 
tags with increasing fl uorine content.  

  2.     Mix the tagged substrates in one pot.  
  3.     Conduct multistep mixture synthesis in one - pot or in split - parallel fashion.  
  4.     Separate the mixtures (demixing) of tagged products by high - performance chromato-

graphy (HPLC) on a fl uorous stationary phase (F - HPLC).  
  5.     Detag to release fi nal products.      

 The effi ciency of FMS is directly proportional to the number of components mixed (step 
2), the length of mixture synthesis (step 3), and the number of splits (step 3). 

 A fl uorous stationary phase such as Fluoro Flash   ®  , Si(Me) 2 CH 2 CH 2 C 8 F 17  is hydropho-
bic and lipophobic, but has strong affi nity for fl uorous compounds  [19] . F - HPLC has the 
capability to separate mixtures of fl uorous compounds according to their fl uorine content 
 [20 – 24] . A molecule with a long perfl uoroalkyl (R f ) chain gives a longer retention time. 
A typical mobile phase for fl uorous F - HPLC is a gradient of MeOH – H 2 O with MeOH 
increasing up to 100%, which is similar to that in reversed - phase HPLC. Other solvents 
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such as MeCN or THF can be used to replace MeOH for gradient elution. An F - HPLC 
trace shown in Figure  13.1  demonstrates a semipreparative - scale ( ∼ 5   mg) separation 
of a mixture of seven fl uorous - tagged mappicine analogues bearing different R 1  and R f  
groups  [25] .    

  13.1.3   Quasi - racemic  FMS  

 Enantiopure or enantioenriched compounds can be obtained by asymmetric synthesis or 
by separation of a racemic reaction mixture. Quasi - racemic FMS provides a new approach 
to enantiomeric compounds (see Scheme  13.2 )  [26, 27] . Quasi - racemic synthesis starts 
with two individual  R  -  and  S -  enantiomers attached to two different fl uorous tags. After 
steps of mixture synthesis followed by F - HPLC demixing and detagging, two individual 
products as enantiomers are obtained (see Sections  13.2.1  and  13.2.2 ). The separation and 
identifi cation of the fi nal quasi - enantiomers are ensured by the phase - tag - based F - HPLC. 
In a more complicated quasi - racemic FMS, additional enantiomerically pure building 
blocks and fl uorous tags can be used to generate more chiral centers and more than two 
products as stereoisomers (see Sections  13.2.3  to  13.2.8 ).    

  13.1.4   Tags for  FMS  

 Each fl uorous tag (also called protecting group or linker) has two attachment points. One 
is permanently bound to a perfl uoroalkyl (R f ) chain and the other is temporarily attached 
to a reaction substrate so that it can be cleaved to release the product from the support at 

    Scheme 13.1     Schematic diagram of FMS.  
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    Figure 13.1     Semi - preparative F - HPLC demixing of a seven - component mixture of mappicine 
analogues. 
  ( Source:    Reproduced with permission from Zhang, W., Luo, Z., Chen, C. H. - T. Curran, 
D. P., Solution - Phase Preparation of A 560 - compound library of individually pure mappicine 
analogs by fl uorous mixture synthesis,  J. Am. Chem. Soc.  (2002)  124 , 10443 – 10450. Copyright 
(2002) American Chemical Society.)   
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    Scheme 13.2     Schematic diagram of quasi - racemic FMS.  

the end of the synthesis. An ethylene or propylene spacer is used to minimize the electronic 
effect generated from the strong electron - withdrawing R f  group, which affects the reactiv-
ity of the functional group. Compared with solid - supported linkers, fl uorous tags have the 
following unique features: (i) good solubility in many organic solvents at room or elevated 
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temperature; (ii) favorable homogeneous solution - phase reaction kinetics; (iii) easy inter-
mediate analysis by conventional tools such as thin - layer chromatography (TLC), nuclear 
magnetic resonance (NMR), and liquid chromatography – mass spectrometry (LC - MS); and 
(iv) easy adoption of literature procedures for protecting group attachment and cleavage. 
Scheme  13.3  lists the fl uorous protecting groups that have been developed for FMS  [14] . 
They are the derivatives of common protecting groups such as TIPS, PMB, Boc, and 
Cbz, which are used to protect hydroxyl, amino, and carboxyl groups. These fl uorous tags, 
with variation of the R f  groups, are commercially available from Fluorous Technologies, 
Inc.  [19] .     

  13.2    FMS  of Natural Products and Drug - like Compounds and Libraries 

  13.2.1   Synthesis of Enantiomers of Pyridovericin 

 Pyridovericin was isolated from the entomopathogenic fungus  Beauveria bassiana  EPF - 5 
 [28] . It is an inhibitor of the protein tyrosine kinase. The Curran group has demonstrated 
that enantiomers of pyridovericin can be prepared by quasi - racemic FMS (see Scheme 
 13.4 )  [29] . The ( S ) -  1a  and ( R ) -  1b  alcohols as the starting materials were attached to two 
fl uorous silanes with C 6 F 13  and C 8 F 17  groups, respectively. They were then combined to 
form a quasi - enantiomeric mixture. The mixture was taken through a multistep synthesis 
through aldehydes M -  2  ( “ M ”  stands for mixture),  β  - ketoesters M -  3 , and then 
M -  4 . M -  4  was oxidized and then demixed by F - HPLC to give two quasi - enantiomers 
( S ) -  5a  and ( R ) -  5b . The fl uorous tags were then removed to release the ( S ) -  6a  and ( R ) -  6b  
enantiomers of pyridovericin. Quasi - racemic synthesis is the simplest version of FMS, 
with only two components in the mixture. Only one - pot, no split - parallel reactions are 
conducted in this quasi - racemic FMS.    

    Scheme 13.3     Tags for FMS.  
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  13.2.2   Synthesis of Enantiomers of Mappicine 

 The natural product ( S ) - mappicine was isolated from  Mappia foetida   [30] . Its analogue 
mappicine ketone, also known as nothapodytine B, was isolated from  nothapodytes foetida  
and is active against herpes viruses (HSV) and human cytomegalovirus (HCMV) at a range 
of 3 – 13    µ M  [31] . One - pot total synthesis of both ( R ) -  and ( S ) - mappicines has been 
ac complished by quasi - racemic FMS (see Scheme  13.5 )  [29] . Enantiomeric ( R ) -  and 
( S ) - alcohols tagged with silanes containing C 6 F 13  and C 8 F 17 , respectively, were converted 
to quasi - enantiomers ( R ) -  7a  and ( S ) -  7b . The mixture of these two compounds in 1   :   1 molar 
ratio was subjected to TMS group exchange with ICl followed by demethylation with 
BBr 3  to form pyridine M -  8 .  N  - Propargylation and subsequent radical cyclization with 
phenyl isonitrile provided quasi - racemic mixture M -  9 . The separation of this mixture by 
F - HPLC yielded two quasi - enantiomers. Both (+) -  10a  and ( − ) -  10b  mappicine were 
obtained in enantiopure forms after deprotection with TBAF in THF. Similar chemistry 
for the synthesis of a substituted mappicine library containing 560 analogues is described 
in Section  13.2.9 .    

    Scheme 13.4     Quasi - racemic FMS of ( S ) -  and ( R ) - pyridovericins.  
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  13.2.3   Synthesis of Stereoisomers of Murisolin 

 The murisolin class of mono - tetrahydrofuran acetogenins has six stereocenters. Among 
the several known murisolin diastereomers, the most active one exhibits extremely high 
cytotoxicity (IC 50 ) at 1   femtomolar (fM) range, whereas the potency of other diastereomers 
may differ by factors of up to 1 billion  [32] . 

 The Curran group reported the FMS of 16 diastereomers of murisolin (see Scheme 
 13.6 )  [33] . Sixteen stereoisomers are derivatives of four stereocenters at C - 15, C - 16, C - 19, 
and C - 20 positions of dihydroxytetrahydrofuran fragment (shown in the small box of 
Scheme 13.6) with the 4( R ) and 34( S ) centers fi xed. The FMS was started with M -  11,  a 
mixture of four enantiomerically pure compounds each tagged by a PMB with different 
R f  groups (C 2 F 5 , C 4 F 9 , C 6 F 13 , and C 8 F 17 ) (see Scheme 13.3). M -  11  was then taken through 
a sequence of organic reactions to form M -  17 . Two split and parallel syntheses were con-
ducted from M -  13  to M -  14 . Fluorous HPLC demixing of four mixtures of M -  17  followed 
by detagging provided 16 desired diastereomers of murisolin  18 .   

 The synthetic scope for making murisolin stereoisomers has been extended through 
the development of the fi rst double tagging strategy  [34, 35]  A mixture of four stereoiso-
mers of dihydroxytetrahydofuran encoded with four fl uorous tags at C - 19 and C - 20 was 

    Scheme 13.5     Quasiracemic FMS of (+) -  and ( − ) - mappicines.  
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coupled to a mixture of four stereoisomers of hydroxybutenolide fragments encoded with 
four oligoethylene glycol (OEG, [OCH 2 CH 2 O]  n  ) tags at C - 4 and C - 34 (see Scheme  13.7 ). 
The mixture containing 16 double - tagged murisolin diastereomers was fi rst demixed by 
fl ash chromatography on normal silica gel to give four fractions according to the polarity 
(length) of the OEG tags. The second demixing with fl uorous HPLC gave 16 individual 
double - tagged compounds. Both fl uorous and OEG tags were cleaved by treatment with 
DDQ. Sixteen murisolin diastereomers were thus produced in a single solution - phase 
synthesis without splitting.    

  13.2.4   Synthesis of Stereoisomers of Pinesaw Fly Sex Pheromone 

 The propionate ester of 3,7,11 - trimethyl - 2 - tridecanol is a female sex pheromone of the 
minor sawfl y  Microdiprion pallipes   [36] . Pinesaw fl y sex pheromones can be used as a 

    Scheme 13.6     FMS of 16 stereoisomers of murisolin.  
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trap for pest control in infested pine tree areas. This molecule has four chiral centers and 
16 possible stereoisomers. The Curran group accomplished the synthesis of all 16 stereo-
isomers of pinesaw fl y sex pheromones by a four - component FMS (see Scheme  13.8 )  [37, 
38] . A mixture (M -  20 ) of four enantiomerically pure aldehydes attached to fl uorous PMB 
with different R f  groups was split into two portions to react with sulfone ( R ) -  21  and 
( S ) -  21 . This led to the formation of aldehyde ( R ) - M -  22  and ( S ) - M -  22 , respectively. Each 
of these two mixtures was subjected to reduction, coupling with ( R ) -  21  and ( S ) -  21 , TBS 
deprotection, oxidation, and Wittig reaction to give four mixtures of trienes M -  24 . The 
hydrogenation of alkene followed by F - HPLC demixing of M -  24  afforded 16 individual 

    Scheme 13.7     Double - tagged murisoline analogues.  

    Scheme 13.8     FMS of 16 stereoisomers of pinesaw fl y sex pheromone.  
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F - PMB - attached tridecanols  25 . They were then converted to 16 pinesaw fl y sex phero-
mone diastereomers  26  by parallel tag cleavage and acylation reactions.    

  13.2.5   Synthesis of Stereoisomers of ( − ) - Dictyostatin 

 ( − ) - Dictyostatin is a marine macrolactone that has potent anticancer activity  [39] . This 
compound had been known for over a decade before its stereostructure was confi rmed 
through total synthesis by the Paterson  [40]  and Curran  [41]  groups in 2004. Further bio-
logical testing on the synthetic sample showed that dictyostatin has equal or better activity 
against paclitaxel - resistant cell lines than its open - chain analogue discodermolide, radio-
labeled paclitaxel, and epothilone B  [42] . The Curran group modifi ed their total synthesis 
route (over 20 steps) for FMS of ( − ) - dictyostatin and three C - 6 and C - 7 diastereomers 
(see Scheme  13.9 )  [43] . Instead of making these diastereomers in four parallel multistep 
syntheses, the FMS enables them to be produced in a single set. This is the longest multi-
step FMS conducted to date.   

 At the premix stage, a set of four enantiopure alcohols with chiral centers at C - 6 and 
C - 7 were individually tagged with a set of four fl uorous TIPS - type silanes containing C 3 F 7 , 
C 4 F 9 , C 6 F 13 , and C 8 F 17  tags, respectively. The coded alcohols were then converted to fl uo-
rous esters  27a - d . These four esters were blended in a ratio of 1.5   :   1   :   1   :   1.5 and then the 
resulting mixture M -  27a - d  was converted to M -  28  in three steps of FMS. M -  28  was 
coupled with an alkynyllithium and then reduced by ( S,S ) - Noyori ’ s catalyst to give M -  29 . 
The alkyne group in M -  29  was reduced to the  cis  - alkene by Lindlar hydrogenation and 
the resulting secondary hydroxy group was protected with the TBS group. The cleavage 
of TES with dichloroacetic acid gave M -  30 . Dess – Martin oxidation of the primary alcohol 
followed by coupling with  31  gave the  α , β  - unsaturated ketone. The reduction of C - 17 – C -
 18 alkene with Stryker ’ s reagent followed by reduction of the C - 19 ketone with LiAl(O t  -
 Bu) 3 H gave  β  - alcohol M -  32  as the major product, which was isolated by silica gel 
chromatography. TBS protection of the C - 19 hydroxy group, removal of the trityl group 
with ZnBr 2 , oxidation of the allylic alcohol with the Dess – Martin reagent, then the Still –
 Gennari reaction provided ( E ),( Z ) - diene M -  33 . The removal of PMB with DDQ, basic 
hydrolysis of the conjugated ester, followed by macrolactonization under Yamaguchi 
conditions gave a mixture of major (2 Z ),(4 E ) and minor (2 E ),(4 E ) macrolactones. F - HPLC 
demixing of the fi nal mixture provided the four individual components. The desilylation 
with 3   N HCl in MeOH afforded dictyostatin (6 R ,7 S ) -  34a  and the other three C - 6,C - 7 -  epi  -
 dictyostatin diastereomers after HPLC purifi cation. 

 These four compounds were assayed against human ovarian carcinoma cells for their 
antiproliferative effects  [43] . It was found that bis -  epi  diastereomer (6 S ,7 R ) -  34b  was less 
active than the other isomers, while monoepimer (6 R ,7 R ) -  34d  was equipotent to dictyo-
statin (6 R ,7 S ) -  34a , and another monoepimer (6 S ,7 S ) -  34c  was four times more potent.  

  13.2.6   Synthesis of Stereoisomers of Passifl oricins 

 In the total synthesis of an eight - membered stereoisomer library containing the enantiomer 
of passifl oricin A and seven other stereoisomers at C - 5, C - 7, and C - 9, an  “ en route ”  pro-
tocol was developed by the Curran group to introduce stereocenters and fl uorous tags 
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    Scheme 13.9     FMS of ( − ) - dictyostatin and three stereoisomers.  
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during the synthesis  [44] . This protocol is different from other FMS in which building 
blocks with coded stereocenters were premade and pretagged. In addition, the total fl uorine 
content of each tagged molecule is defi ned by two tags, which allows using two fl uorous 
tags for a four - component FMS. The number of fl uorous tags is less than that of compo-
nents in the mixture. 

 Enantiopure allyl silyl ether ( R ) -  35  was subjected to a sequence of hydroboration and 
oxidation reactions (see Scheme  13.10 ). Half of the resulting aldehyde was treated with 
the ( R,R ) - Duthaler – Hafner (DH) reagent, and the resulting alcohol was tagged with 
fl uorous triisopropylsilyl trifl uoromethanesulfonate (F - TIPSOTf) bearing a C 4 F 9  group. 
The other half was treated with the ( S,S ) - DH reagent, and the alcohol was tagged with the 
F - TIPS group bearing C 3 F 7 . The mixed quasi - racemic M -  36  was split to two portions and 
subjected to oxidation, allylation, and then tagging reactions. The product from the ( R,R ) -
 DH reagent got a new nonfl uorous TIPS tag, and the product from the ( S,S ) - DH reagent 
got the repeat C 3 F 7  tag. A pair of two - compound mixtures was mixed to make a four -
 compound mixture M -  37 . Repeated split, oxidation, and allylation of M -  37  gave two 
four - component mixtures M -  38.  The mixtures were acylated, followed by ring - closing 
metathesis to provide the full stereoisomer library of protected passifl oricins as two 
mixtures of four compounds M -  39 . Each of these two mixtures has four components with 

    Scheme 13.10     FMS of eight stereoisomers of passifl oricin.  
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C 3 F 7 , C 4 F 9 , two C 3 F 7 , and two C 4 F 9  tags. Because the number of fl uorine atoms on each 
component in the mixture is different, they were easily demixed by F - HPLC. All eight 
isomers of  39  were deprotected individually by exposure to 3   N HCl in EtOH to provide 
eight compounds  40  including the enantiomer of passifl oricin A ( 5S ,7 R ,9 R ,12 R ) and its 
seven diastereomers with R confi gurations at C - 12 and all the possible confi gurations at 
C - 5, C - 7, and C - 9.    

  13.2.7   Synthesis of Stereoisomers of Lagunapyrone  B  

 Lagunapyrones A, B, and C were isolated during an investigation of the secondary metabo-
lites of estuarine actinomycetes  [45] . These natural products feature a 24 - carbon chain 
consisting of an  α  - pyrone ring with two adjacent stereocenters (C - 6,7) separated by 11 
carbon atoms from a second group of three stereocenters (C - 19 – 21). All seven of the 
double bonds in the backbone of the lagunapyrones are trisubstituted, and lagunapyrones 
A, B, and C differ only in the nature of the group attached to C - 2 (R   =   Me, Pr, Bu). 
Lagunapyrone B exhibits moderate activity (ED 50    =   3.5    µ g/mL) against a human colon 
cancer cell line  [45] . 

 Despite the novel skeleton and interesting biological activity, no synthetic efforts 
toward the lagunapyrones had been published until the Curran group ’ s work on FMS (see 
Scheme  13.11 )  [46] . Quasi - racemic FMS of M -  41  was conducted to construct the 
left fragment, which has two stereocenters at C - 6 and C - 7 and an  α  - pyrone ring. The 
quasi - racemic product mixture of the left fragment was demixed by F - HPLC and detagged 
with HF to give ( R,S ) -  42  and ( S,R ) -  42 . The right fragment M -  44  containing C - 19 – 21 ste-
reocenters was also prepared by quasi - racemic FMS. The quasi - racemic mixture of the 
right fragment M -  44  was reacted with enantiomers ( R,S ) -  42  and ( S,R ) -  42  through the 
Stille coupling reaction to give two quasi - racemic mixtures of tagged products. These 
two mixtures were separated by F - HPLC and detagged to afford four lagunapyrone B 
stereoisomers  45 .    

  13.2.8   Synthesis of Truncated Analogues of (+) - Discodermolide 

 FMS of truncated analogues of the natural product (+) - discodermolide at the C - 22 position 
has been accomplished by the Curran group  [47] . Four starting materials with different R 
group (H, CH=CH 2 , Et, Ph) were protected with the corresponding fl uorous PMB (R f    =   C 4 F 9 , 
C 6 F 13 , C 8 F 17 , C 10 F 21 ) (see Scheme  13.12 ) and mixed to form M -  46 . 4 - Component FMS 
converted M -  46  sequentially to phosphonium salt M -  47 , the Wittig reaction product M -  48 , 
carbamate M -  49,  and then tagged product M -  50 . Four truncated discodermolide analogues 
 51  were produced after demixing and detagging of M -  50 .    

  13.2.9   Synthesis of a Mappicine Library 

 The power of FMS has been further demonstrated in the preparation of a 560 - member 
library of mappicine analogues (see Scheme  13.13 )  [25] . In this case, the fl uorous 
tags encoded substrates with different substitutions rather than substrates with different 



    Scheme 13.11     FMS of four stereoisomers of lagunapyrone B.  
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stereochemistry as was described in Section  13.2.2   [29] . A seven - component mixture M -  52  
was prepared by iodo - exchange followed by demethylation using the same procedures 
described in Scheme  13.5 . M -  52  was split into 8 portions and subjected to  N  - 
propargylations with 8 different bromides to give 8 mixtures of M -  53 . Each of the 8 mix-
tures of M -  53  was further split into 10 portions for radical annulation reaction with 
isonitriles. The resulting 80 mixtures of M -  54  were demixed by F - HPLC and then detagged 
by HF - pyridine to give a 560 - member mappicine library  55  (see Figure  13.1 ). After each 
step, the reaction mixture could be analyzed by fl uorous HPLC and the by - products or 
unreacted starting materials were removed by fl ash column chromatography with normal -
 phase silica gel. The synthesis of this 560 - membered library is accomplished in 90 reac-
tions (not including the parallel detagging reactions), while 630 steps are needed for a 
corresponding parallel synthesis. The overall separations required only 90 chromatography 
steps compared with 630 chromatography steps needed for a parallel synthesis.    

    Scheme 13.12     FMS of four truncated discodermolide analogues.  
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  13.2.10   Synthesis of Tecomanine - like Compounds 

 Tecomanine belongs to a family of natural alkaloids. This compound has shown powerful 
hypoglycemic activity  [48] . The 4 - alkylidine cyclopentenone scaffold  62  has a ring skel-
eton similar to tecomanine. These types of cyclopentenones can be considered as novel 
bicyclic  α  - amino acid derivatives that can potentially be useful in the synthesis of pepti-
domimetics. The Brummond  [49]  and Curran  [50]  groups developed a four - component 
FMS protocol to produce a 16 - compound library of the 4 - alkylidine cyclopentenone via 
a rhodium - catalyzed [2   +   2   +   1] allenic Pauson – Khand cycloaddition (see Scheme  13.14 ). 
Four F - CBzs containing C 4 F 7 , C 6 F 13 , C 8 F 17 , and C 9 F 19  groups were individually attached 
to a set of amino acids  56  with four different R 1 . The resulting F - CBz - protected amino 
acids were mixed in equimolar amounts and then reacted in single pot with a propargyl 
alcohol to form a four - component mixture of esters M -  57 . The allenic amino acid mixture 
M -  59  was obtained through the Claisen rearrangement of propargyl esters M -  58 . The 
allene mixture M -  59  was split into four portions and reacted with one of four different 
propargyl bromides to afford four mixtures of alkynyl allenes M -  60 . The [2   +   2   +   1] 
cycloaddition of allenes M -  60  followed by F - HPLC demixing afforded 16 individual 
4 - alkylidene cyclopentenones  61 . The fl uorous Cbz tag was removed by treatment with 
dimethyl sulfi de in the presence of BF 3  - Et 2 O to afford 16 fi nal products  62 .    

    Scheme 13.13     Seven - component FMS of a 560 - membered mappicine library.  
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  13.2.11   Synthesis of Fused - Tricyclic Hydantoins 

 In addition to the  “ en route ”  protocol described in Section  13.2.6  for the synthesis of pas-
sifl oricins, the use of  “ redundant tags ”  for the synthesis of fused - tricyclic hydantoins is 
another example of FMS in which the number of fl uorous tags is less than that of compo-
nents in the mixture. Since molecules for FMS have fl uorine atoms both on the parent 
structure and on the tag, each component in the mixture has different total fl uorine content 
 –  even the tag may be redundant. 

 The six amino acids  63  were prepared individually, and mixed to give acids M -  64  
(see Scheme  13.15 )  [51] . Esterifi cation of M -  64 , zinc - chelated ester enolate Claisen 
rearrangement of M -  65 ,  tert  - butyl esterifi cation, and removal of the Me 3 Si group yielded 
M -  66 . The alkynyl allenes M -  67  were obtained by  N  - propargylation. The allenic Pauson –
 Khand reaction of M -  67  afforded three products; ( R ) - alkylidenecyclopentenone 

    Scheme 13.14     FMS of 16 tecomanine - like compounds.  
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stereoisomers M -  68  -  syn  and M -  68  -  anti  along with 4 - alkylidenecyclopentanone regioiso-
mer M -  69 . This complex mixture showed only three main spots in a standard silica TLC 
analysis, and it was purifi ed by fl ash chromatography over regular silica gel. The single 
mixture of M -  68  -  syn , M -  68  -  anti , and M -  69  was treated with TFA to cleave the  tert  - butyl 
group, and the resulting acid mixture was coupled with phenethylamine. The mixture was 
separated by normal silica gel fl ash chromatography to give three submixtures containing 
predominantly M -  70  -  syn , M -  70  -  anti , and M -  71 . These mixtures were then demixed by 

    Scheme 13.15     FMS of two fused - tricyclic hydantoin scaffolds.  
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F - HPLC to give 17 crude individual products  70  -  syn/anti  and  71 . These crude products 
were not isomerically pure. Removal of the fl uorous tag and hydantoin formation was 
achieved by treatment of the individual amides  70  -  syn/anti  and  71  with diisopropylethyl-
amine (DIPEA) under microwave conditions. The cyclative cleavage reactions of  70  -  syn  
and  70  -  anti  provided the same products  72 . Normal - phase HPLC purifi cation gave 11 of 
12 possible fi nal products  72  and  73 .    

  13.2.12   Synthesis of Novel Heterocyclic Compound Libraries 

 Zhang and co - workers recently developed a [3   +   2] cycloaddition/detag/cyclization 
protocol for diversity - oriented synthesis (DOS) of hydantoin - , piperazinedione - , and 
benzodiazepine - fused heterocyclic scaffolds  76, 77 , and  78  (see Scheme  13.16 )  [52] . Each 
of these three scaffolds has four stereocenters on the central pyrrolidine ring and up to 
four points of diversity (R 1  to R 4 ). The ring skeleton of these compounds resembles the 
structures of some known biologically active compounds; the structure of compound  76  
is similar to tricyclic thrombin inhibitors  [53] , the structure of compound  77  is similar to 
diketopiperazine - based inhibitors of human hormone - sensitive lipase  [54] , and compound 
 78  contains a privileged benzodiazepine moiety which exists in numerous pharmaceuti-
cally interesting compounds  [55] . The key intermediate  75  for DOS was made by one - pot 
[3   +   2] cycloaddition of fl uorous amino ester  74  with slight excess of benzaldehydes and 
maleimides. The cycloaddition was highly stereoselective. The stereostructure of  75  was 
confi rmed by an x - ray crystal analysis.   

    Scheme 13.16     DOS of three novel heterocyclic scaffolds.  
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 A 420 - membered hydantoin - fused tricyclic compound library was synthesized by a 
fi ve - component FMS (see Scheme  13.17 )  [56] . Five  α  - amino acids bearing different R 1  
groups were paired with fi ve perfl uoroalkyl alcohols in such combinations as C 2 F 5 / i  - Bu, 
C 4 F 9 /Bn, C 6 F 13 / p -  ClBn, C 8 F 17 /Me, C 9 F 19 /Et. An equimolar mixture of fi ve fl uorous amino 
esters M -  74  was split into seven portions for 1,3 - dipolar cycloaddition reaction with one 
of the seven benzaldehydes and one of the four maleimides. The resulting seven mixtures 
of M -  75  were each split into 12 portions and reacted with one of the 12 phenylisocyanates 
to form 84 mixtures of M -  79 . F - HPLC demixing followed by parallel detagging produced 
a 420 - member library of  76 .   

 The incorporation of four - column parallel F - HPLC coupled with a multichannel MS 
interface increased the speed both for sample analysis and sample demixing  [56] . A 5   min 
analysis method for baseline separation of fi ve components of M -  79a – d  was applied 
to four - channel parallel LC - MS analysis (see Scheme  13.18  and Figure  13.2 ). Four 
mixture samples containing a total of 20 compounds could be separated in 5   min, which 
dramatically improves the effi ciency of FMS.     

 The synthesis of a 60 - member benzodiazepine - fused tetracyclic compound library  78  
has also been accomplished by the Zhang group  [56] . A mixture of two fl uorous amino 

    Scheme 13.17     Five - component FMS of a 420 - member fused - hydantoin library.  

    Scheme 13.18     Four FMS samples for parallel demixing.  
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acids (R 1    =   H and Me) attached to C 6 F 13  and C 8 F 17  was reacted with 10 aldehydes and 
three maleimides to give 30 mixtures of M -  75  (see Scheme  13.19 ).  N  - Acylation followed 
by nitro group reduction with zinc dust in acetic acid under sonication gave 30 mixtures 
of M -  81 . F - HPLC demixing of M -  81  gave 60 individual compounds. These compounds 
then underwent cyclative tag cleavage with 1,8 - diazabicyclo[4.3.0]non - 5 - ene (DBU) to 
form the corresponding benzodiazepine - fused tetracyclic compounds  78 .     

  13.3   Conclusions 

 FMS is a new and highly effi cient solution - phase synthetic technology for making indi-
vidually pure products. Fluorous tag - based HPLC ensures the identifi cation and separation 
of reaction mixtures. FMS has advantages of homogeneous reaction environment, 
easy analysis and purifi cation of reaction intermediates, easy adoption of traditional 
solution - phase reaction conditions, no requirement to use large excess of reagents for 
reaction completion, and good chemical and thermal stability of fl uorous tags. It has been 

    Figure 13.2     Four - column parallel LC - MS of four FMS reaction mixtures (M -  79a – d ). 
  ( Source:    Reproduced with permission from Zhang, W., Lu, Y., Chen, C. H. - T., Zeng, L., Kassel, 
D. B., Fluorous mixture synthesis of two libraries with hydantoin -  and benzodiazepinedione -
 fused heterocyclic scaffolds,  J. Comb. Chem.  (2006)  8 , 687 – 695. Copyright (2006) American 
Chemical Society.)   
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demonstrated in the synthesis of drug - like molecules, complex natural products and their 
enantiomers, diastereomers, and analogues. As a promising new technology, FMS will 
play increasingly important roles in organic chemistry, medicinal chemistry, and com-
pound library synthesis.  
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14
 Fluorine - 18 Radiopharmaceuticals  

  Michael R.   Kilbourn   and   Xia   Shao        

  14.1   Introduction 

 PET (positron emission tomography) is a powerful  in vivo  imaging technique capable of 
providing dynamic information on biochemical processes in the living human subject. 
Applications of PET in oncology, neurology, psychiatry, cardiology, and other medical 
specialties continue to grow each year, and this modern imaging technique has become an 
important part of medical care. PET has also emerged as an important tool in drug research 
and development, where it is increasingly used to measure pharmacokinetics and pharma-
codynamics. The use of PET is driven by the characteristics and availability of appropri-
ately labeled radiopharmaceuticals that are specifi cally designed for measurement of 
targeted biochemical processes. Of the handful of positron - emitting radionuclides that 
have been utilized for PET imaging, fl uorine - 18 has particularly appealing properties. 
Addition of a fl uorine atom to a large molecule can often (but not always) be accomplished 
without signifi cant changes to the physiochemical or biological properties of the com-
pound. Fluorine - 18 is a positron - emitting radionuclide (97% positron emission, 0.635   MeV 
maximum energy, mean range 2.39   mm in water) with a relatively long half - life (109.6   min) 
compared to the other often - used positron - emitting radionuclides (e.g., carbon - 11, 20.4   min; 
nitrogen - 13, 9.96   min; oxygen - 15, 2   min). The half - life permits both longer synthesis times 
(typically 1 – 2 half - lives, or nearly 4 hours), thus opening up possibilities for multistep 
radiolabeling procedures, as well as the option of preparation of the radiopharmaceutical 
at a location remote from the site of use. 

 A large number of  18 F - labeled organic molecules have now been synthesized, ranging 
from the simplest ([ 18 F]fl uoromethane) to quite large (radiolabeled proteins). A thorough 
review of compounds that have now been synthesized in fl uorine - 18 form is impossible. 
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In 1982, a comprehensive review by Fowler and Wolf listed 88 fl uorine - 18 radiochemicals 
 [1] ; by 1990, a subsequent review  [2]  had listed over 280 compounds in a similar table, 
and although there are no more recent attempts to compile a comprehensive listing of such 
radiochemicals, at the most recent International Symposium on Radiopharmaceutical 
Chemistry, there were over 140 individual abstracts involving fl uorine - 18 alone  [3] , indica-
tive of the continued growth in the fi eld of fl uorine - 18 radiochemistry. A few recent 
reviews are available for fl uorine - 18 radiopharmaceuticals  [4 – 9] , and the reader is directed 
to modern literature - searching methods to obtain a more complete listing of currently 
available radiochemicals. 

 The labeling methods for  18 F - fl uorination reactions, described in the following sec-
tions, have been continuously expanded and improved upon through the years, leading to 
the proliferation of useful new  18 F - labeled compounds for  in vivo  studies of biochemistry 
in animals and humans. A few  18 F - labeled radiochemicals will be presented as examples 
of the issues involved in their design and synthesis. Due to the growing importance of 
PET, and the unrelenting need for new and better radiopharmaceuticals, continued devel-
opment of new and improved methods for  18 F - labeling has been pursued and some of the 
most recent developments in that area will also be reviewed.  

  14.2   Fluorine - 18 Chemistry 

  14.2.1   General Considerations 

 Fluorine - 18 is a short - lived (109.6   min) radionuclide that has to be generated anew for 
each synthesis. Production of the radionuclide is these days almost exclusively by the use 
of a small cyclotron (typical energies of 11 – 30   MeV for protons), a particle accelerator 
which can often be accommodated within a medical center or other research facility, 
although the concept of producing and shipping the radionuclide to distant sites for use in 
radiochemical syntheses has been accomplished. The majority of fl uorine - 18 is produced 
via the proton irradiation of an oxygen - 18 - enriched water target ( 18 O(p,n)  18 F) with the 
radionuclide product obtained as [ 18 F]fl uoride ion in aqueous solution. A variety of rapid 
and sometimes ingenious means have been developed to convert the aqueous [ 18 F]fl uoride 
ion to both reactive nucleophilic fl uoride (usually in an organic solvent; but see recent 
developments described below) or electrophilic fl uorination reagents. Fluorine - 18 can be 
generated by a number of other nuclear reactions (Table  14.1 ), and radiolabeled fl uorine 
gas ([ 18 F]F 2 ) is generated directly in gas cyclotron targets, but these methods are of less 
utility in the fi eld of fl uorine - 18 radiochemistry.   

 For the synthesis of high - specifi c - activity radiopharmaceuticals (specifi c activity is 
defi ned as radioactivity per unit mass) the use of [ 18 F]fl uoride ion is preferred if not 
required. The theoretical specifi c activity for fl uorine - 18 is 1.71    ×    10 9    Ci/mol, but that 
value has never been achieved and in practice the specifi c activity of  18 F - labeled radio-
chemicals has been signifi cantly lower. Typically, fi nished radiochemicals are produced 
with specifi c activities in the 1000 – 10   000   Ci/mmol. Some of this difference has 
been attributed to physical dilution of the fl uorine - 18 by the presence of fl uorine - 19 in 
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reagents and equipment (e.g., glassware); in other instances the lower specifi c activities 
may better represent the ability of analytical methods such as high - pressure liquid chro-
matography (HPLC) to identify and quantify cold mass associated with a radiochemical 
product peak. Thus, the production of true  “ carrier - free ”  fl uorine - 18 radiopharmaceuticals 
has not been achieved, but in current practice specifi c activities of 1000 – 10   000   Ci/mol 
(37 – 370   GBq/mmol) are routinely achieved, and such specifi c activities are suitable for 
even the most demanding  in vivo  applications of the radiolabeled compounds. 

 The availability of fl uorine - 18 from high yield oxygen - 18 - enriched cyclotron water 
targets, the development of automated or remotely controlled synthesis apparatus capable 
of yielding hundreds of milliCuries to Curies of products, and the desire to produce new 
radiopharmaceuticals with the potential for widespread (and even commercial) distribution 
from the point of synthesis has resulted in a problem not often seen in earlier days of fl uo-
rine - 18 chemistry: radiolytic decomposition. Syntheses can now be done using multi - 
Curie amounts of the radionuclide, often in small reaction volumes (commonly several 
hundred microliters of solvent, but sometimes even much lower than that), resulting in 
very high rates of irradiation of chemical components by both the positrons and the 
511   keV gamma rays produced by their annihilation. Yields and radiochemical purities 
of reactions runs using low amounts of radionuclide, as is commonly done in development 
of new radiotracers, may not necessarily translate into high - level production runs. 
Radiolytic decomposition can also occur when high amounts (levels of several hundreds 
of milliCuries) of fi nal products are formulated for injection, leading to the need in 
many cases to add an antioxidant or free - radical scavenger, such as ethanol or ascorbic 
acid, to the formulation to reduce decomposition of the radiochemical. This represents a 
unique problem not encountered in the usual use of fl uorine in medicinal or bioorganic 
chemistry. 

 In the following sections are examples of typical methods for  18 F - fl uorination using 
nucleophilic and electrophilic reaction mechanisms, with selected examples of their use 
in preparation of PET radiopharmaceuticals.  

  14.2.2   Radiochemistry: Yields and Specifi c Activities 

 In the fi eld of radiochemistry, and particularly with the use of high - specifi c - activity radio-
nuclides, syntheses are almost uniformly done with an excess of unlabeled precursor and 
reagents with respect to the radionuclide, in this review fl uorine - 18. For that reason the 
effi ciencies of reactions are generally given in terms of radiochemical yields instead of 

 Table 14.1     Nuclear reactions used to produce fl uorine - 18 

   20 Ne(d, α ) 18 F  
   20 Ne(p,2n) 18 F  
   16 O( 3 He,p) 18 F  
   16 O( α ,pn) 18 F  
   18 O(p,n) 18 F  
   20 Ne( 3 He,n) 18 Ne, 18 Ne -  18 F  
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chemical yields. However, radiochemical yields in the literature are defi ned in many 
different ways: as fi nal product (amount of radioactive product) divided by the amount of 
radioactivity produced in the cyclotron target; as that perhaps rendered reactive by an 
intermediate preparation in the solvent of choice (e.g., preparing [ 18 F]fl uoride ion in 
organic solvent); or even relative to a small - molecule intermediate prepared for the radio-
labeling reaction (e.g., yields based on electrophilic fl uorination reagents prepared from 
the product from the cyclotron target, [ 18 F]fl uorine gas or [ 18 F]fl uoride ion). Furthermore, 
radiochemical yields can be expressed either decay - corrected or without decay correction, 
depending on whether the investigator chooses to correct the yield for the time of synthesis. 
Because radiochemical yields can be expressed in so many different ways, and certainly 
are in the literature, in this review yields will not be routinely discussed unless they are 
signifi cantly higher (or lower) than usually found, or where a single publication has 
reported multiple yields all calculated the same way such that comparisons can be properly 
made. 

 In the synthesis of fl uorine - 18 radiochemicals an important attribute of the fi nal 
product is also the measured specifi c activity. Unfortunately, the literature is also replete 
with different means of estimating or measuring specifi c activity. The majority of fl uorine -
 18 radiochemicals are today analyzed by some means of chromatography, such as gas or 
high - pressure liquid chromatography, leading to a specifi c activity measurement relating 
the observed mass in the chromatographic spectrum (often UV absorbance) relative to 
injection of standard solutions of known mass. Specifi c activity measurements can thus 
vary between investigators, for reasons relating to the quality of the radionuclide used in 
the synthesis but also depending on the precision and accuracy of the chromatographic 
analyses. In this review there are general discussions of the importance of no - carrier - added 
versus carrier - added fl uorine - 18 radiochemical syntheses: with a few exceptions, most 
radiopharmaceuticals are best if prepared in no - carrier - added form, which does not mean 
they are free of the presence of any fl uorine - 19 but simply that no cold carrier fl uorine 
has been deliberately added either during the generation of the radionuclide or during the 
radiochemical synthesis.   

  14.3   Nucleophilic  18  F  - fl uorination: General Aspects 

 By far the majority of fl uorine - 18 radiotracers are synthesized using some type of nucleo-
philic fl uorination reaction. As fl uorine - 18 is most widely produced by cyclotrons as an 
aqueous solution of [ 18 F]fl uoride ion, considerable effort was expended in the development 
of rapid methods to convert this to a source of reactive [ 18 F]fl uoride in organic solvents 
appropriate for subsequent radiochemical syntheses. This was accomplished by removal 
of water, most often by azeotropic evaporation in the presence of a cationic counterion; 
to enhance solubility of metallic cation – fl uoride ion salts, often a cryptand is included, 
with the most popular pairing being the aminopolyether 8 - crown - 6 (Kryptofi x) and potas-
sium ions  [10] . Other metal salts such as cesium and rubidium salts, or organic cations 
such as tetraalkylammonium salts, have been employed as alternatives. Finally, [ 18 F]fl uoride 
ion can be effi ciently trapped on anion exchange resins, which can be directly used for 
on - column nucleophilic reactions  [11] . In general the reactions using [ 18 F]fl uoride ion are 
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conducted in aprotic dipolar organic solvents, such as dimethyl sulfoxide or acetonitrile, 
although recently a novel solvent system has been applied (see Section  14.5 ). 

  14.3.1   2 - [ 18  F ]Fluoro - 2 - deoxy -  d  - glucose: Two - step Aliphatic 
Nucleophilic Substitution 

 For both basic science animal research, clinical medical research, and clinical medical 
care, 2 - [ 18 F]fl uoro - 2 - deoxy -  d  - glucose ([ 18 F]FDG) is the single most used PET radiophar-
maceutical in the world. As an analogue of glucose, the major energy source of biological 
systems, it has found applications in nearly every area of nuclear medicine imaging, with 
exceptionally widespread application in imaging of the location and characterization 
of tumors. 

 The synthesis of [ 18 F]FDG has been very well developed and refi ned since its intro-
duction by Ido and co - workers in 1978  [12] . Whereas the original synthesis of [ 18 F]FDG 
was done using electrophilic fl uorination of an alkene precursor, yields were limited 
by the maximum 50% possible from an electrophilic reagent (see later discussion on 
electrophilic  18 F - fl uorinations), and much higher - yield nucleophilic fl uorination methods 
were subsequently developed  [13]  and have been adopted by virtually every investigator 
at present. 

 The commonly used synthesis of [ 18 F]FDG (Figure  14.1 ) involves two steps: reaction 
of [ 18 F]fl uoride ion with an appropriately substituted mannose derivative, followed by 
removal of the hydroxyl - protecting groups. Use of the tetraacetate esters of the hydroxyl 
groups, present in the sugar structure but also found in the hydroxyl or amino groups of 
many compounds of interest for radiolabeling with fl uorine - 18, is sometimes necessary 
as otherwise the reactive [ 18 F]fl uoride ion acts as a strong base to extract the acidic 
hydrogen to form H[ 18 F]F, and prevents reaction of the [ 18 F]fl uoride ion in a nucleophilic 
reaction. As nucleophilic fl uorination to displace the 2 - trifl ate leaving group proceeds 

    Figure 14.1     Synthesis of 2 - [ 18 F]fl uoro - 2 - deoxy -  D  - glucose ([ 18 F]FDG) using two - step proce-
dure of nucleophilic substitution of [ 18 F]fl uoride ion for a trifl ate ester leaving group followed 
by base - catalyzed hydrolysis of acetyl protecting groups.  
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by inversion of stereochemistry at the C - 2 carbon center, a suitably protected mannose 
precursor rather than one derived from glucose itself becomes the substrate. Although 
syntheses using different cationic counterions and even solid - phase supported  18 F - 
fl uorinations have been applied to [ 18 F]FDG syntheses, the state of the art utilizes the 
potassium ion/Kryptofi x in acetonitrile system for  18 F - fl uorination followed by acid or base 
hydrolysis of the protecting groups (base hydrolysis has been found to be faster and 
milder). The synthesis of [ 18 F]FDG is so well worked out, and so reliable, that relatively 
simple entirely computer - controlled automatic apparatus is marketed for the production 
of this important radiopharmaceutical. Purifi cation of the fi nal product is accomplished 
using a series of disposable bonded - phase chromatographic columns, neutralization of the 
base with an appropriate buffer solution, and sterilization; automated equipment to make 
[ 18 F]FDG is now available which produces the radiopharmaceutical in high yields ( > 60% 
corrected for decay) and overall synthesis times of less than 26 minutes (starting from end 
of cyclotron target irradiation). [ 18 F]FDG is clearly the most refi ned fl uorine - 18 synthesis 
yet developed.    

  14.3.2   [ 18  F ]Fluoropropyldihydrotetrabenazine ( FP  -  DTBZ ): One - step Aliphatic 
Nucleophilic Substitution 

 For the  in vivo  imaging of the vesicular monoamine transporter type 2 (VMAT2), a mono-
amine - neuron specifi c protein in the brain and other organs, the clinically used drug tet-
rabenazine and several derivatives were labeled with carbon - 11 leading to a fi nal widely 
used radiopharmaceutical, (+) -  α  - [ 11 C]dihydrotetrabenazine (DTBZ)  [14] , which is in fact 
a single enantiomer (tetrabenazine is used clinically as a racemic mixture) of the predomi-
nant metabolite of tetrabenazine formed in the human body. Numerous studies have uti-
lized this radiopharmaceutical in a variety of neurological and psychiatric diseases  [15] . 
Although useful, the 20 - minute half - life of the radionuclide carbon - 11 signifi cantly limited 
the application of this radiopharmaceutical to institutions possessing an on - site cyclotron 
and radiochemistry expertise in carbon - 11 syntheses. The development of [ 18 F]fl uoro-
propyldihydrotetrabenazine ([ 18 F]FP - DTBZ) represents an excellent example of how a 
 18 F - labeled alternative can be readily designed and implemented by building on the carbon -
 11 experience. [ 18 F]FP - DTBZ also represents an example of a radiopharmaceutical that 
can be prepared in a single step but which requires much more effort in purifi cation and 
quality control. 

 As the  in vivo  imaging application of [ 18 F]FP - DTBZ requires a high - specifi c - activity 
radiopharmaceutical, due to the limited capacity of the high - affi nity VMAT2 binding sites 
in the brain, a synthesis starting with [ 18 F]fl uoride ion was deemed necessary. The stereo-
chemical requirements of the ligand had been evaluated in the syntheses of the carbon - 11 
radiopharmaceuticals, and thus a straightforward synthesis of 9 -  O  - fl uoroalkyl derivatives 
of (+) -  α  - 9 - desmethyldihydrotetrabenazine provided high - affi nity radioligands with excel-
lent  in vitro  properties and with binding affi nities equal to or better than the parent tetra-
benazine  [16, 17] . Radiolabeling of the fl uoroalkyl groups could then be readily achieved 
by a one - step aliphatic nucleophilic substitution, with [ 18 F]fl uoride ion substitution of a 
mesylate ester leaving group (Figure  14.2 ). Purifi cation of the desired [ 18 F]fl uoroalkyl -
 DTBZ requires application of high - pressure liquid chromatography (HPLC) to effectively 
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remove unreacted mesylate precursor as well as any hydroxyl derivative formed by hydro-
lysis of the sulfonate ester. There are actually few radiochemical impurities in many simple 
nucleophilic  18 F - fl uorination reactions: the unreacted [ 18 F]fl uoride ion is often rapidly 
removed using relatively simple column chromatography (bonded - phase chromatography, 
such as Sep - Paks) and the HPLC purifi cation is mostly necessary to obtain the required 
chemical purity. The radiolabeling strategy for [ 18 F]FP - DTBZ is an example of that used 
for many fl uorine - 18 radiopharmaceuticals and utilizes the displacement of a sulfate ester 
(mesylate, tosylate) group by [ 18 F]fl uoride ion. Interestingly, this is an example where the 
free hydroxyl group in the molecule did not have to be protected as an ester or ether to 
allow reactivity of the [ 18 F]fl uoride ion with the mesylate leaving group. Syntheses of 
radiopharmaceuticals incorporating [ 18 F]fl uoroalkyl groups have mostly been limited to 
[ 18 F]fl uoromethyl, [ 18 F]fl uoroethyl and [ 18 F]fl uoropropyl groups, likely due to the increas-
ing lipophilicity of longer alkyl chains, which can lead to undesired  in vivo  
pharmacokinetics.   

 [ 18 F]FP - DTBZ is an example of a  18 F - labeled radiopharmaceutical where high specifi c 
activity is a requirement because of the limited capacity of the  in vivo  binding site, and 
the desire for any  in vivo  radiotracer to occupy a negligible number of such sites. For other 
radiopharmaceuticals, the need for high specifi c activity is not only rooted in this desire 
for minimal occupancy but is also due to potential unwanted pharmacological or toxico-
logical effects of the higher masses of radioligand if administered at a low specifi c activity. 
This is exemplifi ed by such radiotracers as [ 18 F]fl uoroethoxybenzovesamicol  [18]  and 
 18 F - labeled nicotinic acetylcholinergic receptor agonists  [19 – 22] , two classes of com-
pounds with signifi cant peripheral pharmacological effects that severely limit the allowed 

    Figure 14.2     Synthesis of 9 - (3 - [ 18 F]fl uoropropyl) - 9 - desmethyl - (+) - ( α ) - dihydrotetrabenazine 
([ 18 F]FP - DTBZ) by a single - step nucleophilic aliphatic substitution of a mesylate ester leaving 
group.  
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administered mass of compound to prevent such physiological effects. Fortunately, suffi -
ciently high specifi c activities can now be attained routinely with fl uorine - 18 radiotracers 
such that human studies of these compounds are quite feasible.  

  14.3.3   Aromatic Nucleophilic Substitution: Activated Aryl Rings 

 A large number of compounds containing aromatic rings have now been radiolabeled with 
fl uorine - 18. Most often, nucleophilic substitutions of [ 18 F]fl uoride ion is done using a 
suitable leaving group (e.g., halogen, nitro, or trimethylammonium group) on a benzene 
ring bearing an electron - withdrawing substituent (e.g., nitro, ketone, aldehyde, ester, 
nitrile), through a classical aromatic nucleophilic substitution reaction. Syntheses of 
[ 18 F]fl uoroheterocyclic rings proceeds in a similar fashion. Nucleophilic substitution by 
[ 18 F]fl uoride also proceeds successfully with aryl rings bearing both electron - withdrawing 
and electron - donating substituents  [23] . 

 In using simple  18 F - fl uorination of an activated benzene ring, radiotracers are usually 
designed such that the activating group is easily incorporated into the fi nal radiotracer 
design, converted rapidly into a functional group needed in the fi nal product, or even 
removed entirely. An example of incorporating the activating group into the fi nal desired 
radiopharmaceutical is 4 - [ 18 F]fl uorobenzoyl hexadecanoate ([ 18 F]HFB), a long - chain ester 
developed for radiolabeling of stem cells as it is rapidly and simply absorbed and retained 
in the lipid bilayer of a cell  [24] . Synthesis of [ 18 F]HFB was accomplished by reaction of 
[ 18 F]fl uoride ion, using the potassium/Kryptofi x system in dimethyl sulfoxide, with a 
4 - trialkylammonium - substituted benzoyl ester precursor (Figure  14.3 ). The synthesis is 
thus one - step: the desired  18 F - labeled ester is easily separated from the cationic precursor 
as well as unreacted [ 18 F]fl uoride ion by simple column fi ltration. As an alternative, a 
synthesis of a long - chain fatty benzoic acid ester with the fl uorine - 18 on the alkyl chain 
could also have been employed, by utilizing an appropriately placed leaving group as in 
the synthesis of fl uorine - 18 fatty acids such as 16 - [ 18 F]fl uorohexadecanoic and 14 -
 [ 18 F]fl uoro - 6 - thiaheptadecanoic acid  [25] . This exemplifi es how fl uorine - 18 chemistry 
often offers several options for incorporation into different positions of desired target 
molecules.   

 Nucleophilic aromatic  18 F - fl uorination has also been used in the synthesis of small 
prosthetic groups which are then incorporated into larger molecules, or attached to very 
large molecules such as peptides or proteins. This approach is often taken if the larger 
organic compound is unsuitable for direct  18 F - fl uorination reactions (for example, due to 

    Figure 14.3     Synthesis of the long - chain ester 4 - [ 18 F]fl uorobenzoylhexadecanoate ([ 18 F]HFB) 
using [ 18 F]fl uoride ion in a nucleophilic aromatic substitution of a trimethylammonium leaving 
group, with the ring activated by the ester function.  
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instability under usual conditions of nucleophilic or electrophilic  18 F - fl uorination, or insol-
ubility in solvent systems typically used), or if the needed synthetic precursor for direct 
substitution proves too hard to prepare. Examples of small aromatic molecules used 
as prosthetic groups include 4 - [ 18 F]fl uorophenacyl bromide  [17] ,  N  - succimidyl - 
4 - [ 18 F]fl uorobenzoate  [27] ,  N  - succimidyl - 4 - ([ 18 F]fl uoromethyl)benzoate  [28] , and 4 -
 [ 18 F]fl uorobenzaldehyde  [29] , all prepared using aromatic nucleophilic  18 F - fl uorination as 
the fi rst synthetic step. The single drawback to this approach is that all of these small 
molecules are themselves synthesized using multiple steps and some purifi cation is needed 
before they are usable in the fi nal desired reaction to label the target molecule. 

 Nucleophilic aromatic substitution of aryl rings followed by removal of the ring -
 activating electron - withdrawing group offers a more lengthy but feasible route to the  18 F -
 labeling of aromatic rings bearing no activating groups or, even more challenging, bearing 
electron - donating groups that normally inhibit aromatic nucleophilic substitution reactions 
 [23, 30] . Although useful fl uorine - 18 radiopharmaceuticals have been prepared using these 
methods  [31, 32] , a certain loss of overall radiochemical yield is expected due to radio-
nuclide decay during these required extra steps after  18 F - fl uorination. As an alternative 
there are more direct methods for radiofl uorination of electron - rich aryl rings, as discussed 
in the next section.  

  14.3.4    18  F  - Labeling of Electron - Rich Aryl Rings 

 As not all biological molecules or drug candidates present a suitable activated aryl ring 
for simple nucleophilic aromatic substitutions, the direct  18 F - labeling of electron - rich aro-
matic rings represent a signifi cant challenge in the synthesis of radiolabeled pharmaceuti-
cals. Electrophilic reagents such as: [ 18 F]F 2  and acetyl [ 18 F]hypofl uorite (AcOF), have been 
used to label electron - rich aromatics  [28] . These electrophilic reagents are generally pro-
duced via carrier - added methods and thus provide fi nal products with low to at best mod-
erate specifi c activity. This has limited the use of electrophilic  18 F - fl uorination reactions 
to the production of radiopharmaceuticals for which there is no need for high specifi c 
activity and where the chemical species are not toxic  [5] . In addition, these reagents are 
very reactive and non - regioselective, often leading to a mixture of  18 F - labeled products 
and a requirement for careful separation and purifi cation. This reduces the radiochemical 
yield of any single desired product. 

 Recently, a few improved methods of direct  18 F - fl uorination on electron - rich aromat-
ics have been reported, using nucleophilic substitution  [33  –  36]  or electrophilic substitution 
 [37 – 39] . These improved methods are encouraging solutions to the complex problem of 
 18 F - fl uorination of electron - rich aryl rings. 

  14.3.4.1   Nucleophilic  18  F  - Fluorinations Using Iodonium Salts 

 For years, diaryliodonium salts have been used for the direct  18 F - fl uorinations in nucleo-
philic substitution reaction on aromatic rings  [34, 35, 40, 41] . The introduction of no -
 carrier - added [ 18 F]fl uoride into an aryl substituent of diaryliodonium salt results in a 
[ 18 F]fl uorinated arene and a corresponding iodoarene (Figure  14.4 ).   

 The nucleophilic attack by [ 18 F]fl uoride ion on the diaryliodonium salt occurs prefer-
ably at the more electron - defi cient ring  [42] . Therefore, a more electron - rich ring such as 
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a heteroaromatic moiety in the iodonium salt should allow the direct nucleophilic  18 F -
 labeling of a second aryl group that is comparatively less but still electron - rich  [36] . It has 
been reported by Ross  et al.  using the 2 - thienyl group as a highly electron - rich heteroaro-
matic ring to direct the nucleophilic  18 F - fl uorination to the second, less electron - rich aryl 
ring  [34] . This heteroaromatic system provides a regiospecifi c single radioactive product 
and yields of the corresponding aryl substituents via this method are shown in Table  14.2 . 
As expected, the radiochemical yields were generally high with a decrease of the electron 
density, except for the  ortho  - methoxy derivative (61%). The huge difference between 
 ortho  -  and  para  - substituted rings is not explainable by the regular character of the aromatic 
nucleophilic substitution reaction mechanism, and the  meta  - derivative shows a slightly 
higher initial reaction rate than the  ortho  -  and  para  - derivatives but ends in a lower 

    Figure 14.4     Reaction of [ 18 F]fl uoride ion with diaryliodonium salts. Proportions of the four 
possible products ([ 18 F]fl uoroarenes vs. iodoarenes) is dependent on the ring substituents.  

 Table 14.2     Radiochemical yields ( RCY ) for nucleophilic  18  F  - fl uorination of 
aryl(2 - thienyl)iodonium bromides 
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  R    RCY (%)  

  4 - OBn    36    ±    3  
  4 - OMe    29    ±    3  
  4 - Me    32    ±    2  
  H    64    ±    4  
  3 - OMe    20    ±    3  
  4 - Cl    62    ±    4  
  4 - Br    70    ±    5  
  4 - I    60    ±    8  
  2 - OMe    61    ±    5  
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radiochemical yield. These might be due to a so - called Meisenheimer complex formed as 
an intermediate in this reaction, which is stabilized by resonance structures  [34] .     

  14.3.5   Prosthetic Groups: Fluoroalkyl and Fluoroacyl Substituents 

 In the design of radiopharmaceuticals labeled with fl uorine - 18, it has become fashionable 
to simply alter the structure of a known parent drug or biochemical substrate by the sub-
stitution of a fl uoroalkyl group for a methyl group. This often provides minimal disruption 
to the physiochemical properties of a molecule (lipophilicity, molecular weight, p K  a ) 
and has been found in many cases to provide molecules with equivalent or even 
enhanced biological activity  in vivo . Although in many cases appropriate precursors can 
be prepared with leaving groups pre - positioned at the end of short alkyl chains (see 
[ 18 F]fl uoropropyl - DTBZ, above), the development of simple  18 F - fl uoroalkylating  [43]  and 
 18 F - fl uoroacylating agents  [44, 45]  also allows the application of this approach to families 
of compounds without the need to synthesize for each one an appropriate precursor for a 
single - step nucleophilic fl uorination. Most useful radiotracers have incorporated 
[ 18 F]fl uoromethyl, [ 18 F]fl uoroethyl or [ 18 F]fl uoropropyl alkyl groups, or [ 18 F]fl uoroacetyl 
and [ 18 F]fl uoropropionyl acyl groups: larger groups begin to introduce considerable size 
and lipophilicity to the original molecule.   

  14.4   Electrophilic  18  F  - fl uorination: General Aspects 

 Although the majority of radiopharmaceuticals labeled with fl uorine - 18 have been 
prepared using nucleophilic fl uorination reactions, in a few instances the application 
of electrophilic fl uorination reactions has proved quite suitable. The most signifi cant 
limitation of electrophilic  18 F - fl uorinations is the relatively low specifi c activities (less than 
10   Ci/mmol) commonly obtained for fi nal products. This is a result of the fact that 
electrophilic  18 F - fl uorination reagents (perchloryl fl uoride, acetyl hypofl uorite, xenon 
difl uoride,  N  - fl uoro -  N  - alkylsulfonamides, diethylaminosulfur trifl uoride) are prepared in 
low specifi c activity from  18 F - labeled fl uorine gas, which in itself produced in a carrier -
 added fashion. A second drawback of electrophilic fl uorination is that the maximum 
radiochemical yield obtainable is 50%, as only one of the two fl uorine atoms in fl uorine 
gas can end up in the product (or, for preparation of electrophilic reagents such as acetyl 
[ 18 F]hypofl uorite, the maximum yield of preparing the reagent from [ 18 F]F 2  is 50%). 

 Production of [ 18 F]F 2 , from which numerous subsequent electrophilic fl uorination 
reagents have been prepared, can be accomplished in two fashions. The fi rst is the irradia-
tion of cyclotron targets containing small amounts of carrier fl uorine gas in neon  [46] ; 
fl uorine - 18 is produced by the nuclear reaction  20 Ne(d, α ) 18 F, with essentially exchange of 
the fl uorine - 18 and fl uorine - 19 atoms to produce carrier - added [ 18 F]F 2 . As an alternative 
to direct production of fl uorine - 18 gas in a neon target, it is also possible to form [ 18 F]F 2  
using a two - step procedure of fi rst irradiation of oxygen - 18 (the high - yield method for 
fl uorine - 18 production), followed by a second irradiation of a gas mixture containing 
carrier fl uorine gas to initiate exchange of the fl uorine atoms, producing carrier - added 
fl uorine gas  [47, 48] . 
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 Despite the low specifi c activity obtained with electrophilic  18 F - fl uorination reagents, 
important radiopharmaceuticals have been prepared in this fashion. 

  14.4.1   [ 18  F ]Fluoro DOPA : One - step Electrophilic Fluorination 

  l  - 3,4 - dihydroxy - 6 - [ 18 F]fl uorophenylalanine ([ 18 F]FDOPA) is a amino acid derivative pri-
marily utilized to follow the biosynthesis of dopamine in the brain, as it is taken up by 
dopaminergic neurons and decarboxylated to 6 - [ 18 F]fl uorodopamine and stored in vesicles 
alongside endogenous dopamine. It was one of the fi rst fl uorine - 18 radiopharmaceuticals 
developed for clinical investigations of movement disorders (e.g., Parkinson ’ s disease) and 
its synthesis has drawn much attention and been discussed numerous times  [4, 49] . The 
synthesis of [ 18 F]FDOPA can be achieved using both electrophilic and nucleophilic routes, 
and provides a good example of how these different methods each have advantages and 
drawbacks. The synthesis of FDOPA is also a general example of methods for preparation 
of  18 F - labeled aromatic amino acids and derivatives, and thus has been extended to desired 
molecules such as fl uorinated phenylalanines and fl uorotyrosines. 

 The initial syntheses of [ 18 F]FDOPA were done using direct electrophilic fl uorination 
of DOPA  [49] , which was soon replaced with methods for regioselective  18 F - fl uorination 
of DOPA using organomercuric  [50]  or organostannane precursors  [51]  (Figure  14.5 ). 

    Figure 14.5     Electrophilic  18 F - fl uorination of an organomercurial derivative of dihydroxyphe-
nylalanine as a route to synthesis of 6 - [ 18 F]fl uoro - 3,4 - dihydroxyphenylalanine (6 - [ 18 F]fl uoroDOPA, 
FDOPA). Reaction is stereospecifi c and regioselective but requires a step for deprotection of 
functional groups.  
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The methods using organometallics are relatively simple and can provide enantiomerically 
pure [ 18 F]FDOPA in yields as high as 25% (decay - corrected). These methods have even 
been automated  [51] . The use of the organometallic approach exemplifi es a simplifi cation 
of the radiochemistry, which, however, complicates the quality control analysis, as in 
addition to the normal requirements for a radiopharmaceutical (radiochemical purity, 
radionuclidic purity, chemical purity), there is also the need to develop and implement 
sensitive analytical techniques to ensure that there are no residual amounts of the metals 
(mercury or tin) in the fi nal product. The advantage of the electrophilic approach to 
[ 18 F]FDOPA is that the product is obtained in two steps in enantiomerically pure form; the 
disadvantages are the limited radiochemical yield, the low specifi c activity inherent in 
electrophilic reactions, and the need for extensive quality control analysis. Fortunately, 
[ 18 F]FDOPA is one of the radiochemicals for which high specifi c activity is not required, 
as the transporters and enzymes involved in [ 18 F]FDOPA uptake and retention in neurons 
are not saturated by the chemical amounts of FDOPA associated with the radiochemical 
product, and it has also been demonstrated there is no toxicity associated with the 
chemical. Efforts continue for improvement and simplifi cation of methods for electrophilic 
fl uorination to yield FDOPA  [52] .   

 In contrast to the electrophilic approach, the nucleophilic methods  [53 – 55]  for syn-
thesis of [ 18 F]FDOPA involve four synthetic steps (Figure  14.6 ) starting with [ 18 F]fl uoride 
ion, require a signifi cantly longer total synthesis time, and in the end probably do not result 

    Figure 14.6     Nucleophilic approach to synthesis of 6 - [ 18 F]fl uoroDOPA. The multistep synthe-
sis introduces fl uorine - 18 in an initial nucleophilic aromatic substitution reaction.  
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in a much higher yield than that obtained by electrophilic routes. The syntheses require 
the use of chiral auxiliaries or chiral phase - transfer reagents to produce [ 18 F]FDOPA in 
appropriate enantiomeric purity  [54] ; otherwise a chiral column chromatography step is 
necessary to separate the two isomers formed in the alkylation of a simple glycine synthon, 
which of course results in loss of some product as the wrong isomer. Use of the nucleo-
philic route does produce higher specifi c activities, but this is not a clear advantage for a 
radiopharmaceutical that does not require such. In contrast, [ 18 F]fl uorodopamine serves as 
an excellent example where the choice of a synthetic strategy is very important; the syn-
thesis via nucleophilic aromatic  18 F - fl uorination  [56]  provides a high specifi c activity 
product without  in vivo  hemodynamic effects, whereas the same compound made by an 
electrophilic route  [57]  yields a carrier - added radiopharmaceutical that is not suitable for 
radiotracer studies of  in vivo  biochemistry.    

  14.4.2   Fluoro - destannylation 

 Trimethyltin substituents are known to react with [ 18 F]fl uorine in a regioselective manner 
 [58] . Several important radiopharmaceuticals such as [ 18 F]fl uoro -  l  - DOPA  [39]  [ 18 F]fl uoro -
  l  - tyrosine  [37] , and [ 18 F]fl uorometaraminol  [59]  have been synthesized using this method. 
The limitation of this method is again the low specifi c activity from [ 18 F]fl uorine gas. 
Hopefully, with development of advanced technology, a better electrophilic [ 18 F]fl uorine 
source might be available. Another concern of this method is the residue of potentially 
toxic metals, but tin has less toxicity than mercury. Recently, resin - bonded aryltin precur-
sors have been reported for  125 I - labeling by destannylation  [60, 61] . The desired radioactive 
product will only be released from resin via destannylation, while unreacted precursor and 
tin - containing side - product remains bonded to the resin which is easily removed by fi ltra-
tion. This method may have great potential for use in  18 F - fl uorination in a similar 
fashion.   

  14.5   New Directions in  18  F  - labeling 

 Labeling of biologically active molecules with fl uorine - 18 has taken great strides in the 
last two decades, largely due to the successful application of well - known reaction methods 
 –  nucleophilic and electrophilic fl uorinations  –  to an increasingly diverse assortment of 
chemical structures. Two recent developments, the application of  “ click ”  chemistry and 
the use of protic solvents in nucleophilic fl uorinations, deserve mention here as new 
directions in  18 F - labeling that have the potential to signifi cantly impact both the types of 
compounds labeled and the yields obtained. 

  14.5.1   Application of  “ Click ”  Chemistry to  18  F  - labeling 

  “ Click ”  chemistry is a generic term that describes chemical reactions that are easy to 
perform and work up, are high yielding, and are insensitive to oxygen or water  [62, 63] . 
However, there has arisen one particular reaction that has become the leader of the fi eld 
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and that is the Huisgen 1,3 - dipolar cycloaddition of terminal alkynes with azides to give 
1,2,3 - triazoles (Figure  14.7 )  [64] .   

 Prior to the use of copper(I), the cycloaddition required elevated temperatures for 
prolonged periods. Typically, reactions required refl uxing in toluene or carbon tetrachlo-
ride for 10 – 48   h. Under these conditions, the cycloaddition was non - regiospecifi c with two 
possible regioisomers (1,4 and 1,5) formed. Some control of regiospecifi city was obtain-
able when electron - withdrawing groups were substituted on the alkyne, favoring produc-
tion of 1,4 - regioisomer. Meanwhile, the addition of electron - withdrawing groups to the 
azide favors production of the 1,5 - regioisomer. In practice, the cycloaddition yielded 
mixtures of product and exclusive production of one regioisomer remained elusive  [65] . 
Thus, the cycloaddition under these conditions failed to fulfi ll the requirement of a  “ click ”  
chemistry  [64] . 

 The utility of the Huisgen 1,3 - dipolar cycloaddition was discovered when it was 
realized that copper(I) not only catalyzes the reaction but also promotes the regiospecifi c-
ity, with exclusive production of the 1,4 - triazole regioisomer (Figure  14.8 )  [64] . The fi rst 
publication by Meldal  et al. , in 2002, outlined the use of copper(I) in the cycloaddition 
reaction for triazole synthesis on a solid phase  [66] . This was an organic - solvent - based 

    Figure 14.7     The 1,3 - cycloaddition of an azide and a terminal alkene to form a 1,2,3 - triazole. 
The thermal reaction produces both the possible regioisomers, whereas the copper - catalyzed 
reaction yields the single 1,4 - regioisomer.  

    Figure 14.8     Use of the copper(I) - mediated alkene - azide 1,3 - cycloaddition ( “ click ”  chemis-
try) in both organic solvent and aqueous solvent systems. The aqueous system, with  in situ  
generation of copper(I) from copper(II), is less sensitive to oxygen.  
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procedure that used copper(I) iodide with  N,N  - diisopropylethylamine (DIPEA) in 
various solvent such as acetonitrile, dichloromethane, tetrahydrofuran, toluene, or  N,N  -
 dimethylformamide, with the terminal alkyne immobilized on a swollen solid support. 
This was closely followed by the report of Folkin and Sharpless and colleagues showing 
that the reaction could be carried out in water using copper sulfate and sodium ascorbate 
 [67] . Both methods have recently become very popular and have made the Huisgen 1,3 -
 dipolar cycloaddition the essential  “ click ”  chemistry.   

 The facility of this water - based method earned it many applications. The azide and 
terminal alkyne are mixed in a mixture of  tert  - butanol and water (1:1 or 2:1). Then sodium 
ascorbate (5 – 10% mol) is added followed by a copper(II) sulfate solution (1 – 5% mol), 
and the fl ask is sealed and stirred vigorously at ambient temperature  [56] . Copper(I) is 
generated  in situ  by reduction of the copper(II) with an excess of sodium ascorbate and 
under these condition the normally oxygen - sensitive copper(I) survives. These reactions 
are typically run overnight, but a mild thermal or microwave - assisted heating shortens 
reaction time to 10 – 15 minutes  [68] . A number of modifi ed reaction conditions have been 
reported, using copper(I) species directly, as CuI, CuOTf · C 6 H 6  or [Cu(CH 3 CN) 4 PF 6 ], with 
a nitrogen base such as triethylamine or pyridine  [69 – 71] . The reaction mechanism is still 
under investigation and appears quite complex  [53, 64 72] . A recent analysis suggests that 
both azide and alkyne are activated by copper, possibly within a multinuclear copper -
 acetylide species, supporting earlier reports of two copper centers participating in the 
catalysis  [72, 73] . 

 Organic solvent - based procedures have been used in situations when the reactants 
are not soluble in aqueous media. Copper(I) is supplied directly to the reaction in form of 
CuI with DIPEA, and co - solvents such as acetonitrile, dichloromethane, tetrahydrofuran, 
toluene, or  N,N  - dimethylformamide are used. Some alternative protocols, using THF with 
Cu(PPh 3 )Br and DIPEA, or CuBr in DMF with bipyridine, have also been reported 
 [74, 76] . 

 The simplicity and effi ciency of the  “ click ”  chemistry is attractive to fl uorine - 18 
chemistry, where time plays an important role in synthesis due to the relative short half -
 life of fl uorine - 18. This one - pot reaction provides a versatile tool for coupling drug - like 
fragments in high yield and under mild conditions. The product 1,2,3 - triazole formed from 
cycloaddition is biologically stable with polarity and size similar to an amide group that 
is a common functional group in many radiopharmaceuticals  [77] . 

  18 F - labeled peptides are a rapidly emerging fi eld for targeted PET imaging probes. 
Although a variety of  18 F - labeled prosthetic groups have been developed in the past decade, 
only a limited number of chemical reactions have been utilized to incorporate the pros-
thetic groups into peptides, including acylation  [78  –  83] , alkylation  [84] , and oxime forma-
tion  [85, 86] . Acylation is the most commonly used approach and requires multistep 
protection and deprotection of other functional groups within the peptide sequence, which 
otherwise would be acylated. For both the alkylation and oxime formation reactions, the 
reagents used have potential to react with other functional groups within the peptides as 
well. The products formed by acylation, alkylation and oxidation are often species that 
are susceptible to hydrolysis or oxidation. Therefore the  “ click ”  chemistry of azides and 
terminal alkynes is expected to be a superior method for the preparation of  18 F - labeled 
peptides because of the following advantages: (i) the reaction can be performed in an 
aqueous media using readily accessible reagents and without exclusion of atmospheric 
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oxygen; (ii) the relatively mild reaction conditions are tolerant of peptide bonds, and neu-
tralization of the reaction media is not required before or after reaction; (iii) since the 
reaction between alkyne and azide is orthogonal to any functional groups  [87 – 91]  it is not 
necessary to protect other functional groups within the peptide sequence; (iv) the reaction 
is highly regioselective, leading to 1,4 - disubstituted 1,2,3 - triazole in high yield with simple 
work - up and purifi cation; and (v) the product is relatively stable. The large dipole moment 
and the nitrogen atoms in positions 2 and 3 of the triazole serve as weak hydrogen bond 
acceptors and improve the solubility of the product in water  [63] . 

 The fi rst application of copper(I) - catalyzed 1,3 - dipolar cycloaddition in preparation 
of [ 18 F]fl uoropeptides was reported by Marik and Sutcliffe in 2006 (Figure  14.9 )  [92] . 
Three [ 18 F]fl uoroalkynes ( n    =   1, 2, and 3) were prepared in yields ranging from 36% to 
80% by nucleophilic substitution of a  p  - toluenesulfonyl moiety with [ 18 F]fl uoride ion. 
Reaction of these [ 18 F]fl uoroalkynes with various peptides (previously derivatized with 
3 - azidopropionic acid) via the Cu(I) - mediated 1,3 - dipolar cycloaddition provided the 
desired  18 F - labeled peptides in 10 minutes at room temperature with yields of 54 – 99% and 
great radiochemical purity (81 – 99%)  [82] .   

 The kinetically driven copper(I) - catalyzed cycloaddition of azides and alkynes 
requires hours of reaction time to obtain quantitative yields  [63] . However, in the case of 
no - carrier added radiochemical synthesis the ratio of reactants and catalysts differs con-
siderably from that in traditional chemistry. In particular, the azide component and catalyst 
are in huge excess compared with the [ 18 F]fl uoroalkyne. The quantitative incorporation of 
[ 18 F]fl uoroalkyne could be achieved in 10 minutes when an optimized catalytic system 
was used  [81] . Reversed - phase HPLC analysis of all  18 F - labeled peptides showed only 
a single product, indicating that the reaction proceeded regioselectively to yield 1,4 - 
disubstituted 1,2,3 - triazoles as previously reported  [64] . 

 In another study, coupling of [ 18 F]fl uoroethylazide with various alkyne substrates that 
included a peptide to form the corresponding 2 - [ 18 F]fl uoroethyl - 1, 2, 3 - triazoles has been 
recently reported by Glaser and Arstad (Figure  14.10 )  [93] .   

 After nucleophilic fl uorination of 2 - azidoethyl - 4 - tolunenesulfonate, 2 -
 [ 18 F]fl uoroethylazide was reacted with a small library of terminal alkynes in the presence 
of excess Cu(II) or copper powder (method A or B). The radiochemical yields were 

    Figure 14.9     Use of  “ click ”  chemistry of 1,3 - dipolar cycloadditions of [ 18 F]fl uoroalkynes to 
radiolabel  N  - (3 - azidopropionyl)peptides.  
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measured by analytical HPLC 15 minutes post reaction at ambient temperature and also 
after subsequent heating to 80    ° C for 15 minutes (Table  14.3 )  [93, 94] . At ambient tem-
perature, the degree of incorporation of 2 - [ 18 F]fl uoroethylazide varied from no product to 
greater than 98% yield of product, depending on the alkyne substrate and the catalytic 
system. Following heating to 80    ° C for 15 minutes, nearly complete conversions of 
2 - [ 18 F]fl uoroethylazide to corresponding 1,2,3 - triazoles were observed for a majority of 
the substrates. It should be noted that the  “ click ”  reaction has a high tolerance for other 
functional groups in the terminal alkynes, including N -  and C - terminal amides, which is 
very attractive for labeling of peptides. With a suitable match of catalytic system and 
alkyne substrate, high product yields can be obtained within a short reaction time under 
mild conditions, which opens up the possibility of labeling fragile biomolecules that 
otherwise cannot be labeled with fl uorine - 18  [95] .   

 The  “ click ”  chemistry has been rapidly adopted by radiochemists in  18 F - labeling. 
There is a wide selection of  18 F - labeled prosthetic alkynes and azides, as well as com-
mercially available alkynes and azides, providing numerous possible combinations of this 
azide – alkyne cycloaddition to form various  18 F - labeled biomolecules with numerous func-
tional groups. In addition to the continuously growing  18 F - labeled peptide synthesis  [24, 
81 – 84] ,  18 F - labeled folic acid, folates  [96, 97] , glucose analogues  [98] , oligonucleotides 
 [99] , and lipids  [99]  have been prepared using  “ click ”  chemistry. In all cases, 1,2,3 - triazole 
formation was completed in less than 30 minutes at room temperature in aqueous media 
in good yields. The products could be purifi ed using simple HPLC or solid - phase extrac-
tion with no multistep purifi cation method needed. 

 In conclusion, the Huisgen 1,3 - dipolar cycloaddition of terminal alkynes with azides 
to form 1,2,3 - triazoles, referred to as  “ click ”  chemistry, provides a simple, fl exible, and 
highly effi cient method for  18 F - labeling. This powerful linking reaction opens numerous 
possibilities for combining alkynes with azides, forming all varieties of  18 F - labeled, highly 
functionalized biomolecules. The improvement of peptide and lipid labeling using  “ click ”  
chemistry will further benefi t the  18 F - labeling of a variety of possible drug carries such as 
dendrimers, micelles, microbubbles, liposomes, and cells. Nuclear medicine imaging will 
be able to take advantages of the novel  18 F - labeling methodologies, where fl uorine - 18 
could be simply clicked on these multifunctional vehicles without damaging other 

    Figure 14.10     Application of  “ click ”  chemistry of 1,3 - dipolar cycloaddition of [ 18 F]fl uroethylazide 
to a terminal alkene as a route to one - step radiolabeling of larger molecules.  
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functional groups. This would extend the power of PET imaging to many new applications 
in pharmaceutical research and clinical application.  

  14.5.2   Nucleophilic  18  F  - fl uorination in Protic Solvents 

 Nucleophilic fl uorination using [ 18 F]fl uoride ion is a typical displacement reaction that is 
generally performed in a polar aprotic solvent such as acetonitrile, dimethyl sulfoxide, or 
dimethylformamide  [100] . In polar aprotic solvents, the nucleophilicity of anions including 
[ 18 F]fl uoride is enhanced by the selective solvation of the cations. Conversely, solvation 
in protic solvents likely reduces an anion ’ s nucleophilicity by interaction with the partial 

 Table 14.3     Alkyne substrates and radiochemical yields used in a 1,3 - dipolar cycloaddition 
reaction with [ 18  F ]fl uoroethylazide 

  Substrate    Radiochemical yield (%)   a     

  Method A    Method B  

      

  84 (7)    56 (10)  

  

O

OH    

  61 (15)    29 (0)  

  

O

OH    

  93 (40)    15 (6)  

  
NH2

    

   > 98 (12)    96 (33)  

  

O

N
H

    

   > 98 ( > 98)     > 98 (70)  

  

O

N
H

    

  98 (9)    76 (26)  

  

O

OEt

HN O

    

   > 98 (31)    97 (90)  

  

O

N
H

    

   > 98 (34)    92 (51)  

  
Peptide

N
H

O

    

  (92)      

     a  Numbers in parentheses are the yields at ambient temperature.   
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positive charge of the protic solvent. Conventional theory suggests that polar aprotic sol-
vents are much better than protic solvents for nucleophilic substitution  [100] . 

 Recently, a new investigation into nucleophilic displacement reactions using fl uoride 
ion in protic solvents has been reported by Kim  et al.   [101] . In that study, they showed 
that sterically hindered protic solvents such as tertiary alcohols, in the absence of any kind 
of catalyst, actually enhanced the nucleophilicity of an alkali metal fl uoride (CsF). This 
enhanced nucleophilicity dramatically increased the rate of nucleophilic fl uorination com-
pared with conventional methods and reduced formation of typical reaction byproducts 
(Figure  14.11 ).   

 This fi nding is very interesting because it is in direct contrast with the predictions 
made from the conventional reaction mechanism. The detailed reaction mechanism of 
nucleophilic fl uorination in a protic solvent system is presently not clear. However, a series 
of compounds have been investigated (Table  14.4 ) and the corresponding fl uorine -
 substituted compounds are produced using this method in comparable or greater yields 
than previously reported by other methods  [101] .   

 The fl uorination reaction of mesylates or tosylates has been reported to be less than 
twice as fast as that of iodides  [101] . However, in the protic solvent system, the fl uorina-
tion rate of a tosylate is approximately 12 times faster than that of the corresponding iodide 
(Table  14.4 ). This result suggests that the reaction rate is determined not only by the nature 
of the leaving group but also by other types of interactions, such as those between the 
solvent ( tert  - alcohol) and the leaving group. For example, hydrogen bonding between the 
alcohol solvent and the oxygen atoms in the alkanesulfonate leaving group may enhance 
its nucleophilic (leaving group) character. Remarkably, using this fl uorination procedure, 
a fl uoroproline derivative was prepared in good yield after only 1.5 hours at ambient 
temperature from the corresponding trifl ate precursor (Table  14.4 ). It is notable that a 
trifl ate group has six available sites for H - bonding with the solvent alcohol (three oxygens 
and three fl uorines). In contrast, fl uorination of reactants with halide groups in the 
 tert  - amyl alcohol media required more than 12 hours as well as vigorous conditions, 
although these reactions did eventually produce the fl uorine - substituted product in high 
yields (72% and 88%). 

 The fl uorination of haloethyl or alkanesulfonyloxyethyl aromatic compounds in 
conventional methods usually uses a  “ naked ”  fl uoride ion generated from phase - transfer 
catalyst (i.e., potassium ion complexed by a cryptand, or a tetraalkylammonium salt) to 

    Figure 14.11     Nucleophilic aliphatic substitution of a mesylate ester leaving group using 
fl uoride ion as cesium salt in protic and aprotic organic solvents.  
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enhance the nucleophilicity and solubility of fl uoride ions. The  “ naked ”  fl uoride ion, as a 
strong base, results in the competing elimination reaction to give the vinylarene by -
 product. In Table  14.4 , the fl uorination of 2 - (2 - mesyloxyethyl)naphthalene to 2 - (2 -
 fl uoroethyl)naphthalene in a protic solvent proceeds almost to completion, producing the 
corresponding fl uoroalkane in 92% yield with only trace quantities of alkene byproduct. 
The protic solvents may suppress the formation of side - products by weakening the basicity 
of the fl uoride through the formation of hydrogen bonds between fl uoride ion and 
alcohol. 

 Further studies indicated that product yields from protic solvent systems are also 
highly dependent on the cations, where cesium generated higher reaction yields than tet-
rabutylammonium (TBA) and potassium cations produced  < 1% product  [101] . This sug-
gests the protic solvent used may increase the nucleophilicity of the fl uoride ion in the 
cesium or tetrabutylammonium complex by weakening ionic bonds between cation and 
anion through the formation of hydrogen bonds between fl uoride ion and alcohol. Thus, 
the problem of low reactivity due to the strong ionic bond of fl uoride salt in conventional 
methods may be overcome. Surrounded by a large size cation (Cs +  and TBA + ), fl uoride 
ion could form only weak hydrogen bonds with bulk alcohol solvent. This prevents the 
reduction of nucleophilicity caused by solvation in protic solvents. Fuller understanding 

 Table 14.4     Reactions of alkyl halide mesylates with [ 18  F ]fl uoride ion in protic 
solvent systems 

      Temperature ( ° C)    Time (h)    Yield (%)    Comment  

      
  90    2    93    trace tosylate  

      
  90    24    73  

  18% alkene 
trace 
iodide  

      
  refl ux    12    72    20% alkene  

      
  refl ux    18    88    6% alkene  

      
  90    3.5    81    12% alkene  

      
  90    2.5    92    trace alkene  

      

  25    1.5    69    15% alkenes  
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of the reaction mechanism of protic solvent systems and testing of various other solvents 
would be of interest. 

 Applying this novel fl uorination method to  18 F - fl uorination provides great improve-
ment in radiochemical yields (Table  14.5 )  [101] . The use of a protic solvent in nucleophilic 
 18 F - fl uorination not only improved the radiochemical yield of widely used radiopharma-
ceuticals such as [ 18 F]FLT (3 ′  - deoxy - 3 ′  - [ 18 F]fl uorothymidine)  [101, 102] , [ 18 F]FP - CIT 
(3 - [ 18 F]fl uoropropyl - 2 -  β  - carboxymethoxy - 3 -  β  - (4 - iodophenyl) nortropane)  [101, 103] , 
and [ 18 F]FMISO ([ 18 F]fl uoromisonidazole)  [101, 104] , which were diffi cult to prepare in 
conventional methods under mild conditions. This method has advanced the availability 
of these important radiopharmaceuticals, and should help the development of new phar-
maceuticals for research and clinical application in the future.     

  14.6   The Future of Fuorine - 18 

 The increasing availability of positron emission (PET) imaging equipment as part of the 
normal clinical care in nuclear medicine, and incorporation of PET into the routine tools 
of the pharmaceutical industry, portends a growing demand for new  18 F - labeled radiophar-
maceuticals. It is thus expected that the methods for incorporation of the radionuclide into 

 Table 14.5     Yields of example radiopharmaceuticals labeled with [ 18  F ]fl uoride ion using 
nucleophilic substitution reactions performed in protic solvent systems compared with 
literature methods utilizing aprotic organic solvents 

      Method    Temperature 
( ° C)  

  Time (min)    Yield (%)  

       

  Method    Temp ( ° C)    time (min)    yield (%)  

  2 - [ 18 F]FDG    Cs[ 18 F]/alcohol    100    10    82   +/ −    7.8 (n   =    10)  
  K[ 18 F]/acetonitrile    100    5    60 – 70%  

  [ 18 F]FLT    Cs[ 18 F]/alcohol    120    10    65   +/ −    5.4 (n   =    10)  
  literature    110    7.5    15   +/ −    5.4 (n   =    3)  

  [ 18 F]FP - CIT    Cs[ 18 F]/alcohol    100    20    35   +/ −    5.2 (n   =    14)  
  literature    90    10    1%  

  [ 18 F]FMISO    Cs[ 18 F]/alcohol    100    10    69.6   +/ −    1.8 (n   =    10)  
  literature    105    6    15.0   +/ −    5.4 (n   =    3)  
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simple and complex molecules of interest in what has recently been termed  “ molecular 
imaging ”  will continue to be a very active and fruitful area of chemical research.  
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15
 Application of Artifi cial Model 

Systems to Study the Interactions 
of Fluorinated Amino Acids within 

the Native Environment of 
Coiled Coil Proteins  

  Mario   Salwiczek  ,   Toni   Vagt  , and   Beate   Koksch        

  15.1   Introduction 

 Because of the unique physicochemical properties of carbon - bound fl uorine and due to 
the fact that it does not appear within the pool of ribosomally encoded amino acids, fl uo-
rinated analogues can be used as powerful analytical labels to investigate protein structure 
and protein – ligand interactions  [1] . Furthermore, fl uorine ’ s impact on the structure, bio-
logical activity, and stability of polypeptides makes it an interesting substituent for protein 
modifi cation  [2 – 5]  as well as for the  de novo  design of artifi cial proteins  [6] . In this context, 
fl uorinated analogues of hydrophobic amino acids show great promise as modulators for 
the stability and self - organization of protein folding motifs whose interactions are largely 
based on complementary hydrophobic side - chain packing. Global substitution of apolar 
residues by fl uorinated analogues within the hydrophobic core of  α  - helical coiled coils 
usually results in a strong thermodynamic stabilization and the specifi c formation of fl uo-
rous interfaces that strongly direct the self - sorting of these peptides  [7] . In addition to such 
 “  tefl on  ”  proteins  [8]  per se, an interesting task is also to investigate how fl uorinated amino 
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acids interact with their naturally occurring counterparts. However systematic approaches 
toward this goal have been published only very recently  [9] . Numerous attempts at inves-
tigating the interactions of comparably small nonpeptidic organic molecules with enzymes 
indicate that, in addition to the hydrophobicity of fl uoroalkyl groups, their polarity also 
plays an important role  [10  –  14] . Polar interactions of carbon bound fl uorine were shown 
to induce a favorable binding of a potential inhibitor to the thrombin active site  [13] . 
Moreover, fl uorine - induced polarity may result in disadvantageous, inverse fl uorous effects 
such as a decrease in lipophilicity  [10, 15] . Regarding polar interactions of fl uorine, it is 
also important to note that fl uorine scientists have not yet fully agreed on whether carbon -
 bound fl uorine may accept hydrogen bonds, especially from the functional groups of pro-
teins  [16] . Accordingly, to this day, there is no consistent opinion on fl uorine ’ s behavior 
as a nonnative  “ functional group ”  in amino acid side - chains. Such a specifi cation, however, 
would be the most important precondition for enabling a directed application of fl uorine ’ s 
unique properties in the engineering of peptides and proteins and their interactions with 
one another.   

 Scientifi c approaches that attempt to rationalize fl uorine ’ s effects on the interaction 
of polypeptides with native proteins usually rely on model systems with a precisely defi ned 
interaction pattern that mimics a native environment. With the objective of unraveling the 
effects of even single fl uorine substitutions, the structural homogeneity and stability of 
such models are indispensable prerequisites. It is also very important that the chosen model 
system and its analogues are easy to synthesize. Although successful attempts at incorpo-
rating fl uorinated amino acids by diverse protein expression methods have been reported 
 [17, 18] , most synthetic strategies for peptides bearing nonnatural substitutions rely on 
solid - phase peptide synthesis (SPPS). While linear SPPS is restricted by the achievability 
of long sequences  [19] , convergent synthetic routes applying various peptide ligation 
methods  [20]  as well as expressed protein ligation  [21]  pave the way to large modifi ed 
proteins. Nevertheless, fast synthetic approaches are desirable for the synthesis of a broad 
variety of different modifi ed peptides. In addition, comparably small model systems allow 
for a more comprehensive interpretation of experimental data. Consequently, model 
systems are often signifi cantly smaller than natural proteins and, thus, have to be very 
carefully designed to effi ciently mimic a natural protein environment. In this respect,  α  -
 helical coiled coil peptides have greatly gained in importance in recent years  [7] . Coiled 
coils are ubiquitous small proteins that show broad biological activities  [22] . As the struc-
tural components of many DNA - binding proteins, they play an important role in gene 
transcription, cell growth, and proliferation. Larger coiled coil assemblies provide molecu-
lar scaffolds and networks for the cytoskeleton as well as important structural components 
of so - called  “ motor proteins ”   [23] . Such naturally occurring coiled coils are usually com-
posed of two to fi ve monomeric  α  - helices whose primary structure is characterized by a 
repetitive alignment of seven amino acids ( abcdefg )  n   called a  “ heptad repeat ” . Positions 
 a  and  d  are mostly hydrophobic and harbor leucine, valine, and in some cases isoleucine 
and methionine. In the folded state, these positions point to one side of the helix, whereas 
the predominantly hydrophilic positions  b ,  c , and  f  point to the other side. This spatial 
separation of hydrophobic and hydrophilic residues imparts signifi cant amphiphilicity to 
the molecule. Due to segregation of hydrophobic surface area from the aqueous solvent, 
the helices usually fold into left - handed superhelical oligomers that bury the hydrophobic 
residues within the so - called  “ hydrophobic core ”  (Figure  15.1 ). In dimeric coiled coils, 
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positions  e  and  g  are usually occupied by charged residues such as glutamic acid, lysine, 
or arginine. These residues additionally stabilize the folded structure by attractive interheli-
cal coulomb interactions. Besides its stabilizing role, this charged interaction domain is 
an important determinant of folding specifi city  [24] . This detailed knowledge about their 
structure enables the  de novo  design of coiled coils that predictably fold into a specifi c 
oligomeric structure that is best suited for a certain investigation. In the subsequent 
sections, we will summarize how the coiled coil can be used to study fl uorine as a 
side - chain substituent in different native - like polypeptide environments. The incorporation 
of fl uorinated amino acids at different sites within the heptad repeat allows one to probe 
the impact of fl uorination in both hydrophobic and polar environments. Furthermore, 
the position of fl uorinated residues as well as the folding specifi city of the coiled coil 
determines the orientation of the side - chains. Accordingly, the interactions of fl uorinated 
amino acids depend not only on the nature of the environment but also on the way they 
 “ look ”  at it.    

 Figure 15.1     Schematic representation of a modelled antiparallel coiled coil homodimer in 
both a side view (top) and a view along the superhelical axis (bottom). Hydrophobic side -
 chains (Leu) are represented in yellow, complementary salt bridges in red (Glu), and blue 
(Lys or Arg). See color plate 15.1. 
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  15.2   Hydrophobicity, Spatial Demand and Polarity  –  Fluorine in a 
Hydrophobic and a Polar Polypeptide Environment 

 A rationally designed antiparallel, homodimeric  α  - helical coiled coil peptide served as a 
model system for the fi rst systematic approach to investigating the interaction character-
istics of fl uorinated amino acids with native residues (Figure  15.2 ). The hydrophobic core 
of the model is exclusively composed of leucine, whereas complementary coulomb inter-
actions between positions  e  and  e  ′  as well as  g  and  g  ′  control the antiparallel alignment 
of the helices within the dimer  [25] . In both strands, position  a9  in the hydrophobic core 

 Figure 15.2     Helical wheel and sequence representation of the antiparallel, dimeric model 
system. The substitution positions are highlighted in one strand with an open square for the 
hydrophobic core and an open circle for the charged domain. Their direct interaction partners 
in the opposite strand are shaded in gray squares or circles, respectively. The ligation site is 
marked with an arrow. 
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and position  g8  in the charged interface served as substitution positions for fl uorinated 
amino acids. This substitution pattern enabled an investigation of the effects of fl uorination 
in both a hydrophobic and a hydrophilic coiled coil environment. The antiparallel orienta-
tion of the two 41 - amino - acid peptide chains ensures that fl uorinated residues interact 
exclusively with native residues in the opposite strand. As the peptides were to be used 
in an assay of the self - replication rate of these peptides (see next section), a convergent 
synthesis strategy based on native chemical ligation  [26]  was applied. Three  f  - positions 
contain tyrosine as an analytical label.   

 The strength of hydrophobic interactions largely correlates with the hydrophobic 
surface area but also depends on packing effects of the interacting residues. Regarding the 
hydrophobic core of the coiled coil model, the fi rst important step was to choose the amino 
acids that would be appropriate for a systematic study of the impact of fl uorination. Single 
fl uorine substitutions for hydrogen often behave bio - isosterically to hydrogen  [27] , that 
is, they alter neither the conformation nor the activity of the molecule. Nevertheless, there 
is no linear correlation between the degree of fl uorination and the spatial demand of fl uo-
rinated alkyl groups. A comparison of the van der Waals volumes shows a trifl uoromethyl 
group (42.8    Å  3 ) to be approximately twice as large as a methyl group (24.5    Å  3 ). These 
volumes are calculated on a per - molecule basis according to published procedures  [28] . 
Furthermore, the steric effects of a trifl uoromethyl group, which are determined by both 
spatial demand  and  conformational fl exibility, show similarities to an isopropyl group  [29]  
rather than to a methyl group. 

 Accordingly, the investigations were based on ( S ) - aminobutyric acid (Abu) deriva-
tives. Stepwise fl uorination of the Abu side - chain yields ( S ) - difl uoroethylglycine (DfeGly) 
and ( S ) - trifl uoroethylglycine (TfeGly). The spatial demand of the side - chain can be further 
increased by elongation by one methyl group, yielding ( S ) - difl uoropropylglycine (DfpGly), 
which may be expected to have a spatial demand that is comparable to that of leucine. 
Alanine, with the smallest side - chain in this series, served as a control substitution. Figure 
 15.3  summarizes the discussion of steric size/effects and the resulting substitution 
pattern.   

 The analysis of temperature - induced unfolding monitored by circular dichroism (CD)   
spectroscopy yields the midpoint of thermal denaturation. The melting point ( T  m ) is defi ned 
as the temperature at which 50% of the oligomer is unfolded. Given that the coiled coil 
maintains its folding specifi city when single substitutions are performed, this melting point 
serves as a qualitative, yet not absolute, measure of stability. Small differences in  T  m  do not 
necessarily imply a difference in thermodynamic stability. Signifi cant changes, however, 
may be interpreted in terms of stabilization or destabilization when comparing structurally 
equivalent coiled coils since, in many cases, an increase in  T  m    is associated with an increase 
in thermodynamic stability  [30] . Figure  15.4  shows the melting curves of all variants that 
carry substitutes for leucine at position  a9  within the hydrophobic core. The respective 
melting points are given in Table  15.1 . With the exception of the DfpGly - variant, the 
thermal stability in this series of dimers increases along with the increasing spatial demand 
of the side - chain in position  a9  in the order Ala    >    Abu    >    DfeGly    >    TfeGly    >    Leu.     

 Several factors have to be taken into account for a conclusive interpretation of these 
results. Recent investigations have shown that some fl uorinated amino acids exhibit less 
favorable helix - forming propensities  [31] . Thus, structural perturbations of the helical 
backbone may contribute to some extent to the general destabilization upon incorporation 
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 Figure 15.3     Based on the proposed comparability of isopropyl and trifl uoromethyl, one 
native leucine residue within the hydrophobic core is substituted by amino acids bearing fl uo-
rinated ethyl side - chains. Starting from Abu the spatial demand was increased by stepwise 
fl uorination and elongation of the side - chain from the left to the right. Alanine served as a 
control substitution. The van der Vaals volumes in parentheses were calculated according to 
reference  [28]  and refer to the group attached to the  β  - carbon of the side - chain. 

 Figure 15.4     Melting curves of the coiled  - coil dimers substituted in position  a9 . Parent 
peptide (Leu) (   ), Ala ( � ), Abu ( � ), DfeGly ( � ),TfeGly ( � ), and DfpGly ( � )  .Recorded at 
peptide concentration of 20    µ M at a pH of 7.4 (phosphate buffer containing 5   M GdnHCl). 
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of fl uorinated residues. However, with the exception of TfeGly these effects have not been 
studied for the amino acids used here. Moreover, helix - forming propensity is not the sole 
determinant of the stability of the coiled coil folding motif whose structure formation is 
based on intermolecular interactions. The thermodynamic driving force for the oligomer-
ization of coiled coils largely originates from hydrophobic interactions and side - chain 
packing effects within the hydrophobic core. Due to such stabilizing intermolecular inter-
actions, the effects of helical propensity are often smaller within the interface of coiled 
coils then they are in single helices  [32] . In addition, many investigations have shown that 
helix - forming propensity can only partly account for conformational preferences of amino 
acids and that other interactions such as hydrophobic side - chain packing may also play a 
key role in this regard  [33] . For example: the helix propensity for Abu is 1.22 while the 
value for TfeGly is only 0.05  [31] . Nevertheless, the thermal stability of the folding motif 
presented here increases upon replacing Abu by TfeGly. The increase in surface area and 
hydrophobicity upon stepwise fl uorination of the Abu side - chain has a favorable effect on 
hydrophobic interactions and thus appears to stabilize the folding motif. The DfpGly 
variant is excluded from this trend as, surprisingly, it represents the most destabilizing 
substitution. Although DfpGly bears a side - chain closest to leucine regarding steric size, 
its presence in the hydrophobic interior results in an even stronger destabilization than that 
caused by alanine in the same position. 

 This effect can be ascribed to the highly polarized methyl group at the  γ  - carbon 
(Figure  15.3 ). Even though the side - chain should be bulky enough to gain suffi cient 
packing within the hydrophobic core, its polarity appears to prevent a favorable interaction 
in this nonpolar environment. The interpretation of this result gains support from two other 
fi ndings. The formal  γ  - difl uorination of the Abu side - chain, although it increases the spatial 
demand, shows only a marginal effect on  T  m  ( ∆  T  m    =   +0.4   K). One could argue that the 
stabilizing effect of increased steric bulk is offset by the destabilization that is introduced 
by a more polarized  γ  - hydrogen atom. Furthermore, the TfeGly substitution, although 
expected to show steric effects comparable to leucine, results in a dimer that is roughly 
15   K less stable than the parent peptide. As the strong inductive effect of fl uorine affects 
the  β  - methylene groups, this fi nding can also be explained by the polarization of hydrogen 
atoms within the side - chain. 

 Nevertheless, another important aspect regarding the stability of the folded state must 
be taken into consideration. In comparison to leucine, TfeGly may exhibit a comparable 
spatial demand but it lacks two carbon atoms within the side - chain. Therefore, the con-
formational fl exibility and, consequently, the entropy and stability of the folded dimer are 

 Table 15.1     Melting points of the Leu9 variants  

  Amino acid at position  a9      T  m  ( ° C)  

  Leu    73.9  
  Ala    53.2  
  Abu    54.0  
  DfeGly    54.4  
  TfeGly    59.9  
  DfpGly    51.6  
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reduced. However, as the thermal stability of the model system decreases along with the 
increasing number of polarized hydrogen atoms buried within the hydrophobic core, the 
interpretation in terms of polarity is conclusive. The stability follows the order TfeGly    >   -
DfeGly    >    DfpGly. DfpGly bears the highest number of polarized hydrogen atoms and, 
accordingly, represents the most destabilizing substitution. 

 The next important step was to investigate how the same amino acids would behave 
as substitutes for lysine in position  g8  of the charged domain. This substitution replaces 
the salt - bridge to glutamic acid in the opposite helix by introducing fl uorinated amino 
acids as noncharged interaction partners. As shown in Figure  15.5 , the resulting impact 
on the thermal stability of the dimer is much lower than that observed for the hydrophobic 
core (and see Table  15.2 ).     

 The decrease in melting temperature compared to the Lys - variant ranges from 2   K 
for Abu to roughly 6   K for DfeGly. There is no clear trend pointing to a correlation between 
solvent - exposed hydrophobic surface area and thermal stability. However, there are very 
interesting effects arising from fl uorination of the Abu side - chain. Fluorine substitutions 
in position  g8  generally result in a somewhat stronger destabilization than the incorpora-
tion of Ala and Abu. As shown for substitutions within the hydrophobic core, fl uorinated 

 Figure 15.5     Melting curves of the coiled coil dimers substituted in position  g8 . Parent peptide 
(Lys) (   ), Ala ( � ), Abu ( � ), DfeGly ( � ),TfeGly ( � ), and DfpGly ( � )  . Recorded at peptide 
concentrations of 20    µ M at pH 7.4 (phosphate buffer in 5   M GdnHCl). 

 Table 15.2     Melting points of the Lys8 variants  

  Amino acid at position  g8      T  m  ( ° C)  

  Lys    73.9  
  Ala    71.3  
  Abu    71.9  
  DfeGly    68.3  
  TfeGly    68.9  
  DfpGly    68.6  
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alkyl groups exhibit the unique property of being polar  and  hydrophobic. This  “ polar 
hydrophobicity ”   [34]  of fl uorinated compounds is one reason for the preferential formation 
of fl uorous phases. Following this argument, the fl uorine - substituted peptides may unfold 
more readily than their nonfl uorinated analogues to enable fl uorous interactions between 
the unfolded peptide chains. This assumption gains support from investigations on the 
self - replication properties of the model system  [9]  presented in the next section.  

  15.3   Do Fluorine – Fluorine Interactions Interfere with Coiled Coil 
Association and Dissociation? 

 The analysis of temperature - induced unfolding as described in the preceding section   
explains how single substitutions of proteinogenic residues by fl uorinated amino acids 
affect the dimer ’ s overall stability. The study of the impact of fl uorine substitutions on the 
replicase activity of coiled coils provides some valuable additional insight. Primary struc-
tures based on the heptad repeat motif exhibit the ability to promote the condensation of 
two monomeric fragments whose amino acid sequence follows a complementary heptad 
repeat. Thus, depending on the primary structure of the fragments, coiled coil peptides 
can act as either ligases or replicases  [35] . The investigations presented in this section   are 
based on the replicase activity, which explains the convergent route for the synthesis of 
the model peptide (see Section  15.2 ). 

 For the establishment of such a replicase cycle, two peptide fragments are required, 
one of which carries a cysteine at its N - terminus (nucleophilic fragment). The electrophilic 
fragment usually carries a C - terminal benzyl thioester  [36] . A noncatalyzed peptide bond 
formation between the nucleophilic and the electrophilic fragment that yields a full - length 
monomer initiates the process of self - replication. The fi rst step in this reaction is a thioes-
ter - exchange reaction between the C - terminal benzylthioester moiety of the electrophilic 
fragment and the N - terminal cysteine of the nucleophilic fragment followed by an irrevers-
ible S    →    N acyl migration to yield a native peptide bond (native chemical ligation)  [26] . 
Based on the complementary coiled coil interactions, the monomer catalyzes the fi rst cata-
lytic cycle, acting as a template for the annealing of the nucleophilic and the electrophilic 
fragments. The specifi c association of the fragments with the template brings their reactive 
functional groups into close proximity and thereby promotes the fragment condensation 
as described above. The cycle is fi nalized by the dissociation of the oligomer, releasing a 
newly formed template for further reaction cycles. For the investigation of replicase activ-
ity, the proteinogenic residues in both substitution positions ( g8  and  a9 ) of the model 
peptide were replaced by three different amino acids that bear a side - chain of identical 
length and vary only in fl uorine content (Abu, DfeGly, and TfeGly). Figure  15.6  shows 
the turnover for peptides that contain these residues within the hydrophobic as well as 
within the charged interaction domain.   

 The substitution of Abu for leucine in the hydrophobic core position  a9  shows that 
a signifi cant decrease in spatial demand and hydrophobicity that thermally destabilizes the 
folding motif also reduces the rate of product formation. The  γ  - di -  and trifl uorination 
of Abu further decelerates rather than accelerates the reaction. This trend correlates 
with the number of fl uorine atoms within the side - chain. Interestingly, the same kind of 
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substitutions in the charged domain yields comparable results. In general, the removal of 
one salt - bridge of the charged domain slightly accelerates the reaction, as shown for the 
substitution of Abu for Lys in position  g8 . The association of coiled coils is thermodynami-
cally driven by the formation of the hydrophobic core. Since for substitutions in the 
charged interface the hydrophobic core remains unchanged, the association is presumably 
not affected. Therefore, the acceleration upon the incorporation of Abu into position  g8  
may be interpreted as an increased dissociation rate in the last step of the cycle. The sub-
sequent fl uorination, however, appears to decrease the rate of product formation. Again, 
this trend correlates with the fl uorine content. 

 According to the unfolding experiments (see preceding section), the stability of 
hydrophobic interactions follows the order Abu    <    DfeGly    <    TfeGly. However, in the 
charged domain of the dimer the fl uorinated residues generally represent the more desta-
bilizing substitutions compared with the non - fl uorinated residues. Most importantly, the 
decrease in replication rate follows the same order as for substitutions in the hydrophobic 
core (Abu    >    DfeGly    >    TfeGly). Being hydrophobic  and  lipophilic, the fl uoroalkyl groups 
in the unfolded peptides segregate from both the water and hydrophobic coiled coil resi-
dues. This fl uorous effect is comparable to the well - known hydrophobic effect that is 
accompanied by a lipophobic effect for partly fl uorinated alkyl groups  [10] . A plausible 
explanation would be that fl uorinated amino acids exhibit fl uorine – fl uorine  ‘ interactions ’  
in the unfolded state of the peptides and therefore interfere with folding. A similar expla-
nation has also been proposed as the reason for the destabilization of chloramphenicol 
acetyltransferase upon global fl uorination  [37] . Fluorous  ‘ interactions ’  may indeed be 
rather specifi c. The association of transmembrane helices in lipid bilayers, for example, 
is much more effi cient when native leucine residues are replaced by hydrophobic  and  
lipophobic fl uorinated analogues  [38] . Accordingly, the same effect may be responsible 
for inhibiting the coiled coil association in the fi rst step of the replicase cycle. It may be 
argued that, as a contrary effect, the dissociation within the last step of the cycle should 
consequently be enhanced. Nevertheless, the fl uorous effect of a single amino acid is very 
likely to be more effi cient within the short fragments so that the effect on the association 
rate is much more pronounced. Figure  15.7  provides an image of how, following the argu-

 Figure 15.6     Time dependent turnover of the fragments substituted in position  a9  (left panel) 
and  g8  (right panel). The turnover vs. time plot is shown for the parent peptide (   ) and its 
Abu ( � ), DfeGly ( � ), and TfeGly ( � ) substituted analogues. 
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ments above, we assume the fl uorous effect to compete with coiled coil formation and, 
thus, to alter replicase activity.   

 The fi ndings gained with the model system show that two contrary effects character-
ize the interactions of fl uorinated amino acids within the hydrophobic core: spatial demand 
and hydrophobicity on one side, and fl uorine - induced polarity on the other. While the 
increase in hydrophobic surface area upon fl uorination may be favorable for hydrophobic 
interactions, fl uorine ’ s inductive effect appears to interfere with the formation of an intact 
hydrophobic core. In addition, the investigations of fl uoroalkyl side - chains in the charged 
domain as well as the analysis of fl uorine ’ s effect on replicase activity indicate that 
contacts between fl uorinated residues may also have an impact on peptide and protein 
folding. 

 The antiparallel homodimeric model system described above, however, represents a 
rather specifi c example. Although the fl uorinated amino acids here interact exclusively 
with native residues,  two  fl uorinated residues are present in the folded state due to  homodi-
mer  formation. The next goal was to study how subtle changes in the environment of the 
fl uorine substitution  –  that is, its position within the hydrophobic core  –  affect its impact 
on folding and stability. The investigations described in the next section represent a further 
important step.  

 Figure 15.7     The rate of replication depends on the association – dissociation equilibrium. The 
data for time - dependent turnover raise the question whether fl uorous interactions interfere 
with the association of the electrophilic fragment with the template thereby inhibiting catalysis 
 [9] . See color plate 15.7. 
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  15.4   Effects of Fluorination Are Diffi cult to Predict Because the Impact 
of Spatial Demand, Hydrophobicity, and Polarity on Structural Stability 
Depends on the Environment 

 A new coiled coil model system was designed so that the fl uorinated peptide interacted 
with an exclusively native interaction partner that, itself, was not intrinsically affected by 
fl uorine. Therefore, the folding specifi city of the coiled coil system had to be reversed by 
design. The question was whether the fi ndings for this new model system would be com-
parable to those for the antiparallel model system described in the preceding sections. 

 As mentioned before, coiled coil folding specifi city can be directed by design. Peptide 
chains based on the heptad repeat can fold into homo -  or heterooligomers either in a paral-
lel or antiparallel fashion. For the new model system, homooligomerization had to be 
prevented to make fl uorine – fl uorine contacts impossible. This condition was achieved by 
designing two complementary peptides  [39] . Peptide VPE presents negative charges (glu-
tamic acid) at its  e  -    and  g  - positions while peptide VPK presents positive charges (lysine) 
at the same positions. Under physiological conditions (pH 7.4), heterodimerization is 
favored because the Coulomb interactions between these positions are repellant in a 
homodimeric arrangement of VPE and VPK, respectively. Since in this case the charged 
positions were needed to control heterodimerization, they could not be used to control the 
orientation of the dimer as well. Thus, a redesign of the hydrophobic core was necessary. 
The comparison of naturally occurring heptad repeats shows that  β  - branched amino acids 
such as valine are highly conserved in  a  - positions of parallel coiled coil dimers but that 
they are barely found in their antiparallel dimeric counterparts  [40] . Placing valine at  a -   
and leucine at  d  - positions, therefore, favors a specifi c, parallel orientation of the dimer. 
Peptide VPE was used as a template to screen various fl uorinated variants of VPK. In this 
study, the fl uorinated amino acids and Abu (see Figure  15.3 ) were incorporated into the 
hydrophobic core either at position  a16  or at position  d19  of VPK (Figure  15.8 ). Two dif-
ferent hydrophobic core positions were chosen to study the impact of the immediate 
environment of the substitution on the interactions of the fl uorinated side - chains. Two 
peptides that contain leucine instead of fl uorinated amino acids at the respective substitu-
tion position served as the reference peptides.   

 The stability of all dimers was assessed by temperature - induced unfolding experi-
ments monitored by circular dichroism spectroscopy in the absence of guanidinium hydro-
chloride. It was therefore possible to derive the standard free energy of unfolding from 
data fi tting using the Gibbs – Helmholtz equation  (15.1)  adapted to a two state monomer –
 dimer equilibrium.
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 with [D] 0  being the concentration of the dimer at the starting temperature where the 
peptides were assumed to be fully folded. The change in heat capacity  ∆  C  p  was calculated 
to be 0.94    ±    0.1   kcal/mol  [39] . 

 Figure  15.9  shows the fi tted melting curves as a plot of fraction unfolded against 
temperature for the peptides substituted at position  a16 . The respective melting points and 
standard free energies of unfolding are given in Table  15.3 .     

 While the di -  and trifl uorination of the Abu - side - chain have only marginal effects on 
the stability of folding, the bulky DfpGly side - chain stabilizes the structure by roughly 
0.8   kcal/mol. Thus, a signifi cant increase in spatial demand of the fl uorinated side - chain 
is able to stabilize the interactions at position  a16 . Nevertheless, all peptides are less stable 
than the control peptide carrying leucine at this position. Except for DfpGly, these results 
are qualitatively in good agreement with those gained for the antiparallel model system. 
The signifi cant difference is that DfpGly represents the most stabilizing substitution at 
position  a16  within this series of fl uorinated peptides. The packing of hydrophobic side -
 chains has a much stronger impact on the stability of antiparallel coiled coils than it has 
for their parallel analogues because they are more tightly buried within the hydrophobic 

 Figure 15.8     Helical wheel and sequence representation of the parallel, dimeric model 
system. The substitution positions are highlighted in gray. Their main interaction partners are 
encircled in black. 
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 Figure 15.9     Melting curves of the coiled coil dimers substituted in position  a16 . Leu (   ), 
Abu ( � ), DfeGly ( � ),TfeGly ( � ), and DfpGly ( � )  . Recorded at overall peptide concentra-
tions of 20    µ M at pH 7.4 (phosphate buffer). 

 Table 15.3     Standard    a     free energy of unfolding and melting points of the  a16  
substituted dimers  

  Amino acid at position  a16      T  m  ( ° C)     ∆  G     °  [kcal/mol)  

  Leu    77.9    13.83  
  Abu    65.9    11.48  
  DfeGly    66.0    11.46  
  TfeGly    69.0    11.51  
  DfpGly    69.3    12.27  

     a     Standard state   =   1   M, 101   325   Pa, 25    ° C.   

core of antiparallel coiled coils  [41] . Obviously, the DfpGly side - chain in position  a16  of 
the parallel model is more fl exible than it is in position  a9  of its antiparallel counterpart. 
Consequently, the polarized  γ  - methyl group of DfpGly is less tightly buried within the 
core, which prevents it from disturbing the hydrophobic interactions. The side - chains of 
DfeGly and TfeGly are shorter and, thus, less fl exible. Thus, unlike for the  γ  - methyl group 
of DfpGly, the proximity of the polarized  β  - hydrogen atoms to the rigid backbone does 
not allow for a more favorable positioning toward the hydrophobic interaction partners 
and, therefore, disturb the formation of an intact hydrophobic core. 

 The results for substitutions in position  d19  additionally support the fi nding that 
the orientation of fl uorinated side - chains and the way they are packed against their 
interaction partners determines their impact on hydrophobic polypeptide environments. 
The substitution of Leu at position  d19  by Abu and its fl uorinated analogues shows 
effects that are comparable to those in position  a16  with respect to loss in unfolding 
free energy (Figure  15.10  and Table  15.4 ). The formal difl uorination of Abu slightly 
increases the spatial demand and, accordingly, the stability of the coiled coil dimer. 



 Application of Artifi cial Model Systems  405

 Figure 15.10     Melting curves of the coiled coil dimers substituted in position  d19 . Leu (   ), 
Abu ( � ), DfeGly ( � ),TfeGly ( � ), and DfpGly ( � )  . Recorded at overall peptide concentra-
tions of 20    µ M at a pH of 7.4 (phosphate buffer). 

 Table 15.4     Standard    a     free energy of unfolding and melting points of the  d19  
substituted dimers  

  Amino acid at position  d19      T  m  ( ° C)     ∆  G     °  (kcal/mol)  

  Leu    71.3    11.66  
  Abu    53.7    9.64  
  DfeGly    56.9    9.99  
  TfeGly    55.3    9.87  
  DfpGly    57.5    10.00  

     a     Standard state   =   1   M, 101   325   Pa, 25    ° C.   

The incorporation of an additional fl uorine substituent (TfeGly) or a methyl group (DfpGly), 
however, shows only marginal effects. The fi nding for DfpGly, again, is in sharp 
contrast not only with the fi nding for the antiparallel coiled coil but also with results 
for position  a16  within the same peptide. At position  a16  the additional methyl group 
was able to stabilize the structure, while this effect is much less pronounced at position 
 d19 .     

 Unfortunately, no high - resolution structures of the fl uorine containing coiled coil 
dimers are available at present. Nevertheless, a feasible explanation for the different results 
for the two substitution positions  a16  and  d19  can still be found by analyzing the high - 
resolution coiled coil structure of a sequence - equivalent interaction motif, the GCN4 
leucine zipper  [42] . A comparison of the  a  -  and  d  - positions within the crystal structure of 
GCN4 reveals important differences in terms of side - chain packing. The side - chains in 
position  a  pack parallel against the side - chains in position  a  ′ , while those in position  d  pack 
against position  d  ′    of the opposite strand. The differences between positions  a  and  d  arise 
from the C  α   – C  β   vectors of the side - chains pointing in different directions. In the case of 
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position  a , this vector points away from the hydrophobic core as well as from the interaction 
partner in the opposite strand. In contrast, the vectors point into the core and toward their 
interaction partners within the opposite strand for  d  - positions (Figure  15.11 ).   

 This difference in side - chain orientation highly affects the packing as well as the 
interactions of the fl uorinated side - chains with their proteinogenic counterparts. The amino 
acids studied here all share one similarity: they all carry fl uorine atoms at the  γ  - carbon 
atom. Consequently, they strongly polarize the  β  - methylene groups that point in different 
directions  –  away from the interaction partner for the  a  - position and toward it for the  d  -
 position. It is plausible that, accordingly, fl uorine - induced polarity at the  β  - methylene 
groups has a stronger impact at the  d  - position of the parallel model system. These argu-
ments may explain why a signifi cant increase in spatial demand from TfeGly to DfpGly 
has the potential to stabilize the interactions within the  a  - position while it seems impossi-
ble at the  d  - position. 

 These fi ndings indicate that although fl uorine may impart unique and general proper-
ties to hydrocarbons, these properties can have different effects at different positions within 
a hydrophobic protein environment. Coiled coils share a unique and very specifi c interac-
tion pattern. Nevertheless, their stability is susceptible to subtle structural modifi cations, 
which makes them valuable candidates for systematically investigating the effects of fl uo-
rine on peptide – protein interactions.  

 Figure 15.11     Schematic representation of the side - chains at  a  -  and  d  - positions within the 
hydrophobic core of the parallel GCN4 coiled coil dimer (according to reference  [42] ). The 
asterisk marks the  β  - carbon atoms that would be polarized in the case of the fl uorinated amino 
acids used for these investigations. 
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  15.5   Summary and Prospects 

 The studies reviewed in this chapter describe the impact of single fl uorinated amino acid 
substitutions on protein stability in terms of hydrophobic as well as polar interactions 
within coiled coil - based model systems. Aiming at a general description of possible 
molecular interactions of fl uorinated amino acids within native protein environments, we 
can summarize our results as follows. 

 In contrast to their canonical counterparts, fl uorinated amino acids uniquely combine 
two contrary properties within their side - chain: hydrophobicity  and  polarity. Thus, fl uori-
nated analogues of hydrophobic amino acids affect peptide and protein stability in a way 
that is not easily predictable, because it is diffi cult to evaluate the impact of each effect 
separately. Nevertheless, in contrast to global fl uorination of protein interaction domains, 
single amino acid substitutions generally have a destabilizing effect on the hydrophobic 
as well as the charged interface of coiled coil peptides. Most importantly, the environment 
of the substitution itself plays a key role in this context. In these studies, the environment 
is defi ned by either a parallel or an antiparallel orientation of coiled - coil dimers as well 
as by the substitution position, either in the hydrophobic core or in the charged interaction 
domain. The specifi city of coiled coil folding determines the orientation of amino acid 
side - chains, which results in divergent impacts of the dipoles that are induced by fl uorine 
substituents ( a  -  versus  d  - position). Accordingly, a general prediction of the infl uence of 
fl uorinated amino acids on the nature and stability of protein folding seems to be diffi cult 
at present. 

 The model systems described here deliver useful information about the effect of 
single fl uorinated amino acids on coiled coil folding but, due to the versatility of natural 
folding motifs, individual proof of structural and thermodynamic effects caused by incor-
poration of fl uorinated amino acids is needed in order to utilize their full potential. 

 A future goal would be to screen for fl uorophilic interaction partners within the pool 
of the proteinogenic amino acids to guide an optimal application of fl uorinated analogues 
in peptide and protein engineering.  
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 Fluorinated Amino Acids and 

Biomolecules in Protein Design and 
Chemical Biology  

  He   Meng  ,   Ginevra A.   Clark  , and   Krishna   Kumar        

  16.1   Introduction 

 While materials scientists have long appreciated the usefulness of fl uorinated compounds, 
chemical biologists and protein scientists have just begun to uncover their value. Fluorine 
has unique and fascinating properties. The judicious replacement of hydrogen with fl uorine 
can provide tools for unraveling the workings of biological systems. Rational design using 
fl uorinated amino acids has been successful in deciphering collagen stability, in mapping 
ligand – receptor interactions, in unveiling protein folding and dynamics, and in creating 
extra - biological structures. In addition, the third - phase properties of perfl uorocarbons have 
been utilized in biomolecule enrichment, artifi cial membranes, and small molecule micro-
arrays. Unusual properties of fl uorinated molecules will continue to proffer novel ways to 
perturb and observe biological systems. 

  16.1.1   Fluorine in the Context of Biological Systems 

 Noncovalent interactions are central to many key biological functions. The self - assembly 
of the plasma and organelle membranes, association between receptors and ligands, and 
folding of RNA and protein molecules are all controlled by noncovalent interactions. 
Noncovalent forces in the design of proteins have proved useful in gaining insight into 
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sequence/structure and function relationships. We and others have employed fl uorocarbons 
as building blocks to construct biomolecule analogues and exploited their unique charac-
teristics in biological systems. Organic fl uorine exhibits unusual properties. At the level 
of substitution of hydrogen by a single fl uorine atom or a few fl uorine atoms (e.g., H to 
F, CH 3  to CF 3 ), the effects are mainly manifested in electronic, steric, and hydrophobic 
properties of the resulting compounds. On the other hand, for perfl uorocarbon chains, 
third - phase properties, as distinct from water and hydrocarbons, become more relevant. 
We fi rst review here the enrichment and self - assembly of biomolecules based on fl uorous 
phase separation. We then highlight some recent uses of fl uorinated amino acids in protein 
design and chemical biology.  

  16.1.2   Unique Properties of Fluorine 

 Fluorine is the most electronegative element. While fl uorine forms the strongest hydrogen 
bonds in the ionic state, it does not readily participate in hydrogen bonding once covalently 
bound to carbon  [1] . This observation was at fi rst surprising, but careful scrutiny of crystal 
structures has revealed few organic molecules displaying F … H intermolecular distances 
required for hydrogen bonding. These interactions only occur in the absence of better 
hydrogen - bond acceptors. This property illustrates an essential feature of fl uorine: it holds 
its unshared electrons tightly, evident in its low polarizability ( α    =   0.557    ×    10  − 24    cm  − 3 , 
 σ   α     =   +0.13   kcal/mol)  [2, 3] . The C – F bond (485   kJ/mol)  [4]  is the strongest formed by 
carbon bonded singly to any element. Perfl uorocarbons are chemically inert and thermally 
stable. The C – F bond has a reversed and large dipole moment ( µ    =   1.85   D)  [5]  compared 
with that of a C – H bond ( µ    =   0.4   D)  [2] . Despite electron localization on fl uorine, perfl uo-
rocarbons are minimally polarizable, resulting in weak intermolecular interactions and 
high vapor pressures.  

  16.1.3   Phase Separation Properties of Fluorocarbons 

 The most striking feature of perfl uorocarbons is their insolubility. They phase separate 
from nonpolar organic solvents and water at room temperature. This property was exploited 
by Horv á th in 1994 with the introduction of fl uorous biphasic catalysis (FBC)  [6] . This 
new paradigm for separation and purifi cation of catalysts and organic molecules has been 
used widely  [7 – 9] . Gladysz and Curran  [10]  have formalized the defi nition of the term 
 “ fl uorous ”  in analogy to  “ aqueous ”  as  “ of, relating to, or having characteristics of highly 
fl uorinated saturated organic materials, molecules or molecular fragments. Or, more simply 
(but less precisely),  ‘ highly fl uorinated ’  or  ‘ rich in fl uorines ’  and based upon sp 3  - hybridized 
carbon. ”  

 The Hilderbrand – Scatchard solubility parameter  δ  (Equation  16.1 ) can be used to 
estimate the miscibility of fl uorocarbons with organic solvents  [11 – 13] .

    δ ν= ( )∆Ev 1 2

    (16.1)   



 Fluorinated Amino Acids and Biomolecules in Protein Design and Chemical Biology 413

  ∆  E v   is the vaporization energy of the pure component (cal/mol) and  v  is the molar volume 
(cm 3 /mol) at temperature  T . Perfl uorocarbons have relatively small  δ  values due to large 
molar volumes and exceedingly low propensities for intermolecular interactions  [11] . 
In contrast, water has a  δ  value  [14]  of   23 5 1 2 3 2. cal cm− . The mutual solubility of two 
nonpolar liquids (1 and 2) can be estimated primarily on the difference between  δ  values 
| δ  1   −   δ  2 |. Solubility also depends on the temperature ( T ) and molar volumes (v 1  and v 2 ) 
(Equation  16.2 ).

    ν ν δ δ1 2 1 2
2 4+( )⋅ −( ) < RT     (16.2)   

 In general, when  δ  1    =    δ  2 , there is no heat of mixing and two liquids are miscible in all 
proportions. When | δ  1     −     δ  2 | is less than   3 5 1 2 3 2. cal cm−  for an average molar volume 
of 100   mL, the liquids are still completely miscible at room temperature  [12] . When the 
differences in  δ  become substantial, phase separation occurs.   

  16.2   Fluorous - based Methods in Chemical Biology 

  16.2.1   Fluorous Enrichment of Peptides 

 Fluorous affi nity separation was originally used to remove catalysts from complex reaction 
mixtures  [6] . A perfl uoroalkyl moiety (generally no shorter than  − C 6 F 13 ) is appended to a 
compound of interest. Tagged molecules are then rapidly separated from other components 
in the mixture by either liquid – liquid extraction or liquid – solid - phase extraction. Fluorous 
affi nity - based separation has recently been used in biomolecule purifi cation, proteomics, 
and microarray experiments  [15 – 20] . 

 Solid - phase peptide synthesis (SPPS)  [21]  has greatly facilitated the preparation of 
these important biomolecules. The fi nal products often reside in a mixture containing 
similar compounds, due to incomplete coupling of certain residues. Purifi cation of the 
desired product from the crude mixture is tedious, costly, and environmentally unfriendly. 
Our laboratory has developed a new fl uorous capping reagent, a trivalent iodonium salt, 
to simplify the purifi cation of polypeptides synthesized on solid support (Figure  16.1 a) 
 [15, 16] . In analogy to routine capping steps using acetic anhydride (Ac 2 O)/diisopropyl 
ethylamine (DIEA), this reagent reacts aggressively with free amines of  α  - amino acids to 
deliver secondary amines with fl uoroalkyl chains. The newly formed bonds between fl uo-
roalkyl tags and peptides are stable enough to survive subsequent coupling, deprotection, 
and cleavage conditions in both  t  - Boc and Fmoc chemistry. The capped peptides can be 
removed either by centrifugation or by fl uorous solid - phase extraction (FSPE). Removal 
of deletion products greatly simplifi es the purifi cation of desired peptides on reversed -
 phase high performance liquid chromatography (RP - HPLC).   

 Complementary to our capping approach, Boom and Overkleeft have pursued a dif-
ferent strategy using the tagging method (Figure  16.1 b)  [22, 23] . This method is suitable 
for SPPS using Fmoc chemistry. Peptides are assembled with routine capping steps 
(Ac 2 O/DIEA). Upon the completion of the peptide chain, benzyloxycarbonyl -  (or 
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methylsulfonylethoxycarbonyl - ) based fl uorous ponytails are appended to the full - length 
products. The cleavage step frees all peptides from the resin. Tagged full - length peptides 
are easily purifi ed on Fluophase ™  columns or by FSPE. An additional required detagging 
step then delivers the fi nal products. 

 In addition, fl uorous tags have been developed for purifi cation of oligonucleotides 
 [18]  and oilgosaccahrides  [19]  synthesized on solid support. 

 Peters and colleagues have implemented a similar strategy in proteomics  [24] . Pro-
teins of interest were fi rst subjected to enzymatic digestion. Peptide fragments were then 
selectively labeled with fl uorous tags via cysteine residues or by  β  - elimination/Michael 
addition to phosphorylated peptides. Tagged peptides were signifi cantly enriched and 
isolated from complex mixtures by FSPE. These samples can be directly analyzed by 
MALDI - MS or ESI - MS. Fluoroalkyl tags do not undergo fragmentation, providing a 
distinct advantage over biotin - based affi nity reagents. This fl uorous derivatization and 
enrichment strategy has been extended to analyze small molecules and peptides using 
desorption/ionization on silicon mass spectrometry (DIOS - MS)  [25] .  

  16.2.2   Fluorous Small - Molecule Microarrays 

 Microarrays have tremendously accelerated gene sequencing and biological sample screen-
ing  [26, 27] . The distinct advantages are the high - throughput nature and the minuscule 
amounts of sample required. In contrast, small molecules of interest in pharmacology 
and biology are discovered by tedious and expensive procedures. Small - molecule microar-
rays (SMMs) offer an attractive alternative for this discovery process. One challenge 
confronting SMMs is the immobilization of small molecules onto glass slides. This step 
conventionally relies on covalent modifi cations of small molecules, often requiring 
multiple chemical steps. Fluorous SMMs appear to be promising for alleviating this 
diffi culty. 

 Pohl and co - workers have developed fl uorous - based carbohydrate microarrays  [28] . 
The noncovalent interactions between fl uorous tagged carbohydrates and fl uorous func-
tionalized slides are the focus here in the array fabrication. Sugars (mannose, galactose, 
 N  - acetylglucosamine, and fucose) were selected as initial targets. The C 8 F 17  tails were 
appended to protected trichloroacetimides of these monosaccharides to produce fl uorous 
tagged sugars. Next, fl uorous sugars were spotted onto a commercially available glass 
slide coated with a Tefl on/epoxy mixture. The fl uorous - based microarrays were then inter-
rogated using fl uorescein isothiocyanate - labeled jack bean lectin concanavalin A (FITC -
 ConA). FITC - ConA bound exclusively to mannose as expected. This experiment 
demonstrated that the C 8 F 17  groups anchored fl uorous sugars onto the glass slide, and 
that this type of microarray could be used for investigating carbohydrate – protein 
interactions. 

 Spring and co - workers have applied the same principle for fabricating fl uorous - based 
SMMs to illustrate the recognition of small - molecule ligands by proteins  [29] . The 
prototype binding pair of biotin – avidin was employed, in which biotin was conjugated 
to fl uorous tags and  “ printed ”  onto fl uoroalkyl - coated glass slides. Avidin interacted with 
biotin on the glass surface as judged by the fl uorescence emanating from dyes linked 
to avidin. 
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 Schreiber and co - workers have also developed fl uorous - based SMMs (Figure  16.2 ) for 
the discovery of histone deacetylase (HDAC) inhibitors  [30] . Twenty small molecules com-
prised of putative active and inactive HDAC inhibitors were appended to C 8 F 17  - based 
anchors. Among them was included suberoylanilide hydroxamic acid (SAHA), a known 
inhibitor of multiple members of the HDAC family. Once the array was produced as above, 
purifi ed His - tag fused HDAC2, HDAC3/NCoR2, and HDAC8 were allowed to interact 
with the array. Detection by Alexa - 647 - labeled anti - His antibody revealed several binders 
for each enzyme. The nonfl uorous tagged compounds were examined to check their inhibi-
tory capacity against their targets in a fl uorescence - based biochemical activity assay. 
Further, these compounds were also studied by surface plasmon resonance (SPR) for 
binding to HDAC3/NCoR2. It is important to note that the results obtained from these three 
different techniques are in good agreement, validating the fl uorous - based SMM method.    

 Figure 16.2     Fluorous small - molecule microarrays. Small - molecule histone deacetylase 
(HDAC) binders are noncovalently immobilized onto a glass slide coated with fl uorocarbon 
compounds. An antibody labeled with a fl uorescent dye recognizes HDAC proteins. See color 
plate 16.2. 
  ( Source:  Vegas, A. J., Brander, J. E., Tang, W.  et al. , Fluorous - based small - molecule microarrays 
for the discovery of histone deacetylase inhibitors,  Angew. Chem. Int. Ed.  (2007),  46 , 7960 –
 7964. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)  
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  16.2.3   Fluorinated Lipids 

 Phospholipids are ubiquitous components of biological membranes and play key roles in 
confi ning cellular components, regulating cell – cell interactions, and supporting membrane 
protein and lipid functions. They are therefore commonly used to fabricate model mem-
branes such as vesicles and supported lipid bilayers for studies in cell biology, drug 
delivery, and materials science. Clustered display of ligands and receptors has been pos-
tulated to be mediated by phase - separated microdomains (or  “ lipid rafts ” ). Using fl uoro-
carbons to control lipid self - assembly and present clustered biological ligands would be 
very useful for probing such mechanisms. 

 Bendas, Schmidt, and Tanaka have designed fl uorinated glycolipids with a glycerol 
diether core. The glycolipid sLexFL88 (sialyl Lewis x  hexasaccharide with a  n  - perfl uorooc-
tanyl tail) self - associates into atypical clusters in 1,2 - distearoyl -  sn  - glycero - 3 - phosphocho-
line (DSPC) lipids  [31] . With 1   mol% of sLexFL88 in DSPC, the domains average  ∼ 300   nm 
in diameter. The size of these clusters increases with increasing concentrations of sLexFL88. 
CHO (Chinese hamster ovary) cells expressing E - selectins were used to explore leukocyte 
rolling on these model membranes. The size of sLexFL88 clusters and the distance 
between clusters dramatically infl uenced cell binding and rolling  [32] . Clustering of 
sLexFL88 enhanced the cell - binding behavior; however, cells migrated more slowly on 
membranes composed of sLexFL88 and LacFL88 than on those made from sLexEO6 and 
DSPC  [32] . 

 Our group has fabricated supported lipid bilayers using 2 - dipalmitoyl -  sn  - glycero - 3 -
 phosphocholine (DPPC) and its fl uorinated derivative  [33] . The fl uorinated derivative was 
synthesized by replacing the terminal  n  - hexyl groups of acyl chains with  n  - perfl uorohexyl 
groups. Such membranes contain intricate composition - dependent structures, which are 
stripes of  ∼ 50 – 100   nm interspersed between  ∼ 1    µ m sized domains. Furthermore, variable -
 temperature atomic force microscopy (AFM) revealed that domains and stripes are intrin-
sic features of two gel phases of DPPC and its fl uorinated counterpart at low temperatures. 
These results suggest that fl uorinated lipids self - assemble into segregated microdomains 
in biologically relevant lipid environments. Clustering derived from fl uorination could be 
used for investigating polyvalent interactions and producing biomaterials with specifi c 
surface functionalities.   

  16.3   Fluorinated Amino Acids in Protein Design 

  16.3.1   Unique Properties of Fluorinated Amino Acids 

 There are myriad ways by which fl uorine can be exploited to perturb the properties of 
biomolecules. Fluorine is scarce in living systems and the use of  19 F NMR for studying 
protein structure and dynamics is extremely useful. Fluorine is massively electron with-
drawing and signifi cantly perturbs acidity constants of amino acids  [34] . For example, the 
p K  a  values for pentafl uorophenylalanine (2.2 and 8.3)  [35]  and hexafl uorovaline (3.17 and 
6.30)  [36]  are greatly shifted from their hydrocarbon counterparts (2.16 and 9.1 for Phe; 
2.61 and 9.71 for Val)  [35] . It can also infl uence hydrogen - bonding properties of the 
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backbone. The inductive properties reverse the quadrupole of aromatic rings, altering 
magnitudes of  π  –  π  interactions and  π  – cation interactions  [37] . Fluorine substitution also 
infl uences the conformational preferences of proline, resulting in a change in the  trans/cis  
ratio of the peptide bond  [38] . Finally, substitution of hydrogen by fl uorine infl uences the 
 α  - helical propensities of amino acids  [39] . 

 While a C – F substitution dramatically changes the electronic properties of a C – H 
bond, it exerts only a minor steric infl uence  [40] . The van der Waals radius of fl uorine 
(1.47    Å ) is only slightly larger than that of hydrogen (1.2    Å )  [41] . In general, a C–  F group 
is nearly isosteric with a C – H group. A CH 3  to CF 3  substitution, on the other hand, signifi -
cantly increases the bulk. The volume of the van der Waals hemisphere changes from 
16.8    Å  3  for CH 3  to 42.6    Å  3  for CF 3   [4] . The van der Waals volume of CF 3  is comparable 
to an ethyl group and is only slightly smaller than that of an isopropyl group  [42] . 

 Another important consideration is how substitution of CH 3  with CF 3  infl uences 
hydrophobicity. The driving force for folding of globular proteins, and many ligand 
binding events, is hydrophobic interactions  [43, 44] . The strength of the hydrophobic effect 
is related to the size and the molecular nature of the hydrophobic group. Whitesides and 
co - workers have demonstrated that the interaction of a hydrophobic ligand with carbonic 
anhydrase is directly proportional to the surface area of the hydrophobic group  [45] . 
Fluorocarbons were more hydrophobic than hydrocarbons as the surface area is larger for 
fl uorocarbons. (Hansch parameters for CF 3  ( Π    =   1.07) and CH 3  ( Π    =   0.5) groups)  [46] . 
The Hansch parameters for side - chains of hexafl uoroleucine and Leu are 1.87 and 1.58 
 [47] , pointing to the superior hydrophobicity of the fl uorinated amino acid. As such, the 
substitution of CH 3  with CF 3  should result in an increase in the conformational stability 
of a protein if the CF 3  group is shielded from exposure to solvent in the folded 
structure.  

  16.3.2   Incorporation of Fluorinated Amino Acids into Proteins 

 In order to use fl uorinated amino acids to study biological systems, they need to be syn-
thesized and incorporated. Despite the challenges in both steps, there are several methods 
available. For instance, enantiomerically pure fl uorinated amino acids may be prepared by 
asymmetric synthesis or by stereochemical resolution using enzymatic methods  [48] . 
Fluorinated amino acids can be introduced into proteins biosynthetically, or chemically 
by SPPS. Several reviews that detail the synthesis of enantiomerically pure fl uorinated 
amino acids and incorporation methods into proteins are available  [48 – 51] .  

  16.3.3   Fluorine NMR for Structure Determination 

 Nuclear magnetic resonance (NMR) methods have emerged as an important complement 
to X - ray crystallography for determining protein structure. Structural details can be 
obtained for proteins that are not readily crystallized, such as membrane proteins or molten 
globules. However, even with NMR methods, it is inherently diffi cult to obtain structural 
information on dynamic protein states. One major problem is that  1 H NMR resonances 
tend to overlap, making interpretation of spectra diffi cult. Because  19 F has a large magne-
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togyric ratio, is present in 100% natural abundance, and displays a broad dispersion in 
chemical shifts, it represents an invaluable probe for exploring protein dynamics and 
protein – protein interactions  [52] . 

 Rat intestinal fatty acid binding protein (IFABP) binds and transfers fatty acids to 
their metabolic destination. Structures of apo -  and holo - IFABP have been solved by NMR 
and X - ray crystallography. IFABP consists of two short  α  - helices and 10 antiparallel  β  -
 sheets arranged to form a ligand - binding cavity (Figure  16.3 ). The side - chains of several 
aromatic amino acids in IFABP play an important role in both structure and ligand binding. 
Knowledge of the details of the conformation and dynamics of these side - chains would 
allow a deeper understanding of the protein – ligand interaction and protein folding. To 
extract such details, Frieden and co - workers replaced eight phenylalanine (Phe) residues 
with 4 - F - Phe  [53] . One - dimensional (1D)  19 F resonance assignments were based on the 

 Figure 16.3     The structure of apo - IFABP (PDB code: 1IFB). Eight Phe residues (shown in 
stick representation), the D – E and I – J regions, and location of G121 are indicated by labels. 
The structure was generated using MacPyMOL (DeLano Scientifi c LLC, Palo Alto, CA, U.S.A.). 
See color plate 16.3. 



420 Fluorine in Medicinal Chemistry and Chemical Biology

chemical shift of individual proteins containing one or two 4 - F - Phe residues. The ligand -
 bound (oleic acid) and ligand - free forms were then analyzed by 2D  19 F –  19 F NOE (nuclear 
Overhauser effect) spectra and linewidth measurements. Upon ligand binding, the NOE 
spectrum revealed more exchange cross - peaks, and the 1D  19 F spectrum indicated that 
most of the peaks were broadened. These results suggested that aromatic side - chains in 
the binding cavity surprisingly become more fl exible upon ligand binding  [54] , even 
though the backbone is more rigid in the ligand - bound form  [55] .   

 Fluorine labels have also been used to explore the folding process of IFABP. Protein 
folding involves interactions among side - chains and backbone hydrogen bonds  [56] . One 
challenge in elucidating this process is the characterization of  “ intermediates ”  between 
folded and unfolded states. The  “ acid state ”  of IFABP may well resemble such an inter-
mediate  –  also referred to as a  “ molten globule. ”  Pulsed - fi eld gradient (PFG) NMR indi-
cated that apparent hydrodynamic radii of the acid state IFABPs were larger than that of 
the native state, but smaller than that of the fully denatured state. One - dimensional  19 F 
spectra showed that IFABP was structured at pH 2.8, whereas it was mostly unfolded at 
pH 2.3. It is of note that even at pH 2.3, there was still a small portion of the protein in 
its native - like structure. More importantly, at pHs lower than 4.8, signifi cant changes in 
chemical shift and linewidths were observed for Phe128, 17, 68, and 93, suggesting that 
the D – E turn and I – J regions are involved in the early stages of unfolding. The overall 
structure of the hydrophobic core remained intact at pH 2.8, as indicated by  19 F –  19 F NOE 
between Phe68 and Phe93 as well as circular dichroism (CD) measurements. Collectively, 
changes in side - chain orientations occur before structural changes in the backbone upon 
lowering the pH, even though these side - chains are buried in the hydrophobic core. Upon 
oleic acid binding, the spectrum at pH 2.3 resembles the spectrum at higher pH, suggesting 
that the ligand binding may shift the unfolded protein to a native - like structure  [57] . The 
folding kinetics of IFABP were also monitored by  19 F NMR on a slow - folding mutant in 
which Val replaced Gly121  [58] . This single - site replacement is postulated to disrupt a 
normal nucleation site in the I – J region. The G121V mutant folds more slowly, is less 
stable, and exhibits the same structure and dynamics as wild type, allowing for a closer 
examination of its folding behavior by stop - fl ow  19 F NMR and CD. In the process of 
refolding, the secondary structures formed twice as quickly as the stabilized conformation 
of side - chains. A local, nonnative - like structure involving Phe62, Phe68, and Phe93 
appeared within milliseconds, followed by arrangement of Phe2 and Phe17, and fi nally 
Phe47 into their conformations. This is followed by an overall rearrangement. Without  19 F 
NMR, it would have been a serious challenge to shed light on both side - chain dynamics 
and intermediate states during folding of IFABP  [58] . 

 Mehl and co - workers have incorporated 4 - CF 3  - Phe into proteins to elucidate struc-
tural changes in nitroreductase upon addition of the cofactor fl avin mononucleotide. When 
4 - CF 3  - Phe was introduced in the active site (Phe124), the  19 F signal shifted upon ligand 
addition. If it was introduced at a distant site (Phe36), the change in chemical shift was 
quite subtle. In addition, substitution of 4 - CF 3  - Phe did not alter the activity of the enzyme 
 [59, 60] . These results suggest that 4 - CF 3  - Phe could be a sensitive probe for probing ligand 
binding to proteins. 

 Membrane proteins are good pharmaceutical targets, since they are displayed on the 
cell surface where drugs can bind without permeating lipid bilayers. Furthermore, they are 
involved in cell - signaling interactions, viral entry, and a host of other processes important 
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for therapeutics. However, it is challenging to obtain structural information on these pro-
teins, as they are diffi cult to crystallize or analyze by solution NMR methods.  19 F NMR 
studies in lipid bilayers have advanced our understanding of both membrane proteins and 
antimicrobial peptides. In one approach, residues in the TM1 domain (residues 32 – 48) of 
diacylglycerol kinase (DAGK) were mutated to Cys, which were then thioalkylated with 
3 - bromo - 1,1,1 - trifl uoropropanone  [61] . Oxygen is distributed nonhomogeneously in the 
membrane, and exerts an infl uence on the chemical shift of fl uorine, hence allowing for 
determination of the depth of the residue within the bilayer. The DAGK constructs were 
assembled in micelles and the 1D solution - state  19 F NMR spectrum was obtained in the 
presence of ambient and increased O 2  partial pressures. The change in chemical shift 
induced by oxygen ( ∆  σ  P ) was plotted for each residue. The resultant plot showed an oscil-
lation of  ∆  σ  P  with a period of 3.6 residues, suggesting that this domain forms an  α  - helix. 
Further, the magnitude of changes of oxygen - induced chemical shifts indicated that only 
one side of the helix interfaces with the lipids. 

 Antimicrobial peptides such as magainin form cationic and hydrophobic domains 
upon  α  - helix formation. These peptides are attracted to anionic cell surfaces and insert 
their hydrophobic domains into the lipid bilayer, eventually compromising the integrity of 
the membrane  [62] . There are several proposed mechanisms of action for this class of 
antimicrobial peptides. In the  “ carpet mechanism, ”  the  α  - helical axis is parallel to the 
membrane surface (S - state) and the peptide is monomeric. In the  “ barrel - stave ”  and  “ toroi-
dal pore ”  mechanisms, the axes of  α  - helices axis are perpendicular to the membrane 
surface (I - state). Ulrich and co - workers have used  19 F NMR to determine the orientation 
of helices in the membrane  [63] . The strength of  19 F dipolar coupling is large, and distances 
upto 17.5    Å  can be measured assuming a resolvable 30   Hz homonuclear coupling  [64] . A 
series of peptide variants of PGLa, peptidyl - glycylleucine - carboxylamide, a member of 
the magainin family with 4 - CF 3  - phenylglycine substitutions were synthesized. Residual 
dipolar coupling between  19 F nuclei was used to determine helix orientation in a macro-
scopically aligned lipid environment. At low concentrations (peptide/lipid molar ratio 
 ∼ 1   :   200), PGLa sits parallel to the membrane surface (90    ° , S - state). However, at peptide 
concentrations (peptide/lipid molar ratio  > 1   :   50) required for activity, PGLa dimerizes 
in a tilted orientation (120    ° , T - state) (Figure  16.4 ). This newly discovered T - state may 
represent an intermediate between the S - state and I - state and is also supported by  15 N 
NMR.   

 Hong and co - workers have used  19 F NMR to investigate the antimicrobial peptide 
protegrin - 1 (PG - 1) in lipid bilayers. They fi rst determined that PG - 1 forms a dimer in 1 -
 palmitoyl - 2 - oleoyl -  sn  - glycero - 3 - phosphocholine (POPC) bilayers using a  19 F CODEX 
(centerband - only detection of exchange) method, evident by two 4 - F - Phe12 residues that 
were within a 15    Å  distance  [65] . However, the dimer interface could not be described in 
suffi cient detail. Modeling of the PG - 1 dimer was based on its solution structure (PDB 
code: 1PG1) and indicated that the F–  F distance in both the parallel and antiparallel dimers 
is within 11 – 14    Å . Hong then employed resonance - echo double - resonance (REDOR) 
solid - state NMR  [66]  in an attempt to resolve this orientational ambiguity. Phe12 in PG - 1 
was labeled with  19 F, Val16 with  13 C, and Cys15 with  15 N and  13 C. Several intermolecular 
and intramolecular  19 F –  13 C, or  1 H –  13 C,  15 N –  13 C distances were obtained from both experi-
mental REDOR data fi tting and modeling of PG - 1. It was determined that PG - 1 adopts 
a parallel dimer in POPC (Figure  16.5 ), where the C - terminal regions form the dimer 
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 Figure 16.4     Illustration of the S - state and T - state of the antimicrobial peptide PGLa in a 
DMPC membrane. At low concentrations, PGLa adopts an S - state. At high concentrations, 
PGLa assumes a tilted T - state. PGLa forms a dimer in the T - state (shown in purple). See color 
plate 16.4. 
  ( Source:  Glaser, R. W., Sachse, C., Durr, U. H. N.  et al. , Concentration - dependent realignment 
of the antimicrobial peptide PGLa in lipid membranes observed by solid - state F - 19 - NMR, 
 Biophys. J.  (2005)  88 , 3392 – 3397. Reproduced with permission from the Biophysical 
Society.)  

interface. The design of membrane - disrupting antimicrobial peptides could benefi t from 
the identifi cation and characterization of the dimer interfacial region.    

  16.3.4    18 F Amino Acids as  PET  Tracers 

 Reliable methods for early identifi cation of tumors are crucial for successful treatment 
regimens. Positron emission tomography (PET) is used to detect radiolabeled compounds 
that have specifi city for tumors  [67, 68] . The half - life of  18 F ( ∼ 110   min) is longer than 
those of other PET isotopes such as  11 C,  13 N, and  15 O. This makes it a popular choice, since 
radioactive samples may be synthesized and tranferred to a PET facility, allowing greater 
access to this technology. By far the most common tracer in oncology is 2 - [ 18 F]fl uoro - 2 -
 deoxy -  d  - glucose; however,  18 F - labeled amino acids have also shown promising results in 
recent studies  [69] . The uptake of amino acids by cancer cells is faster than that by normal 
cells  [70, 71] , as active transport systems are upregulated in tumor cells  [71] . Studies with 
( O  - (2 - [ 18 F]fl uoroethyl -  l  - tyrosine) showed higher specifi city for uptake by tumors than for 
other conditions such as infl ammation  [72, 73] . The amino acid  l  - DOPA is important for 
brain function and [ 18 F]fl uoro -  l  - DOPA has been used to study dopamine synthesis  –  an 
important factor in diseases such as Parkinson ’ s  [74] .  

  16.3.5   Fluorinated Aromatic Amino Acids in Receptors and Enzymes 

 Fluorinated aromatic amino acids have been used to identify and characterize cation –  π  
molecular recognition events in biology. This type of interaction often occurs in protein –
 cation ligand binding pairs. Addition of fl uorine(s) to aromatic rings decreases the negative 
electrostatic potential on the ring and weakens cation –  π  interactions. Systematic mutation 
of aromatic (Phe, Tyr, Trp) residues in proteins with fl uorinated analogues and subsequent 
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 Figure 16.5     The dimer structure of PG - 1 (PDB code: 1ZY6) in POPC bilayers as determined 
by solid - state NMR. Isotopically labeled amino acids are shown in stick format; Phe12 was 
labeled with  19 F, Cys12 with  15 N and 13 C, and Val16 with  13 C. Inter -  and intramolecular 
distances were used to determine the relative position of the two monomers. See color 
plate 16.5. 
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functional assays have provided insights in identifying cation –  π  interactions and mapping 
the binding sites in ligand – receptor pairs that utilize such interactions  [75] . 

 The nicotinic acetylcholine receptor (nAChR) belongs to a superfamily of ligand -
 gated ion channels that includes glycine, 5 - hydroxytryptamine - 3A (5HT 3A ), and  γ  - amino-
butyric acid (GABA) receptors. These proteins are pentameric, with fi ve homologous 
subunits arranged around a central pore. Ligand binding sites are located on the extracel-
lular N - terminal domains. Of particular interest are a number of aromatic residues near 
the ligand - binding site. To assess whether these aromatic side - chains are involved in the 
recognition of the quaternary ammonium group of acetylcholine (ACh), Dougherty and 
co - workers incorporated a series of fl uorinated tryptophan derivatives into four Trp sites 
( α 86,  α 149,  α 184, and  γ 55/ δ 57) in nAChR  [76] . These fl uorinated aromatic residues are 
introduced into receptors through the site - directed nonsense suppression method  [51] . The 
successful heterologous expression of mutated receptors onto the cell surface allowed for 
subsequent electrophysiological investigations. Tetra - fl uorinated Trp at  α 86,  α 184, and 
 γ 55/ δ 57 gave receptor activation (EC 50 ) values that did not differ signifi cantly from wild 
type (wt) ( < 2 - fold). This observation indicated that the steric perturbation on the receptor 
due to fl uorine substitution is tolerated, and that these sites do not direct strong cation –  π  
interactions. However, tetra - fl uorinated Trp at  α 149 dramatically shifted the EC 50  value 
from 50    µ M (wt) to 2700    µ M. More importantly, the EC 50 values were strongly correlated 
with the level of fl uorination on the indole ring at position  α 149. A linear relationship 
between log[EC 50 /EC 50 (wt)] and the calculated gas - phase cation –  π  binding affi nity was 
established (Figure  16.6 )  [76] . These results suggest that the ammonium group of ACh 
makes van der Waals contact with the indole ring of Trp149. In fact, a constitutively active 
receptor resulting from incorporation of   Tyr CH N CH− −( ) − ( )+O 2 3 3 3  at  α 149 validated this 
fi nding. Similar experiments have led to Trp183 of the 5 - hydroxytryptamine - 3A receptor 
(5HT 3A R) being implicated in a cation –  π  interaction with the primary ammonium ion of 
serotonin (Figure  16.6 )  [77] . Along these lines, fl uorinated phenylalanine analogues have 
been introduced into the GABA A  receptor. Functional measurements revealed a novel 
cation –  π  interaction between GABA and Tyr97 in the  β  2  subunit of the receptor  [78] .   

 Stubbe, Nocera, and co - workers have employed fl uorinated tyrosines to probe the 
mechanism of proton - coupled electron transfer (PCET) in ribonucleotide reductases 
(RNRs)  [79] . The  E. coli  RNR, composed of two subunits (R1 and R2), catalyzes the 
conversion of nucleotides to deoxynucleotides. Substrate reduction requires a Cys439 
radical in R1, propagated from a Tyr122 radical in R2. Three residues from each subunit 
participate in this long - distance ( > 35    Å ) radical propagation [Tyr122    →    Trp48    →    Tyr356 
within R2, then    →    Try731    →    Tyr730    →    Cys439 within R1]. Residue Tyr356 is invisible 
in the crystal structure of R2  [80]  and the docking model of R1 and R2  [81] , but is postu-
lated to be on the radical propagation pathway. To examine its role, Tyr356 in R2 was 
replaced by di - , tri - , and tetra - fl uorinated Tyr analogues by the intein - mediated peptide 
ligation. The fl uorinated variants retained their reductive activity. In addition, no signifi -
cant difference in reduction rates was observed at a pH at which the variants (p K  a   ∼ 5.6 – 7.8 
for Ac - F n Tyr - NH 2 ) are deprotonated but the wild type is not (p K  a  9.9 for Ac - Tyr - NH 2 ). 
Furthermore, the reduced enzymatic activity was related to the elevated reduction potential 
of fl uorinated tyrosines ( E  p  (Y/Y  −  )  ∼ 755 – 968   mV for analogues vs. 642   mV for Ac - Tyr -
 NH 2 )  [82] . These measurements point to a redox - active role for Tyr356 and further suggest 
that the phenolic proton is not essential in the radical propagation pathway  [79] .  
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  16.3.6   Fluorinated Aromatic Amino Acids in Protein Design 

 The inductive effect of fl uorine on aromatic amino acids can effect not only  π  – cation 
interactions, but also  π  –  π  interactions. In addition to enhanced hydrophobicity, perfl uori-
nated aromatics exhibit other interesting properties. The solubility parameter values ( δ ) 
for benzene and perfl uorobenzene are similar, 9.2 and   8 1 1 2 3 2. cal cm−  respectively  [11] . 
This suggests that unlike in the case of hexane and perfl uorohexane, these two liquids 
should be miscible at room temperature. The  ∆  H  of mixing is  − 1.98   kJ/mol at 25    ° C and 
the melting point for crystals of the mixture is about 15    ° C higher than for either pure 
component  [1] . The powder diffraction map for the mixture indicates that benzene and 
perfl uorobenzene stack with the H and F atoms aligned. This alignment is quite different 
from that proposed in hydrocarbon  π  –  π  interactions, where a hydrogen interacts with the 
negative quadrupole of the benzene ring. In order to achieve this interaction, the rings can 
be aligned perpendicular to one another (an edge – face geometry), or parallel but staggered 
(face - to - face). The quadrupole moment for perfl uorobenzene (32    ×    10  − 40    C   m 2 ) is nearly 
equal in magnitude and opposite to that of benzene ( − 29    ×    10  − 40    C   m 2 ). It has been 

 Figure 16.6     Modulation of cation –  π  interactions using fl uorinated amino acids. (a) Structures 
of acetylcholine (ACh) and 5 - hydroxytryptamine (5 - HT). (b) Receptor activation (log[EC 50 /
EC 50 (wt)]) vs. calculated gas phase cation –  π  binding ability. Data from references  [76]  and 
 [77] . 
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suggested that a quadrupole interaction is responsible for the observed  ∆  H  of mixing, 
though others have argued that it is a result of coulombic interactions. Gas - phase calcula-
tions suggest that the stacking energy between benzene and hexafl uorobenzene is  − 3.7   kcal/
mol at a stacking distance of 3.6    Å   [37] . Regardless of the origin of the interaction, its 
magnitude suggests that it can be harnessed to stabilize protein folding. 

 Pentafl uorophenylalanine (f 5  - Phe) has been incorporated into several constructs, but 
clear evidence for  π  –  π  stacking has not yet been obtained. Waters and co - workers studied 
the effect of f 5  - Phe on the  α  - helical stability of a peptide  [83] . They designed a series of 
peptides with aromatic groups at the  i  and ( i    +   4) positions, so that upon  α  - helix formation, 
the side - chains could interact. Phe – Phe constructs and Phe – f 5  - Phe constructs showed 
similar interaction energies when the aromatic residues were introduced in the center of 
the sequence ( ∆  G    =    − 0.27   kcal/mol). When the aromatic residues were introduced near the 
C - terminus, Phe – Phe constructs displayed higher interaction energies ( ∆  G    =    − 0.8   kcal/
mol) than Phe – f 5  - Phe constructs ( ∆  G    =    − 0.55   kcal/mol). Nevertheless, peptides containing 
either a Phe – Phe or Phe – f 5  - Phe interacting pair displayed higher helicities than their 
respective control peptides that placed aromatic amino acids at noninteracting positions [ i  
and ( i    +   5)]. Waters has argued that the Phe – f 5  - Phe pair cannot achieve ideal geometry for 
interaction in this construct, thereby reducing the overall increase in stability of the folded 
form. 

 Gellman and co - workers investigated a 35 - residue peptide, the chicken villin head-
piece subdomain (cVHP), that contains three buried Phe residues. They made mutants in 
which one, two, or all of the Phe residues are changed to f 5  - Phe  [84] . They also made 
other protein modifi cations to facilitate measurement of the folding free energy. One 
mutant, Phe 10    →    f 5  - Phe was more stable than the unmodifi ed sequence by 0.6   kcal/mol. 
The NMR solution structure of the Phe 10    →    f 5  – Phe mutant revealed little perturbation in 
the geometry of these residues  [85] . Fluorinated phenyl rings can be used to stabilize 
protein folds, though the stabilizing magnitude might be different from the level expected 
from ideal quadrupolar interactions. 

 It is important to note that the electron - withdrawing effects of fl uorine can infl uence 
not only side - chains but also the backbone. Side - chain electron - withdrawing substituents 
can perturb the hydrogen - bonding potential of the peptide bond, and alter backbone con-
formation. Using a peptoid construct, Blackwell and co - workers discovered that the place-
ment of ( S ) -  N  - (1 - (pentafl uorophenyl)ethyl)glycine reduces the stability of a threaded loop 
structure that depends upon specifi c hydrogen - bonding interactions  [86] , and that the 
placement of this residue at the N - terminus results in increased stability. They reasoned 
that, by withdrawing electrons, fl uorine increases the acidity of the ammonium ion, hence 
increasing its hydrogen - bonding potential. Organic fl uorine is unique in its ability to 
perform this task, since other electron - withdrawing atoms (oxygen and nitrogen) could 
potentially compete with the hydrogen - bond acceptors and alter structure.  

  16.3.7   Collagen Stability Revealed Using Fluorine Substitution 

 Raines and co - workers have used fl uorinated proline to explore stereoelectronic infl uences 
on the stability of collagen. Collagen is the most abundant protein in mammals and consists 
of three polypeptide chains that form an extended triple helix. Each polypeptide is com-
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posed of  ∼ 300 (Xaa - Yaa - Gly) repetitive motifs, where Xaa is often proline (Pro) and Yaa 
is often 4( R ) - hydroxy -  l  - proline (Hyp). It has long been known that the 4 - hydroxy group 
in Hyp is critical to the stability of collagen and about 10% of residues are Hyp in common 
collagen proteins. A crystal structure of collagen  [87]  revealed that these residues were 
involved in interchain hydrogen bonding through structured water molecules. Initially it 
was thought that these hydrogen bonds imparted stability to collagen  [88] . Raines chal-
lenged this notion, arguing that the entropic cost of sequestering water molecules would 
likely be prohibitive in noncrystalline conditions  [89, 90] , and further proposed that the 
hydroxyl groups might impart stability by imposing conformational constraints on 
proline. 

 To demonstrate that water - mediated hydrogen bonds are not responsible for the 
structural stability of collagen, Raines and co - workers used 4( R)  - fl uoro -  l  - proline (Flp) at 
Yaa positions to construct collagen mimics. Carbon - bound fl uorine does not form hydro-
gen bonds and is very electronegative  –  and therefore a suitable probe for investigating 
the proposed stereoelectronic effects  [90] . Early studies revealed that the C γ  -  exo  ring 
pucker is predominant in Hyp residues at Yaa positions. By placing fl uorine at the  pro - R  
position, a C γ  -  exo  ring conformation should be favored through the  “ gauche effect. ”  The 
C γ  -  exo  ring pucker predetermines the main - chain torsion angles ( ϕ ,  ψ ,  ω ) of Flp residues 
and they are close to the angles found in collagen (Figure  16.7 ). For example, the  ψ  angle 
in crystalline AcFlpOMe is 141    ° , very close to the main - chain  ψ  angle of  ∼ 150    °  in colla-
gen. Moreover, in such a preorganized ring, an n    →     π  *  interaction between O 0  and C 1  = O 1  
along the peptide chain occurs  [38, 91, 92] . Again, in crystalline AcFlpOMe, the angle 
and distance of O 0  … C 1    =   O 1  are 98    °  and 2.76    Å , reminiscent of the B ü rgi – Dunitz trajec-
tory  [93, 94]  of nucleophile attack on carbonyl groups (109    °     ±    10    °  and in the range 
 ∼ 1.5 – 3.0    Å )  [95] . This n    →     π  *  interaction not only stabilizes the ideal  ψ  angle for Flp in 
the triple helix but also contributes to the required  trans  amide bond ( ω    =   180    ° ) confi gura-
tion. Based on the ability to preorganize the proline ring conformation in order of electro-
negativity F    >    OH    >    H, the trend of thermal stability of collagen and collagen mimics 
could be predicted. Indeed, Flp stabilized collagen triple helices when incorporated in the 
Yaa position, where the  T  m  of (Pro - Flp - Gly) 10  is 22    ° C higher than that of (Pro - Hyp - Gly) 10  
( T  m    =   69    ° C)  [90]  in 50   mM acetic acid ( ∆  T  m    =   20    ° C in PBS). The  T  m  of (Pro - Pro - Gly) 10  
is 41    ° C. Additional work by Raines ’  laboratory has demonstrated that both 4( S ) - fl uoro -  l  -
 proline (fl p) and 4( S ) - hydroxy -  l  - Proline (Hyp) at Yaa positions destabilized collagen  [38] , 
essentially by imposing a C γ  -  endo  ring pucker. These results demonstrate that stereoelec-
tronic effects are crucial for the extra stability of collagen, and not the bridging water 
molecules.   

 Molecular models indicate that residues at the Xaa position that promote the C γ  -  endo  
conformation would stabilize collagen because of better packing in the triple helical form 
 [96, 97] . However, substituting Pro at Xaa positions with either C γ  -  exo  constraining Hyp 
or C γ  -  endo  constraining Hyp in the (XaaProGly) 7  construct diminishes their stabilities  [96, 
97] . One plausible reason could be that hydroxyl groups experience nonbonded steric 
interactions in the collagen triple helix. Raines and co - workers again utilized fl uorine to 
probe whether there was a stereoelectronic effect in operation at the Xaa position. The 
rationale was that  − F is smaller than  − OH and therefore can be used to avert a potential 
steric clash. Residue fl p favors the C γ  -  endo  ring conformation, whereas Flp favors the 
C γ  -  exo  ring conformation. As expected, fl p, not Flp, at Xaa positions was able to stabilize 
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 Figure 16.7     Fluorinated prolines in collagen. (a) The  trans/cis  isomerization of amide bonds 
and main - chain angles of proline residues. The n    →     π  *  interaction, depicted by a dashed line, 
helps stabilize backbone dihedral angles. (b) Electron - withdrawing groups at C γ  infl uence the 
ring conformation of proline residues through the  “ gauche effect. ”  The C γ  -  endo  pucker is 
favored when R 1    =   H and R 2    =   F, OH, or H. The C γ  -  exo  pucker is favored when R 1    =   OH or 
F, and R 2    =   H. Preorganization of the pyrrolidine ring contributes to the thermal stability of 
collagen and mimics. Flp: R 1    =   H and R 2    =   F; fl p: R 1    =   F and R 2    =   H; Hyp: R 1    =   H and 
R 2    =   OH; hyp: R 1    =   OH and R 2    =   H. (c) Model structure of collagen (PDB code: 1CAG). 
Three hydroxyprolines at Yaa positions from each peptide chain are shown in ball - and - stick 
representation. Carbon   =   gray; Nitrogen   =   blue; Oxygen   =   red. See color plate 16.7. 
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the triple helix. The peptide (fl p - Pro - Gly) 7  ( T  m    =   33    ° C) forms a triple helix and is more 
stable than (Pro - Pro - Gly) 7  ( T  m    =    ∼ 6 – 7    ° C)  [96] . The peptide (Flp - Pro - Gly) 7  does not self -
 associate into triple helices. These fi ndings suggest that stereoelectronic perturbations at 
the Xaa position can be used to stabilize artifi cial collagen. 

 Next, both fl p and Flp were introduced into a triplet repeat sequence. The peptide 
(fl p - Flp - Gly) 7  does not form a triple helix  [98] . Models suggest that the two fl uorine atoms 
abut one another in the folded structure. These clashes can be averted if two strands of 
(fl p - Flp - Gly) 7  are mixed with one strand of (Pro - Pro - Gly) 7 . With this information in hand, 
one can begin to design complex structures that oligomerize in 2   :   1 or 1   :   1   :   1 assemblies. 
Natural collagen is diverse in structure. For example, basement - membrane collagen is rich 
in 3( R ) - hydroxy -  l  - proline, which destabilizes its structure and may infl uence complex 
interactions that occur in this matrix. As a result of these studies, we are better equipped 
to design synthetic collagen for biomedical applications.  

  16.3.8   Trifl uoromethyl - containing Amino Acids in Protein Design 

 Koksch and co - workers have investigated the effects of replacing a single residue with 
several fl uorinated derivatives in the context of a coiled - coil system, where the amino acid 
sequence can be described as a heptad repeat. The fi rst and fourth residues ( a  and  d  resi-
dues) of the heptad consist of hydrophobic amino acids. The coiled coil is formed when 
two or more strands oligomerize, where the individual strands are  α  - helices and the strands 
wind around each other with a left - handed superhelical twist. Residues at the  e  and  g  
positions form interhelical salt - bridges, which can impart parallel or antiparallel specifi city 
to the coiled coil. Koksch and co - workers designed a coiled coil to fold in an antiparallel 
manner  [99] . A single core residue (L9) was replaced by a series of fl uorinated amino 
acids and changes in stability were monitored. Experiments were designed to probe the 
size of a trifl uoromethyl group. The authors posit that if the trifl uoromethyl group is as 
large as an isopropyl group, trifl uoroethyl glycine (TEG) should be as large as leucine. If 
this is so, one expects that TEG substitution would not change the stability of the peptide. 
In fact, this substitution drastically reduced the stability of coiled coils  [99, 100] . However, 
a series of additional experiments may be needed in order to ascribe these observations 
entirely to size effects as distinct from other parameters, such as packing, dihedral angle 
preferences, hydrophobicity, helical propensities, and stereoelectronics. 

 Substitution of (2 S , 4 S ) - 5 - fl uoroleucine at two positions in ubiquitin decreases its 
thermal stability by about 8    ° C  [101] . Differential scanning calorimetry revealed a similar 
curve for the fl uorinated and wild - type derivatives, where  ∆  C  p  is similar but  ∆  H  unf  was 
smaller for the fl uorinated derivative. However, numerous studies have been performed 
where trifl uoromethyl substitutions improve thermal stabilities. In one example, Raleigh 
and Horng introduced a single trifl uorovaline into the N - terminal domain of ribosomal 
protein L9 (NTL9) to investigate its infl uence on the kinetics and thermodynamics of 
protein folding  [102] . Val3 and Val21 are mostly buried in wild type and occupy positions 
in adjacent  β  - sheets. These residues were separately replaced with trifl uorovaline to deliver 
two variants tfV3 and tfV21. CD and NMR experiments indicated that both variants folded 
into their native states with limited structural perturbation. The folding free energy ( ∆  G     ° ) 
determined by guanidinium hydrochloride (Gdn · HCl) denaturation was 4.17   kcal/mol for 
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wild type, 4.96 and 5.61   kcal/mol for tfV3 and tfV21, respectively. The elevated stability 
by a single CF 3  group incorporation is quite remarkable and signifi cantly larger than what 
has been observed on coiled - coil systems on a per - residue basis. 

 Our laboratory  [103, 104]  and that of David Tirrell  [105 – 107]  have independently 
designed protein folds with super thermal and chemical stability. GCN4 - p1, the dimeriza-
tion domain of the yeast transcriptional activator protein bZip, served as a starting point 
for the engineering efforts. GCN4 - p1 peptides  [108]  pack against each other to form a 
homodimeric coiled coil with valine in  a  positions and leucine in every  d  position. We 
envisioned that replacing the core residues with fl uorinated counterparts would increase 
the driving force for self - association (Figure  16.8 ). Indeed, incorporation of 4,4,4 - trifl uo-
rovaline and 5,5,5 - trifl uoroleucine at  a  and  d  positions resulted in a coiled coil with higher 
stability. The melting temperature ( T  m ) for the fl uorocarbon peptide was 62    ° C, compared 
with 47    ° C for the hydrocarbon peptide. Chaotropic denaturation with Gdn · HCl showed 
that the apparent free energy of unfolding of fl uorinated peptides was  ∼ 1.0   kcal/mol higher 
than the control. The increased thermal and chemical stability could be directly attributed 
to the higher hydrophobicity of the CF 3  over the CH 3  group  [103] .   

 Tirrell and co - workers substituted all four leucines with trifl uoroleucines at the  d  
position in GCN4 - p1 and observed a similar improvement in thermal stability ( ∆  T  m    =   13    ° C 
at a peptide concentration of 30    µ M)  [106] . Next, they set out to fl uorinate the 56 - residue 

 Figure 16.8     Model GCN4 - p1 peptides. (a) Helical wheel diagram and sequence of GCN4 -
 p1 analogue. C  †     =   acetamidocysteine. (b) Structures of trifl uoroleucine (L) and trifl uorovaline 
(V) used to stabilize peptide ensembles. The asterisk indicates unresolved stereochemistry. 
(c) Model structure of GCN4 - p1 (PDB code: 2ZTA). Side - chains of V and L residues at  a  and 
 d  positions are shown as spheres. Side - chains of Asn residues are shown in stick representa-
tion. The structure was generated using MacPyMOL (DeLano Scientifi c LLC, Palo Alto, CA, 
U.S.A.). 
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bZip miniprotein derived from C - terminal region of GCN4. Gel - retardation assays indi-
cated that the binding affi nity and specifi city of fl uorinated bZip proteins to target DNA 
were essentially identical to wild type and thermal stability was improved by 8    ° C  [106] . 
A higher increase of thermal stability ( ∆  T  m    =   22    ° C) was achieved when eight hexafl uoro-
leucines were incorporated into a 74 - residue protein A1  [105] . Recently, bZip peptides 
have been expressed with 5,5,5 - trifl uoroisoleucine (TFI) or (2 S , 3 R ) - 4,4,4 - trifl uorovaline 
(2S,3R - TFV) at the  a  positions. Both mutants were stabilized to different extents compared 
to the respective hydrocarbon peptides ( ∆  T  m    =   27    ° C for the TFI mutant;  ∆  T  m    =   4    ° C for 
the TFV mutant)  [109] . The larger increase in  T  m  imparted by TFI over TFV is quite 
remarkable, considering that four CF 3  groups are buried in each mutant. The authors rea-
soned that the side - chains packing in the core might contribute substantially to this dif-
ference. According to the GCN4 - p1 X – ray structure, the  γ  − methyl groups of valine interact 
with the  δ  − methyl groups from two consecutive leucines in the neighboring helix  [108] . 
The increased size of CF 3  groups in valine may place additional constraints on core 
packing, thus offsetting the stabilization derived from enhanced hydrophobicity of the CF 3  
groups  [109] . An alternative explanation is that homotypic  a – a  ′  interactions between iso-
leucines are more favorable in this dimeric interface  [110] . Packing of the TFI side - chain 
might allow a more complete burial of the CF 3  groups in TFI than in the TFV variants 
 [109] . 

 Marsh and co - workers have redesigned an antiparallel 4 - helix bundle protein by 
incorporation of hexafl uoroleucines into two, four, or six layers in the core. The free energy 
of unfolding increased by 0.3   kcal/mol per hexafl uoroleucine for repacking of the central 
two layers and by an additional 0.12   kcal/mol for other layers  [47, 111] . NMR studies 
suggested a more structured backbone and a less fl uid hydrophobic core in the fl uorinated 
proteins, relative to the hydrocarbon control  [111] . 

 The reports described in the last section attribute the increased stability of the protein 
folds to the enhanced hydrophobicity of trifl uoromethyl - containing amino acids, assuming 
similar  α  - helical propensities for fl uorinated amino acids compared with natural ones. 
Cheng and co - workers have reported that some fl uorinated amino acids have a lower 
helical propensity when incorporated into monomeric  α  - helical peptides  [39] . For this 
study, a monomeric construct was designed in which the fl uorinated side - chain is solvent -
 exposed in the folded state. It was found that the helical propensity of ethylglycine was 
20 - fold higher than that of trifl uoroethylglycine. Helical propensities of hexafl uoroleucine 
(8.3 - fold lower than leucine) and pentafl uorophenylalanine (4.1 - fold lower than phenyl-
alanine) are likewise lower. These results suggest that the stabilizing effects engendered 
by fl uorinated amino acids may be larger but are in fact offset by their lower helical pro-
pensities. Nonetheless, several groups have reported increased stability by incorporation 
of CF 3  groups in the side - chain provided the group is not solvent exposed in the folded 
form.  

  16.3.9   Self - sorting Fluorinated Peptides 

 Inspired by the phase behavior of perfl uorocarbons, we explored the potential of utilizing 
fl uorinated amino acids to direct specifi c protein – protein interactions  [112] . A parallel 
coiled coil ( H ) with seven leucines and a single asparagine on each strand in the core was 
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prepared. Glutamic acids and lysines were included at the  e  and  g  positions to ensure a 
parallel topology. A fl uorinated version ( F ) was assembled with replacements of all seven 
leucines with hexafl uoroleucines. A disulfi de exchange assay was used to evaluate the 
self - sorting behavior of fl uorocarbon and hydrocarbon peptides. Due to the limited affi nity 
of fl uorinated surfaces for hydrocarbon surfaces, we anticipated that the fl uorinated sur-
faces would preferentially pack against each other. Indeed, the disulfi de - linked heterodi-
mer (HF) disproportionated nearly completely into homo - oligomers (HH and FF) under 
equilibrium conditions. The free energy of specifi city ( ∆  G  spec ) was determined to be 
 − 2.1   kcal/mol. Such a high selectivity of homo - oligomerization is derived from both the 
hyperstability of the fl uorinated oligomers and the relative instability of HF.  

  16.3.10   Fluorinated Membrane Peptides 

 The  de novo  design of membrane protein architectures presents a formidable challenge. 
Soluble proteins are folded with hydrophobic residues segregated inside and polar/charged 
residues outside. However, for the majority of integral membrane proteins, this type of 
asymmetry in distribution of side - chains is not seen. Energetic requirements of transferring 
backbone amides from water to the lipid bilayer necessitate hydrogen bond formation 
between carbonyl and amide N – H groups. Therefore, membrane proteins mostly consist 
of  β  - barrels and bundles of  α  - helices  [113] . Our design efforts have been focused on the 
latter case based on the self - sorting behavior of fl uorinated  α  - helices. Further, by virtue 
of the simultaneously hydrophobic and lipophobic nature of fl uorocarbons, we expected 
to construct higher - order protein assemblies within lipid environments. 

 We envisioned a two - step process  [114, 115]  for the insertion and association of fl uo-
rinated transmembrane (TM) helices. First, the hydrophobic TM peptides would partition 
into micelles or vesicles and form  α  - helices by main - chain hydrogen bonding. Upon sec-
ondary structure formation, one face of the helices would present a highly fl uorinated 
surface. Second, phase separation of fl uorinated surfaces within hydrophobic environ-
ments would mediate helix – helix interactions, driving bundle formation. 

 Degrado and Lear  [116]  and Engelman  [117]  have successfully converted GCN4 - p1 
dimers into membrane - soluble forms by switching hydrophilic residues to hydrophobic 
ones. They found that a single asparagine residue in the sequence could trigger aggregation 
of helices. In the absence of this critical Asn, the control sequences were monomeric  [116, 
117] . To explore the potential of fl uorinated interfaces to regulate self - association of 
membrane - embedded helices, we designed four peptides with the presumed helix – helix 
interface resembling soluble coiled coils (Figure  16.9 ). All peptides had a membrane - span-
ning region composed of 20 residues and a polylysine tail appended to the C - terminus to 
facilitate handling and purifi cation. Sequences TH1 and TH2 are identical except for a 
single asparagine at position 14 in TH1. TF1 and TF2 were designed by replacing all leu-
cines at  a  and  d  positions with hexafl uoroleucines in TH1 and TH2.   

 Equilibrium centrifugation sedimentation experiments were used to characterize the 
oligomeric states of designed peptides. TF1 and TF2 assembled to give tetramers and 
dimers in octaetlylene glycol monododecyl ether (C12E8) micelles, while TH1 and TH2 
were found to be dimeric and monomeric, respectively. The presence of the higher - order 
oligomers was also confi rmed using F ö rster resonance energy transfer (FRET) measure-
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ments on peptides equipped with either a donor (NBD; 7 - nitrobenz - 2 - oxa - 1,3 - diazole) or 
an acceptor (TAMRA, 5 - (and 6 - ) carboxy tetramethylrhodamine) on the N - terminus. Dis-
sociation constants were extracted by data fi tting for a monomer – trimer equilibrium for 
TH1 ( K  d    =   3.42    ×    10  − 6    MF 2 ) and TF1 ( K  d     =   1.38    ×    10  − 6    MF 2 ), and a monomer – dimer equi-
librium for TH2 ( K  d    =   5.75    ×    10  − 3    MF) and TF2 ( K  d    =   1.12    ×    10  − 3    MF) (MF   =   mole fraction 
of peptides in detergents)  [118] . These observations demonstrated that the fl uorinated 
interface in TF2 is able to mediate helix – helix association without the help of hydrogen 
bonding in micelles (Figure  16.10 ). When the hydrogen - bonding functionality is added, 
the fl uorinated interfaces result in a stronger interaction between helices in membranes. 
These results may be explained by studies performed on fl uorinated amphiphiles. The 
incremental changes in the free energy of transfer ( ∆  ∆ G    ° ) from water to an air – water 
interface are  − 620   cal/mol for adding a CH 2  group to a long - chain hydrocarbon molecule 
and  − 1220   cal/mol for adding a CF 2  group into a fl uorocarbon molecule. From water to a 
hexane – water interface,  ∆  ∆ G    °  values are  − 820   cal/mol for CH 2  and  − 1210   cal/mol for CF 2 , 
while  ∆  ∆ G    °  values from water to a perfl uorohexane – water interface are  − 690 and 
 − 1280   cal/mol for CH 2  and CF 2 , respectively  [119, 120] . These data illustrate that replace-
ment of H by F signifi cantly increases hydrophobicity; more importantly, the interaction 
between CH 2  and hexane is much stronger than that between CF 2  and perfl uorohexane. 
Thus, the affi nity of hydrocarbon lipids for transmembrane peptides and the relative disaf-
fi nity of fl uorinated surfaces for acyl chains of lipids seem to be responsible for the self -
 assembly of fl uorinated transmembrane peptides in micelles.   

 Figure 16.9     (a) Sequences of transmembrane peptides TH1, TF1, TH2, and TF2. Asn (N) 
residues are assumed to form interhelical hydrogen bonds in the core. L (green): hexafl uoro-
leucine. (b) Structures of  β  - alanine, NBD (donor fl uorophore), and TAMRA (acceptor fl uo-
rophore). See color plate 16.9. 

 Figure 16.10     Oligomerization states of TH2 (left) and TF2 (right) in micelles. Without the 
aid of hydrogen bonding, only fl uorinated TF2 peptides self - associate into dimers, while TH2 
remains monomeric. 
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 FRET experiments further showed that TF1 has a greater tendency to self - associate 
into trimers in vesicles formed by the zwitterionic lipid 1 - palmitoyl - 2 - oleoyl -  sn  - glycero -
 3 - phosphocholine (POPC)  [121]  than its hydrocarbon control TH1. Dissociation constants 
for a monomer – trimer equilibrium were extracted from global fi tting of FRET results, with 
 K  d    =   (1.8    ±    0.2)    ×    10  − 5    MF 2  for TH1 and  K  d    =   (0.56    ±    0.05)    ×    10  − 5    MF 2  for TF1. Taking the 
fi ndings together, we have demonstrated that fl uorinated interfaces are able to drive the 
self - association of transmembrane helices with or without the aid of hydrogen bonding in 
membrane - like environments. Such supramolecularly presented fl uorinated interfaces are 
orthogonal to hydrocarbon interfaces employed by nature and could be very useful for  de 
novo  design or re - design of membrane - embedded proteins.  

  16.3.11   Bioactive Peptides 

 Substitution of fl uorine into bioactive peptides has a signifi cant impact on their function. 
In addition, fl uorination results in peptides with improved protease stabilities, from which 
many therapeutic peptides could benefi t. Peptide hormone – receptor interactions play a key 
role in cell signaling and in the treatment of many human diseases. Thus, a variety of 
hormonal peptides containing fl uorine have been synthesized and evaluated for their bio-
logical activities. Angiotensin II (AII: Asp - Arg - Val - Tyr - Val - His - Pro - Phe), a vasocon-
strictor, has been subjected to fl uorination. Fluorination of AII highlights the diversity of 
functional perturbations that fl uorinated amino acids confer on hormonal peptides. Replace-
ment of Tyr4 and Phe8 with 4 - F - Phe resulted in two AII analogues with minimal chemical 
modifi cations ( − OH to  − F, or  − H to  − F)  [122] . Remarkably, the two analogues had distinct 
profi les in functioning as an oxytocic and modulating blood pressure in rats, and in pros-
taglandin release assays. The former is a competitive inhibitor, while the latter is an equi-
potent agonist. The dramatic difference from such subtle modifi cations uncovers the 
importance of the hydroxyl group of Tyr4 and the tolerance to fl uorination of the phenyl 
ring of Phe8. However, pentafl uoroPhe8 - AII, generated by substituting Phe8 with pentaf-
luorophenylalanine, appeared to have a reduced contractile activity in rat uterus and rabbit 
aorta  [123] . The inverted quadrupole moment of the phenyl ring has been implicated in 
being responsible for the decreased activity  [123] . Substitution of Val5 by hexafl uorovaline 
resulted in a more potent vasoconstrictor that showed 133% activity with respect to con-
traction in rat uterus  [124] . However, incorporation of hexafl uorovaline at position 8 (in 
Ac - Asn1 - AII) produced a long - acting angiotensin II inhibitor (HFV8 - AII) that was resis-
tant to proteolytic degradation by carboxypeptidase A and  α  − chymotrypsin  [125] . Other 
than AII, fl uorinated amino acids have also been substituted into enkephalin, thyrotropin -
 releasing hormone (TRH),  N  - formylated tripeptide fMFL, a chemoattractant  [126] , and 
others  [48, 127] . Fluorination of peptide hormones has proved useful for modulating 
activities and delineating binding events. 

 Another group of bioactive peptides of interest are the cationic antimicrobial peptides 
(AMPs). AMPs display great potential as antibiotics in combating microorganisms that 
have developed resistance to conventional drugs. Gramicidin S (GS) is a cyclic decapep-
tide [cyclo( - Val - Orn - Leu - D - Phe - Pro - ) 2 ] and is effective against a broad spectrum of 
Gram - positive and Gram - negative bacteria, as well as several pathogenic fungi  [128] . The 
antiparallel  β  - sheets are joined together by two  β  - turns and four intramolecular hydrogen 
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bonds between valines and leucines. Segregation of side - chains of Val and Leu on one 
face and those of Orn on another face of the compact framework results in an amphipathic 
structure  –  essential for perturbing bacterial membranes. The more hydrophobic hexafl uo-
rovaline (Figure  16.11 ) was introduced into GS to explore peptide – lipid interactions and 
the effect of fl uorination on antimicrobial activity. CD and  1 H NMR studies established 
that the conformation of [hexafl uorovalyl 1,1  ′ ] - GS was similar to that of GS. Fluorinated 
GS was able to inhibit bacterial growth, though with lower potency relative to the hydro-
carbon one  [129] .   

 Wipf and co - workers synthesized GS analogues by replacing two amides with CF 3  -
 substituted ( E ) - alkene peptide isosteres and CH 3  - substituted ( E ) - alkenes as controls (Figure 
 16.11 )  [130] . CF 3  - ( E ) - alkenes provide a reasonable fi t for the C  i   ( α )  – C  i   +1( α )  distance (3.8    Å ). 
Moreover, CF 3  - ( E ) - alkenes ( µ    =   2.3   D) match the dipole moment of the amide bond 
( µ    =   3.6   D) better than most other alkene isosteres  [131] . The replacements were made at 
critical hydrogen - bond acceptor positions for  β  - turns to probe the mimicry of amides by 
such isosteres. Both solution and solid - state conformational analysis indicated that the 
bistrifl uoromethylated GS retained the overall structure of the parent GS. However, the 
plane of the double bond was tilted out 70    °  relative to the parent amide. The analogue 
was equipotent to GS against  B. subtilis . This retention of activity has been attributed to 
the structural similarity  [130] . In another system, replacement of leucines with trifl uoro-
leucines in cell lytic melittin led to an augmentation in binding to 1,2 - dioleoyl -  sn  - glycero -
 3 - phosphocholine (DOPC) lipid bilayers  [132] . Partitioning of fl uorinated melittins from 
water into membranes was increased up to  ∼ 2 - fold compared to wild type, again highlight-
ing the elevated hydrophobicity of the fl uorinated congener. 

 Our laboratory has modifi ed potential therapeutic peptides using hexafl uoroleucines 
in order to simultaneously improve potency and increase proteolytic stability. We chose 
to fl uorinate two model antimicrobial peptides, magainin 2 amide (M2)  [133, 134]  and 
buforin II (BII)  [135] , peptides that have distinct modes of action. M2 lyses bacteria by 
forming toroidal pores in lipid bilayers  [62] , whereas BII kills bacteria by entering cells 
and binding intracellular DNA and RNA  [136] . Four fl uorinated analogues in the buforin 
series and two in the magainin series were synthesized by introducing hexafl uoroleucines 
onto the nonpolar face of model peptides. Five out of six fl uorinated analogues had sig-
nifi cantly enhanced (up to 25 - fold) or similar antimicrobial activity  [137] . Hemolytic 

 Figure 16.11     Gramicidin S (GS, center), analogue containing hexafl uorovalines (left), and 
analogue containing CF 3  - ( E ) - alkene isosteres (right). 
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activity of fl uorinated buforins was essentially null, while fl uorinated magainins displayed 
an increase in hemolysis compared to M2. The increase in hydrophobicity of the peptides 
due to fl uorination was evaluated by RP - HPLC. CD measurements using trifl uoroethanol 
(TFE) titrations indicated that fl uorination promoted helical structure in both BII and M2. 
The increased hydrophobicity and elevated secondary structure content are likely respon-
sible for the increase in antimicrobial activity of the BII analogues. In contrast, these two 
factors correlate with the increased hemolytic activity of M2 analogues. Fluorinated pep-
tides also showed higher protease stability against trypsin, relative to the parent peptides. 
The increase in side - chain volume of hexafl uoroleucine and greater structural stability may 
be responsible for increased proteolytic stability. These results suggest that fl uorination is 
an effective strategy to increase potency of known antimicrobials and to improve stability 
of bioactive peptides when proteolytic degradation limits therapeutic value  [138, 139] .  

  16.3.12   Functional Proteins 

 Tirrell and colleagues have fl uorinated functional proteins using trifl uoromethyl amino 
acids. They fi rst incorporated 5,5,5 - trifl uoroisoleucines (TFI) into murine interleukin - 2 
(mIL - 2)  [140] . Cytokine mIL - 2, resembling human IL - 2, contains fi ve isoleucines in the 
core. Refolding of fl uorinated mIL - 2 led to a fully functional protein. The potency of 
mutants was slightly diminished as evaluated by H2 - T cell proliferative responses (EC 50  
2.70 vs. 3.87   ng/mL for the wt and mutant). But the maximal responses were essentially 
identical for the fl uorinated and wt mIL - 2. These results indicated that the fl uorinated 
variants were able to retain native folding and remain functional  [140] . Tirrell and Mont-
clare then embarked on evolving thermally stable enzymes by introduction of trifl uoro-
leucines (TFL)  [141, 142] . Thermostable enzymes are useful for applications at high 
temperatures  [143] . The enzyme of choice was chloramphenicol acetyltransferase (CAT) 
 [141, 142] . CAT catalyzes the transfer of acetyl groups from acetyl - coenzyme A to 
hydroxyl groups of chloramphenicol and in doing so makes the bacterium resistant against 
the antibiotic. CAT functions as a homotrimer and each monomer contains 13 leucines. 
Of these well - dispersed leucines, six are buried in the hydrophobic core. In light of hydro-
phobic forces stabilizing protein folds, incorporation of the more hydrophobic TFL would 
be expected to lead to a more thermally stable CAT. Primary global replacement of 13 
leucines with trifl uoroleucines was achieved using a Leu auxotrophic  E. coli  strain. The 
mutated protein was an active enzyme. However, it exhibited a 20 - fold decrease in the 
half - life of thermal deactivation  [143]  at 60    ° C,  t  ½,60  (101   min and 5   min for wt and variant), 
and a 9    ° C decrease in  T  50 , the temperature at which 50% of the enzyme activity is lost 
during an incubation period of 30   min. This loss in stability was recovered after two rounds 
of random mutagenesis. The best mutant containing TFL at 13 sites (L2 - A1) exhibited a 
 t  ½,60  of 133   min, 32   min longer than that of the wild type, and an identical  T  50  to the wt 
CAT (66    ° C). Moreover, the catalytic effi ciency of L2 - A1 was comparable to that of wt 
CAT. Three different mutations in L2 - A1 were K46M, S87N, and M142I (Figure  16.12 ), 
as well as a nonsense mutation that deleted one residue from the evolved proteins. Intrigu-
ingly, none of mutations was proximal ( < 15    Å ) to the chloramphenicol binding site and 
none of them made direct contact with any of the 13 Leu/TFL residues. Although incor-
poration of fl uorinated amino acids at multiple sites in natural proteins might compromise 
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their activities, this report certainly indicates a new direction for engineering functional 
proteins with novel compositions  [141] .   

 Another template chosen for evolving a functional protein with fl uorinated side -
 chains was the 238 - residue green fl uorescent protein (GFP) with 19 leucines  [144] . The 
starting protein (GFPm) originated from the  “ cycle 3 ”  variant  [145] , in which two addi-
tional mutations (S65G and S72A)  [146]  were introduced for appropriate spectroscopic 
signatures. The initial replacements of all 19 leucines by TFL resulted in a mutant (GFPm -
 T) that was mostly insoluble and did not fl uoresce. Misfolding and aggregation were likely 
responsible for the observed insolubility. To recover the folding and function of GFPm - T, 
mutagenesis by error - prone PCR (polymerase chain reaction) and screening by FACS 
(fl uorescence - activated cell sorting) were conducted. After 11 rounds, a fl uorinated GFP 
mutant (11.3.3 - T) containing 20 amino acid substitutions was obtained. The median fl uo-
rescence of cells expressing this mutant (11.3.3 - T) exhibited a  ∼ 650 - fold increase over 
that of cells expressing GFPm - T. This increase could in principle be due to two reasons: 
(1) the enhancement of spectral characteristics, (2) the elevated level of expressed, prop-
erly folded, functional GFP. SDS - PAGE experiments showed that both the expression level 
and soluble fraction of variants were increased during the course of laboratory evolution. 
In addition, the spectroscopic properties were also improved. The brightness of the purifi ed 
protein 11.3.3 - T was 1.6 - fold higher than that of GFPm - L (GFPm expressed in Leu media). 
Sedimentation velocity experiments revealed that GFPm - L exists in a monomer – dimer 
equilibrium, while both 11.3.3 - T and its hydrocarbon version largely exist as dimers. These 

 Figure 16.12     Front and back views of the CAT trimer. The three stabilizing mutations in L2 -
 A1 are S87N, M142I in orange, and K46M in pink. Trifl uorolecuines/leucines are colored blue 
and chloramphenicol red. See color plate 16.12. 
  ( Source:  Montclare, J. K., Tirrell, D. A., Evolving proteins of novel composition.  Angew. Chem. 
Int. Ed.  (2006)  45 , 4518 – 4521. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.)  
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results suggested that directed evolution was able to fi ne - tune the folding behavior of the 
fl uorinated variant. Indeed, the refolding rates of fl uorinated variants were increased over 
the evolution and that of 11.3.3 - T was comparable to that of GFPm - L. It is worth noting 
that the overall evolution eliminated 6 leucines and introduced 2 new ones. The 11.3.3 - T 
containing 15 trifl uoroleucines folds and fl uoresces intensely. This report again under-
scores that global incorporation of fl uorinated amino acids into functional proteins is pos-
sible and is of practical utility. So far, only one fl uorinated amino acid, TFL, has been used 
in directed evolution experiments. With incorporation of different and/or multiple types 
of fl uorinated amino acids, other unexpected properties of fl uorinated proteins are likely 
to be discovered.   

  16.4   Conclusion and Outlook 

 The bioorthogonal properties of fl uorinated biomolecules have made them an attractive 
weapon in diverse applications due to their fundamentally distinct physical and chemical 
properties. Third - phase properties of fl uorocarbons allow for patterning lipid bilayers and 
simplifying biomolecule enrichment. Fluorinated amino acids have been utilized for 
designing peptides/proteins with extra - biological properties, probing ligand – receptor 
interactions, modulating bioactivities of peptides, structural characterization, and probing 
mechanisms of enzymatic catalysis. Recently, these building blocks have also been incor-
porated into functional proteins. With our growing ability to use biosynthetic pathways to 
construct complex structures, many new biomacromolecular design avenues using fl uori-
nated amino acids and other fl uorinated precursors (e.g., fl uorinated lipids, nucleotides, 
and carbohydrates) are certain to emerge.  
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17
 Effects of Fluorination on the 

Bioorganic Properties of Methionine  

  John F.   Honek        

  17.1   Introduction 

 Amino acids, peptides and proteins play essential roles in living systems. As chemists, we 
have the ability to fabricate new structures of great complexity. Yet frequently the synthesis 
and application of even the simplest chemical structures can contribute substantial infor-
mation on living systems. This has certainly been true for the application of fl uorine 
chemistry to the synthesis of fl uorinated amino acids  [1, 2] . These molecules are not only 
interesting in their own right but may act as potent mechanism - based enzyme inhibitors 
that may have application in medicine or diagnostics, or they can be valuable probes that, 
incorporated into peptides or proteins, elucidate fundamental biological chemistry or 
uncover new aspects of biochemical structure and function  [3 – 5] . 

 Why fl uorine? Its van der Waals radius is 1.47    Å  compared with 1.2    Å  for hydrogen 
and 1.57    Å  for oxygen and with small molecules such as amino acids, the introduction of 
a large substituent would likely be completely disruptive to its biological function  [6] . 
However, a relatively small atom such as fl uorine introduces a minor alteration in sterics 
to the molecule. In addition, the presence of a fl uorine atom introduces a powerful nuclear 
magnetic resonance (NMR) probe ( 19 F) into the molecule. Fluorinated analogues of tyro-
sine, phenylalanine, and tryptophan have been and continue to be utilized as biological 
probes in biological chemistry and as important reporter groups in protein folding and 
ligand binding studies  [7 – 10] . In addition, the electronic perturbations that can occur upon 
addition of the fl uorine nucleus into a structure such as an amino acid can also be used to 
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evaluate the electronic aspects involved in molecular recognition. The synthetic prepara-
tion of fl uorinated amino acids and their application in medicinal chemistry and biochem-
istry has contributed much to our fundamental understanding of molecular recognition as 
well. Although it is easy to replace a hydrogen atom by a fl uorine atom in a chemical 
structure when drawing this structure, the chemistry involved in actually making the fl uo-
rinated target molecule can usually be quite challenging. Frequently new synthetic 
approaches may be necessary to accommodate either available fl uorinated starting materi-
als or fl uorinating reagents. Regardless of the synthetic diffi culties that might be encoun-
tered in the preparation of various fl uorinated amino acids, the large impact that fl uorine 
can play by its presence continues to be a major reason for chemists and biochemists to 
include the use of fl uorinated amino acids in their research programs. 

 This chapter focuses on how fl uorinated methionine analogues interact with biological 
systems. Specifi cally the compounds  l  - monofl uoromethionine ( l  - ( S ) - (monofl uoromethyl)
homocysteine; MFM),  l  - difl uoromethionine ( l  - ( S ) - (difl uoromethyl)homocysteine; DFM), 
and  l  - trifl uoromethionine ( l  - ( S ) - (trifl uoromethyl(homocysteine); TFM) will be the subject 
of this article (Figure  17.1 ). A discussion of their syntheses and chemical and conforma-
tional properties will be presented. This will be followed by a discussion of their incorpora-
tion into peptides and proteins and the properties of the resulting fl uorinated biomolecules. 
The  19 F NMR spectroscopic characteristics of these biomolecules will be covered along 
with how these resonances have revealed information on the properties of the difl uoro -  and 
trifl uoromethyl moiety (and on the proteins as well!). Further elaboration of these amino 
acids with metalloenzymes completes the survey.    

  17.2   Syntheses and Characteristics of Fluorinated Methionines 

 A number of methods for preparing protected and unprotected MFM, DFM, and TFM 
have been reported. In the case of MFM, protected versions of MFM have been reported 
utilizing either xenon difl uoride on the sulfi de or diethylaminosulfur trifl uoride (DAST) 
on the protected methionine sulfoxide  [11, 12] . In the DAST approach, the  N  - acetylated 
methyl ester of methionine sulfoxide was reacted with DAST and ZnI 2  (60    ° C, 12   h) to 
produce the targeted protected monofl uoromethyl sulfi de in 67% yield. Unfortunately, the 
lack of stability of the monofl uoromethyl sulfi de group to chromatography and to the 
aqueous conditions required for deprotection prevented the isolation of deprotected MFM. 
This is further experimental evidence for the lack of stability of an  α  - monofl uoroalkyl 
sulfi de group as aqueous instability has been observed for a nucleoside containing a similar 
functional group  [13] . 

 Figure 17.1     The chemical structures of  L  - methionine, and monofl uoro -  (MFM), difl uoro -  
(DFM) and trifl uoromethionine (TFM). 
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 Dannley and Taborsky fi rst reported the synthesis of racemic  d , l  - TFM utilizing 
(CF 3 S) 2 Hg as the source of the trifl uoromethylthio group  [14] . Unfortunately, low yields 
were reported with this approach (11% in fi ve chemical steps). Improved synthetic routes 
have been reported and are dependent upon the photochemical reaction of various CF 3  -
 containing reagents with homocysteine or  N  - acetylthiolactone  [12, 15] . Reagents such as 
trifl uoromethyl iodide or  S  - trifl uoromethyl diaryl sulfonium salts are able to transfer a tri-
fl uoromethyl group to thiols, and these reagents have been useful in this regard  [12, 15 – 17] . 
Starting with inexpensive racemic  N  - acetylhomocysteine thiolactone, the racemic  N  - 
acetyltrifl uoromethionine methyl ester was deprotected by base followed by enzymatic 
resolution using acylase I. Similar approaches have been reported for the successful synthe-
sis of DFM, that is, by reaction of  l  - homocysteine or racemic  N  - acetylhomocysteine thio-
lactone under basic conditions with Freon - 22 (chlorodifl uoromethane)  [12, 18] . A summary 
of several of the approaches to preparation of DFM and TFM is shown in Figure  17.2 .   

 The introduction of fl uorine into the methyl group of methionine alters a 
number of properties. For example, calculations have indicated that the overall 
hydrophobicity would be altered upon fl uorination of the thiomethyl group   

log . ; log . ; log .P P PCH SCH CF HSCH CF SCH3 3 2 3 3 30 46 1 77 2 39= = =( )   [19] . Computational model-
ing of the side - chain of TFM indicates a shortening of the carbon – sulfur bond of CF 3  – S 
and a lengthening of the S – CH 2  bond  [20] . This results in a lower energy barrier for dihe-
dral angle rotation in the TFM side - chain, with dihedral angles of 80    ° , 180    ° , and 280    °  
being lower - energy conformations. The energy barrier between these minima are on the 
order of 0.8   kJ/mol compared with the methionine side - chain, which has a calculated 
energy barrier on the order of 1.5   kJ/mol on the basis of relaxed potential energy scans at 
the B3LYP/6 – 31+G(d,p) level  [20] . 

 One of the goals for the study of methionine biochemistry utilizing these 
fl uorinated methionines was to control, in a stepwise fashion, the electron density and the 

 Figure 17.2     Summary of some of the synthetic routes to DFM and TFM. 



450 Fluorine in Medicinal Chemistry and Chemical Biology

nucleophilicity of the thioether moiety by increasing fl uorination adjacent to the sulfur 
atom. With respect to the effect that fl uorination makes on the steric properties of the 
methyl group in methionine, it has been suggested that a trifl uoromethyl moiety may be 
similar in size to the isopropyl group  [6] . Computational calculations at the  ab initio  level 
(RHF/6 – 31G * ) have resulted in the calculated volume enclosed by the electron density 
surface computed at the 0.002 electrons/(atomic unit) 3  level to be 71.2    Å  3 , 80.9    Å  3 , and 
84.4    Å  3  for the simple molecules CH 3 SCH 3 , CH 3 SCHF 2 , and CH 3 SCF 3 , respectively  [19] . 
Electronic properties of the thiomethyl function in methionine are also seen to change 
upon fl uorination. Calculations using density functional theory at B3LYP/6 – 31+G(d,p)//
B3LYP/6 – 31+G(d,p) levels have determined the Mulliken charges on the sulfur atoms of 
CH 3 SCH 3 , CH 3 SCHF 2 , and CH 3 SCF 3  to be 0.079e, 0.139e, and 0.212e respectively and 
the CHelpG charges  [21]  fi tted to the electrostatic potential according to the CHelpG 
scheme are  − 0.286e,  − 0.221e, and  − 0.149e for the sulfur atoms in CH 3 SCH 3 , CH 3 SCHF 2 , 
and CH 3 SCF 3  respectively (unpublished results). Hence, the introduction of fl uorine into 
the methionine structure will perturb the sterics as well as the electronic properties of the 
side - chain. However, these alterations are made in a stepwise direction DFM    →    TFM 
when both analogues are studied in parallel in a particular biological system.  

  17.3   Replacement of Methionine Residues in Peptides and 
Proteins by  DFM  and  TFM  

 To our knowledge, the only report of the application of DFM and TFM to peptides has 
been on the effect of these replacements on the chemotactic activity of the tripeptide 
formyl - Met - Leu - Phe  [19] . The methionine residue in this peptide has been shown to be 
critical to the bioactivity of the peptide, as replacement by other methionine analogues 
such as ethionine, norleucine,  S  - methylcysteine,  S  - ethylcysteine or 2 - aminoheptanoic acid 
results in  ∼ 4 - fold to 264 - fold decrease in chemotactic activity in human and rabbit neu-
trophil migration assays  [22 – 24] . Interestingly the DFM -  and TFM - containing peptides 
were found to enhance by  ∼ 10 - fold the directed migration responses of human blood 
neutrophils. Studies of the effects of DFM and TFM on the bioactivity of other peptides 
would certainly be worthy of further investigation. 

 In contrast to the lack of application of DFM and TFM to peptide biochemistry, bio-
incorporation of these analogues into several proteins has been reported. DFM and TFM 
have been successfully incorporated into recombinant bacteriophage lambda lysozyme 
(DFM and TFM)  [15, 25] ,  Pseudomonas aeruginosa  azurin (DFM and TFM)  [26] ,  P. 
aeruginosa  alkaline protease (DFM)  [27] , calmodulin (DFM)  [28] ,  Escherichia coli  
leucine - isoleucine - valine (LIV) binding protein (DFM)  [29] , and a mutant of the  Aequorea 
victoria  green fl uorescent protein (TFM)  [30] . The presence of these fl uorinated amino 
acids in those proteins does not negatively affect either the enzymatic activity or the bio-
activity of the proteins, an important ingredient in the characteristics that an amino acid 
analogue must have if it is to serve as a useful biophysical probe. The bioincorporation of 
DFM or TFM into the above proteins (except for the  P. aeruginosa  azurin) has been readily 
accomplished by induction of the target gene ’ s expression (induced by isopropyl -  β  -  d  -
 thiogalactopyranoside, IPTG) in the presence of either DFM or TFM in minimal growth 
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media. This approach, which is frequently utilized for the bioincorporation of other fl uo-
rinated amino acids such as those of tryptophan, phenylalanine, and tyrosine, is applicable 
to the introduction of DFM and TFM into almost any protein whose gene has been isolated 
and whose expression can be controlled  [9] . In the case of the DFM and TFM analogues, 
placing the gene in an  E. coli  methionine auxotroph such as B834( λ DE3) reduces competi-
tion from the presence of intracellular biosynthesized methionine  [15] . The incorporation 
levels of DFM into proteins are higher than those for TFM even though the analogues 
differ by only a single fl uorine atom  [25] . For example, for bacteriophage lambda lyso-
zyme, which contains three methionine residues (Met1, Met14, and Met107), incorpora-
tion levels for DFM approach wild - type levels ( > 20   mg/L of cell growth) with close to 
100% incorporation (all three methionine residues replaced by DFM). TFM incorporation, 
however, ranges from 31% TFM - labeled protein ( ∼ 15   mg/L) to 70% incorporation (2   mg/
L) with the requirement that small amounts of methionine be added to the growth media 
to reduce TFM toxicity to  E. coli  cells (DFM was not found to be toxic to  E. coli  under 
these bioincorporation experiments)  [15] . The toxicity of TFM compared with DFM, an 
analogue having only one less fl uorine, is quite interesting but as yet the underlying 
molecular details for the toxicity have not been elucidated, although their differential 
processing by the enzyme methionine aminopeptidase (MAP) could be a contributing 
factor (see below).  

  17.4    19  F   NMR  Spectroscopy of Proteins Incorporating  DFM  and  TFM  

  19 F NMR spectroscopy is an extremely useful technique for the study of protein dynamics 
and structure. The presence of the fl uorine nucleus in these proteins due to the presence 
of DFM or TFM enables the use of  19 F NMR to study their behavior in the presence of 
ligands and inhibitors. Since there is no natural background of fl uorine in proteins and as 
the sensitivity of the  19 F nucleus to NMR detection approaches that of  1 H (83%), DFM/
TFM - labeled proteins can readily be investigated through this NMR method and several 
interesting observations have already been made  [7, 8] . TFM - labeled bacteriophage lyso-
zyme, because of partial TFM incorporation, is composed of an ensemble of partially 
labeled proteins that are not readily separable by chromatographic techniques. Four distinct 
 19 F resonances (two of which integrate together to one TFM residue) are detected for this 
ensemble, although only three methionines are present in the protein. Based on a series 
of site - directed mutagenesis studies (M14L and M107L mutants labeled with TFM) as 
well as use of the paramagnetic NMR line - broadening agent gadolinium(III) ethylenedi-
aminetetraacetic acid (Gd(III)EDTA), which affects surface exposed TFM residues, the 
four  19 F NMR resonances were assigned to specifi c residues in the protein  [31] . Two  19 F 
resonances occurring at  − 39.32   ppm and  − 39.82   ppm were assigned to Met1 and Met14, 
respectively. However, Met107 was found to occur at either  − 39.99   ppm or  − 40.11   ppm 
depending upon the extent of TFM incorporation. It was concluded that the position of 
the  19 F resonance for TFM107 was dependent upon whether TFM was present at position 
14 (producing the  − 40.11   ppm resonance) or not (resulting in the  − 39.99   ppm resonance 
for TFM107). This implied that the presence of the larger TFM residue at position 
14 compared with the smaller methionine residue somehow affects the environment 



452 Fluorine in Medicinal Chemistry and Chemical Biology

surrounding position 107. When the x - ray structure of the bacteriophage lysozyme was 
determined in collaboration with the group of Professor Albert Berghuis, it became clear 
how this subtle change at position 14 might be transmitted to position 107  [32] . As shown 
in Figure  17.3 , the protein was crystallized in complex with the hexasaccharide (GlcNAc) 6 , 
an oligosaccharide that is not hydrolyzed by this bacteriophage lysozyme. The positions 
of the three methionines are also shown in Figure  17.3 . Figure  17.4  presents a view of the 
intervening region between Met14 and Met107. As can be seen from the structure, Met14 
is in the hydrophobic core of the protein and tightly surrounded by several side - chains 
(Ile113, Ile117, Leu142, and Phe146) that appear to contact the thiomethyl group of Met14. 

 Figure 17.3     Cartoon stereo diagram of the x - ray structure of wild - type bacteriophage lambda 
lysozyme as solved for the (GlcNAc) 6  complex and showing the position of the three 
methionine residues in the enzyme (PDB 1d9u)  [32] . See color plate 17.3. 

 Figure 17.4     Close - up of the detailed interactions between Met14 and adjacent residues and 
the location of Met107 (PDB 1d9u)  [32] . See color plate 17.4. 
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As the size of the thiomethyl group is increased when TFM is introduced at this position, 
the proximal residues would need to accommodate the increased steric demand produced 
by the three fl uorine atoms. Ile113 and Ile117 are positioned on a helix that contains 
Arg110, Asp112, Gln115, and Arg119, and interestingly these residues surround Met107. 
It is possible that the alteration of the  19 F resonance of TFM107 occurs due to the steric 
interaction between TFM14 and proximal residues, and that these interactions are transmit-
ted through the helix to eventually result in a slightly altered environment for TFM107. 
These observations indicate that TFM can be a very subtle probe of protein environment 
and that the trifl uoromethyl moiety does slightly perturb protein structure, although not 
suffi ciently to alter enzymatic activity. In this case, bacteriophage lambda lysozyme enzy-
matic activity was measured by turbidimetric assay using chloroform - treated  Escherichia 
coli  cells that lyse upon reaction with the lysozyme. Unfortunately, standard chromophore -
 labeled oligosaccharides such as  p  - nitrophenol - linked saccharides, used extensively in the 
study of hen egg white lysozyme, are not substrates for the phage enzyme.   

 Another interesting observation resulted when DFM was incorporated into the bac-
teriophage lysozyme. As mentioned previously, almost 100% incorporation of DFM into 
the lysozyme occurs, which should simplify the  19 F spectrum as no protein ensemble exists 
to complicate this spectrum. However, the  19 F NMR spectrum of the DFM - labeled lyso-
zyme exhibited the expected resonances for DFM1 ( − 91.2   ppm; doublet) and DFM107 
( − 92.5   ppm; broader doublet) but a complex set of resonances (two quartets centered at 
 − 94.2   ppm and  − 95.5   ppm) for the  19 F resonances associated with DFM14 (assignments 
were made by site - directed mutagenesis, paramagnetic line broadening experiments, and 
two - dimensional  19 F –  19 F COSY [correlation spectroscopy] NMR experiments)  [25] . The 
explanation for the NMR complexity of the  19 F signals for DFM14 is due to the fact that 
the two fl uorine atoms in DFM are diasterotopic due to the chirality of the amino acid, 
and hence these two fl uorine atoms are chemical shift inequivalent. As indicated above, 
the tightly packed environment surrounding the DFM14 position will likely slow the side -
 chain rotation of DFM14 compared with DFM at positions 1 and 107. This situation would 
increase the observed chemical shift inequivalence of the two fl uorines on DFM14, result-
ing in the two sets of quartets in the proton - coupled  19 F NMR spectrum (in addition to the 
chemical shift difference, there would also be present both  19 F –  19 F and  1 H –  19 F coupling). 
This effect is also observed in the study of the temperature effects on chemical shifts for 
DFM itself, with low temperatures increasing the complexity of the  19 F resonances of the 
difl uoromethyl group. The DFM - labeled bacteriophage lambda lysozyme  19 F spectrum is 
a stunning example of NMR chemical shift inequivalence.  

  17.5    DFM  and  TFM : Interactions with Platinum and 
as Probes of Metalloenzymes 

 Although DFM and TFM are important contributions to the range of spectroscopic probes 
available for application to biochemical studies, other properties of these fl uorinated amino 
acid analogues can also be of use. For example, the subtle change in size of the thiomethyl 
group and the alteration in the electronic properties of the sulfur atom in these methionine 
analogues could be useful properties to explore biological systems. In order to obtain 
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additional fundamental information on these analogues, their interaction with metal com-
plexes was undertaken. For example, the reaction of methionine with K 2 PtCl 4  to produce 
a methionine – platinum complex is well known (Figure  17.5 )  [33] . In addition, the rate of 
sulfur inversion when complexed to platinum has been measured previously (Figure  17.6 ) 
 [34, 35] . It was therefore of interest to determine the effect, if any, of fl uorination on the 
rate of complex formation as well as on the rate and energy barriers to sulfur inversion. 
A preliminary comparison of the rate at which a series of methionine analogues react with 
K 2 PtCl 4  resulted in the following values (in mM   s  −   1 ): selenomethionine 129    ±    4; methio-
nine 32    ±    2; ethionine 26.1    ±    0.9; DFM 0.50    ±    0.02; TFM 0.18    ±    0.04; norleucine 
0.053    ±    0.001; control 0.021    ±    0.001  [36] . These observations signify that increasing fl uo-
rination reduces the rate of interaction with the platinum metal center and that TFM is 
especially slow in this regard. Nevertheless, reaction of DFM and TFM with K 2 PtCl 4  did 
result in the formation of the corresponding platinum complexes, which were then studied 
by NMR spectroscopy to determine the effect of fl uorination on the rate of inversion of 
the sulfur center  [36] . The x - ray structure of the methionine – platinum complex is shown 
in Figure  17.7  for reference  [37] . Detailed dynamic NMR studies indicated that, within 
experimental error, fl uorination does not affect the rate of the sulfur inversion process in 
these complexes as the inversion barriers for the DFM –  and TFM – platinum complexes 
were determined to be 16.4    ±    0.2 and 18    ±    1   kcal/mol, respectively, compared with a value 
of 17    ±    1   kcal/mol for the methionine complex. The similarity of the inversion barriers 
was also predicted from detailed computational studies at the B3LYP/SDD level.   

 Another aspect of the application of DFM and TFM analogues in protein engineering 
is their relatively subtle steric changes compared to methionine. This alteration would be 

 Figure 17.5     Reaction of methionine and analogues with K 2 PtCl 4 . 

 Figure 17.6     Sulfur inversion process in methionine – platinum complexes. 
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diffi cult to accomplish by site - directed mutagenesis using only the standard 20 amino 
acids. An example of the use of this characteristic is in the study of the key active site 
methionine (Met214) in the  P. aeruginosa  alkaline protease (Figure  17.8 )  [38] . This 
enzyme is a member of the metzincin family of zinc metalloproteases, which contain an 
invariant methionine residue in their active site  [39 – 41] . There are over 700 protein 
members in this class. The role that the invariant methionine plays in this class of protease 
is still uncertain, although a contribution to catalytic activity and/or protein stability for 
some of the metzincins may occur  [42, 43] . It was of interest to explore the capability of 
DFM to substitute for this invariant methionine in the active site of the alkaline protease. 
Successful incorporation of DFM could then be applied to the use of  19 F NMR spectros-
copy to investigate this class of protease. The invariant methionine residue is in close 
proximity to the metal ligands of the protein (His176 and His186) (Figure  17.9 ), and 
replacement of this residue by fl uorinated methionines should also be interesting from a 
protein structural perspective. Bioincorporation of DFM into the Met1 and Met214 posi-
tions of the protein was successfully accomplished after protein expression was optimized 
in  E. coli   [27] . The presence of DFM in the invariant 214 position was found to be well 
tolerated by the enzyme. Enzyme activity, as measured by hydrolysis of the artifi cial sub-
strate Z - ArgArg -  p  - nitroanalide, was found to be comparable to that of the wild - type 
enzyme  [44] . Protein stability, as measured by differential scanning calorimetry, was also 
found to be relatively unaffected by the presence of DFM. An interesting observation was 
that the cellular removal of the N - terminal methionine from the alkaline protease by the 
enzyme methionine aminopeptidase (MAP) was reduced when DFM replaced methionine. 
It has been reported that the presence of TFM at the N - terminal of the green fl uorescent 
protein also affects normal N - terminal methionine processing  [30] .   

 Recently DFM, TFM and other methionine analogues were utilized to explore the 
contribution that methionine makes to the reduction - oxidation potential of the  P. aerugi-
nosa  metalloprotein azurin  [26, 45] . Azurin is a copper metalloprotein that is involved in 

 Figure 17.7     Crystal structure of the methionine – PtCl 2  complex (coordinates from Wilson  et 
al.   [37] ). See color plate 17.7. 
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 Figure 17.8     Ribbon diagram of the  P. aeruginosa  alkaline protease showing the active site 
Zn 2+  and the invariant methionine residue (PDB 1kap.  [38] ). See color plate 17.8. 

cellular redox reactions. In  P. aeruginosa  azurin, the active - site metal is ligated by His46, 
His117, Cys112, the peptide amide of Gly45 and a more distal interaction with Met121 
(Figure  17.10 )  [46] . There has been much speculation as to the contribution that Met makes 
to the redox potential of this protein. The replacement of Met121 with a variety of non-
natural methionine analogues was undertaken to probe this interaction. In order to incor-
porate these analogues into the recombinant protein, expressed protein ligation was 
employed  [45] . Peptides (17 - mer) corresponding to residues 112 – 128 (H 2 N - CysThrPhePro 
GlyHisSerAlaLeuMet * LysGlyThrLeuThrLeuLys - COOH) and containing the methionine 
analogues were synthetically prepared by standard peptide synthesis and were linked to 
recombinant C - terminal thioester activated recombinant azurin corresponding to residues 
1 – 111  [26] . This methodology allowed for the semisynthetic preparation of azurin mutants 
and is a convenient method to prepare site - selected modifi cations containing unnatural 
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 Figure 17.9     Close - up of the active - site region of  P. aeruginosa  alkaline protease showing 
Zn 2+  and protein ligands and the position of the thiomethyl group in close proximity to these 
side - chains (PDB 1kap.  [38] ). See color plate 17.9. 

 Figure 17.10     (a) Stereo view of the active - site structure of  P. aeruginosa  azurin (PDB 4azu) 
 [46] . (b) Tube diagram of the  P. aeruginosa  azurin showing the section of protein that was 
contributed by intein ligation. See color plate 17.10. 
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amino acids, which standard bioincorporation methods do not achieve. There was very 
little structural alteration due to the presence of the methionine analogues as determined 
by analysis of the S(Cys) - Cu charge - transfer bands in the electronic spectra as well as the 
copper hyperfi ne coupling constants in the X - band electron paramagnetic resonance 
spectra. Azurin containing methionine at position 121 had a measured redox potential of 
341    ±    3   mV (vs. NHE), whereas DFM -  and TFM - substituted azurin had redox potential 
values of 329    ±    5   mV and 379    ±    4   mV, respectively. It was found through this approach 
that there appears to be a linear relationship between the redox potential of the mutant 
azurins and hydrophobicity of the amino acid analogues, a property diffi cult to identify 
without the use of unnatural methionine analogues with varying properties. The application 
of DFM and TFM to other metalloenzymes would be of interest both from a fundamental 
perspective as well as in the engineering of altered electronic characteristics for other redox 
proteins.    

  17.6   Structural Studies of  DFM / TFM  – Enzyme Complexes 

 Unfortunately, there is no x - ray structure of a DFM -  or TFM - substituted protein available 
to allow detailed study of fl uorine – protein interactions in spite of efforts to accomplish 
this (unpublished results). However, a few molecular structures have been determined for 
DFM and TFM bound as substrates/inhibitors to two key enzymes involved in methionine 
biochemistry,  E. coli  Met - tRNA synthetase and  E. coli  methionine aminopeptidase. Met -
 tRNA synthetase is responsible for the ATP - dependent coupling of methionine on to its 
cognate tRNA  [47] . It would be the enzyme quintessential for the bioincorporation of 
DFM/TFM into proteins. Insight into the preference of Met - tRNA synthetase for DFM 
compared to TFM was obtained when the x - ray structures of the  E. coli  Met - tRNA syn-
thetase co - crystallized with DFM and with TFM were compared to that found with 
methionine  [48] . DFM was observed to bind in the same fashion as methionine, with 
several key residues interacting in a similar fashion in the complexed active site (Figure 
 17.11 ). Both Met and DFM binding results in the movement of Tyr15, Trp253, and Phe300 
toward the amino acid. This results in additional movement of other residues such as 
Trp229 and Phe304 and stacking of Phe300 and Trp253, which is shown in Figure  17.11 a. 
However the structure of the TFM - tRNA synthetase complex exhibited substantial differ-
ences (Figure  17.11 b) and no stacking interaction between Phe300 and Trp253 is present 
in this complex. This difference alters the binding pocket shape and size for Met/DFM 
compared to TFM. This may explain the lower bioincorporation levels of TFM compared 
to DFM and, in addition, these x - ray structures provide critical insight into the enzymatic 
process itself.   

 A report has also appeared detailing the molecular interactions between TFM and the 
enzyme  E. coli  methionine aminopeptidase (MAP)  [49] . The structure of MAP with bound 
TFM shows some of the detailed interactions that exist between this fl uorinated amino 
acid and the enzyme and its interaction with the hydrophobic pocket composed of Cys59, 
Tyr62, Tyr65, Cys70, His79, Phe177, and Trp221 (Figure  17.12 ). Overall the structure 
of the TFM complex appears similar to that of the Met complex. Further analyses are 
required to understand the factors that contribute to the apparently lower processing rates 
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 Figure 17.11     X - ray structures of (a) DFM (PDB 1pfv)  [48]  and (b) TFM (PDB 1pfw)  [48]  
complexes with Met - tRNA synthetase from  E. coli . See color plate 17.11. 

 Figure 17.12     Stereo view of the active - site interactions of TFM with  E. coli  methionine 
aminopeptidase (PDB 1c22)  [49] . See color plate 17.12. 
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of fl uorinated N - terminal residues. Nevertheless these structures contribute additional 
insight into the molecular recognition between fl uorinated amino acids and proteins.   

 In conclusion, the application of DFM and TFM to bioorganic chemistry has led to 
new information on how fl uorinated compounds interact with enzymes, has provided novel 
 19 F NMR biophysical probes for use in biochemistry, and has led to subtle structurally and 
electronically modifi ed analogues of methionine with which to probe enzymes. The addi-
tion of several fl uorine atoms to a simple structure such as methionine has certainly led 
to an interesting series of adventures in bioorganic chemistry.  
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 Structure Analysis of Membrane - Active 

Peptides Using  19  F  - labeled Amino 
Acids and Solid - State  NMR   

  Parvesh   Wadhwani   and   Erik   Strandberg        

  18.1   Introduction 

 Fluorine, one of the most abundant elements on earth, is rarely found to participate in 
biological processes. With its small size and high electronegativity, the physiochemical 
and pharmacological properties of fl uorinated molecules can be widely tuned to obtain 
substances that range from metabolically stable drugs to very poisonous compounds. 
During the last two decades, there has been an increasing use of fl uorine in bioorganic 
and medicinal chemistry  [1, 2] . Incorporation of fl uorine or a CF 3  - group as a hydrogen 
atom replacement has led to a substantial increase in the bioactivity and bioavailability 
of a variety of pharmaceuticals. Similarly, there has been an increase in the use of fl uorine 
in other areas of chemistry, such as agricultural and materials sciences. Likewise, the high 
sensitivity of fl uorine as an NMR - active nucleus and the large  19 F –  1 H or  19 F –  19 F dipolar 
coupling strengths have also found tremendous application. Consistent development 
of new synthetic methods to produce  19 F - labeled amino acids, complemented by simultane-
ous development in the fi eld of  19 F NMR hardware, has led to a situation in which  19 F 
NMR can be routinely used to study  19 F - labeled peptides and proteins and address a 
variety of open questions  [3 – 7] . By performing  19 F NMR on a suitably labeled peptide or 
protein, one can easily obtain information about conformational changes, the structure and 
orientation of peptides, or the kinetics of ligand binding, properties that are intimately 
related to the function of the peptide. The pre - requirement of such experiments is the 
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inclusion of a specifi c  19 F - reporter group. This chapter highlights the use of  19 F - labeled 
amino acids and their incorporation into peptides and proteins using biosynthetic and 
chemical approaches. A description is given of solid - state  19 F NMR experimental proce-
dures and how experimental data may be used to determine the structure and orientation 
of peptides in membranes, giving information that is fundamental to understanding and 
improving their function. Finally, some results are presented where several membrane -
 active peptides prepared with various  19 F - labeled amino acids have been investigated using 
solid - state  19 F NMR. The chapter focuses on the use of orientational NMR constraints and 
will not go into details about NMR distance constraints. 

  18.1.1   Fluorine - containing Peptides 

 Incorporation of fl uorine into the peptides can be straightforwardly achieved using  19 F -
 labeled amino acids and synthesizing the peptide in question by following standard solid -
 phase peptide synthesis (SPPS) protocols. There have been numerous reports on the 
synthesis of  19 F - labeled amino acids that are beyond the scope of this chapter and have 
been described in detail elsewhere  [1, 2] . Generally, a  19 F - labeled amino acid is an ana-
logue of a naturally occurring amino acid. Fluorine is the element with the second smallest 
known atomic radius, and the replacement of a hydrogen atom by a fl uorine atom is 
expected to cause minimum steric perturbations; therefore, a variety of amino acids can 
be synthesized in which a single hydrogen atom is replaced with a fl uorine atom in the 
side chain. Alternatively,  19 F - labeled peptides may also be obtained by direct fl uorination 
of peptides, using a variety of fl uorinating agents, but most of these efforts have been 
aimed to fl uorinate cyclic or aromatic amino acids (see reference 8 and references 
therein). 

 For example, synthesis of  α  - fl uoroglycine has been attempted by various researchers, 
but this amino acid is unstable and spontaneous elimination of HF results in an 
acyl - iminium intermediate that further decomposes; however, syntheses of protected  α  -
 fl uoroglycines have been reported  [9] . Most of the efforts so far have concentrated on the 
synthesis of either  β  - fl uoro - amino acids, such as  β  - fl uoroalanine and their di -  and trifl uoro 
derivatives, or of  γ  - fl uorinated amino acids, as discussed in detail in the literature  [9, 10] . 
Replacement of a methyl group (CH 3  - , with a volume of 54    Å  3 ) by a trifl uoromethyl group 
(CF 3  - , with a volume of 94    Å  3 ) leads to some structural changes due to the increased spatial 
requirement, but often such substitutions are justifi ed by comprehensive structural and 
functional studies on the peptide in question  [11, 12] . Substitution of a CH 3  - group by a 
CF 3  - group in alanine, isoleucine, leucine and valine is well known. These  19 F - labeled 
analogues have been found to change the solubility properties of peptides or, for example, 
to enhance the stability of coiled coil motifs (see references 12 – 16 and references 
therein). 

 Several aromatic amino acids have also been converted to their  19 F - labeled analogues 
by replacement of a single H atom on the aromatic ring. These include fl uorotryptophan, 
fl uorophenylalanine, fl uorophenylglycine, fl uorotyrosine, and their various isomers. 
Certain solid - state  19 F NMR structural approaches require specifi c  19 F - labeled amino acids 
bearing a fl uorine atom or CF 3  - group that is rigidly attached to the peptide backbone 
(collinear with the C  α   – C  β   bond). These include 4 - F - phenylglycine (4F - Phg), 4 - CF 3  - 
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phenylglycine (CF 3  - Phg), 3 - CF 3  - bicyclopentylglycine (CF 3  - Bpg), and 2 - CF 3  - alanine ana-
logues. For other analytical methods of investigation (solution NMR, circular dichroism 
[CD], analytical centrifugation, and thermodynamic methods) several other  19 F - labeled 
amino acids have been employed  [17 – 22] . These  19 F - labeled amino acids may contain a 
single fl uorine atom next to a hydroxyl group (i.e., serine and threonine), a thiol group 
(cysteine and methionine), a carboxyl group (glutamic acid and aspartic acid), or a nitrogen 
functionality (glutamine, histidine, lysine, proline, and tryptophan). Likewise, there are 
reports of trifl uoro -  and hexafl uoro - derivatives of isoleucine, leucine, and valine having 
been employed in protein design and engineering  [12 – 16] .  

  18.1.2   Membrane - Active Peptides 

 The cellular membrane is a hydrophobic barrier that surrounds the cytoplasm of every cell 
and is involved in complex cellular processes, such as signaling and transport, which are 
essential to maintain the normal life cycle of a cell; major components of this cellular 
membrane are lipids, proteins, peptides, and carbohydrates. Peptides that interact with 
cellular membranes are referred to as membrane - active peptides and can be broadly 
divided into three major classes: antimicrobial, cell - penetrating, and fusogenic peptides. 
Any of these may have variable lengths, hydrophobicities, and secondary structures, but 
they often exhibit similar effects on membranes. For example, some antimicrobial peptides 
have cell - penetrating properties, and vice versa  [23, 24] ; these peptides usually cause some 
degree of membrane destabilization. 

 Antimicrobial peptides (AMPs), or host defense peptides, are short (10 – 40 amino 
acids) and positively charged and they usually form an amphipathic structure ( α  - helix,  β  -
 sheet, cyclic or fl exible). Upon microbial invasion, these peptides move into action and kill 
the invading microbes by rupturing their membrane or by making pores in the membrane 
 [25 – 27] . In higher organisms, they can also activate further host defense pathways. Several 
studies suggest that these peptides are initially unstructured in solution. Upon membrane 
binding, which is governed by initial electrostatic attraction between the positively charged 
peptide and the negatively charged bacterial membrane, these peptides acquire their sec-
ondary amphipathic structure and lie on the membrane surface in an orientation that com-
pensates for charge and hydrophobicity (see Figure  18.1 ). As the concentration of the 
peptides is increased, they either break the membrane barrier ( “ carpet mechanism ”   [28] ) 
or insert into the membrane and form organized peptide assemblies which permeabilize 
the membrane by forming pores. In the  “ barrel - stave pore ”  model, peptides tilt into a 
transmembrane orientation and form a bundle, resulting in a hole in the membrane and 
causing cytoplasmic leakage  [29] . In the  “ toroidal wormhole pore ”  model, some negatively 
charged lipid molecules also participate in the formation of a hole, thereby compensating 
the charges of the peptides  [30] . Figure  18.1  illustrates some of the models that are often 
invoked to explain the mechanism of action of AMPs. The peptides often also show hemo-
lytic activity against human erythrocytes, which has so far limited their therapeutic use.   

 Cell - penetrating peptides (CPPs) can internalize into cells without disturbing the 
membrane potential and, therefore, are an attractive research target for drug delivery. These 
peptides are also short, cationic, and usually amphiphilic, and are able to bring a  “ func-
tional cargo ”  into the cell  [24, 31 – 33] . There is no mechanism unanimously agreed upon, 
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and various cellular processes related to endocytosis may be involved. For direct peptide 
uptake across the plasma membrane, or just as well for escape from an endosome, an 
inverted micellar mechanism has been proposed to explain the release of cargo into the 
cytosol (see Figure  18.1 ). 

 Fusogenic peptides, on the other hand, are instrumental at the membrane surface and 
mediate the fusion of two lipid bilayers  [34] , which is vital for fertilization and is an 
essential step in various viral infections. Figure  18.2  illustrates how the two opposing 
membranes are perturbed by the presence of a fusogenic peptide to form an intermediate 
state, which then results in complete intermixing of the cytoplasmic material. In nature 
these peptides are usually smaller fragments of larger proteins, but  in vitro  the smaller 
fragments are self - suffi cient in executing membrane fusion.    

Folding

Binding

Peptide carpet

Toroid wormhole pore

Inverted micelle

Barrel-stave pore

Micellization

 Figure 18.1     Models for different modes of peptide – lipid interaction of membrane - active 
peptides. The peptide remains unstructured in solution and acquires an amphipathic structure 
in the presence of a membrane. The hydrophobic face of the amphipathic peptide binds to 
the membrane, as represented by the grayscale. At low concentration, the peptide lies on the 
surface. At higher peptide concentrations the membrane becomes disrupted, either by 
the formation of transmembrane pores or by destabilization via the  “ carpet mechanism. ”  In 
the  “ barrel - stave pore ”  the pore consists of peptides alone, whereas in the  “ toroidal wormhole 
pore ”  negatively charged lipids also line the pore, counteracting the electrostatic repulsion 
between the positively charged peptides. The peptide may also act as a detergent and break 
up the membrane to form small aggregates. Peptides can also induce inverted micelle structures 
in the membrane. 
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  18.1.3   Structure and Orientation of Peptides in Membranes 

 To understand the function of membrane - active peptides, it is important to know the 
structure and orientation of the peptide in the membrane. As is evident from Figure  18.1 , 
it is possible to distinguish between, for example, carpet and pore mechanisms of action 
by determining the peptide ’ s orientation in the membrane. Various techniques, such as 
electron spin resonance (ESR)  [35] , infrared (IR) spectroscopy  [36 – 38] , circular dichroism 
(CD)  [35, 39, 40] , and solid - state NMR (SSNMR)  [4 – 7]  are used to investigate membrane -
 active peptides in a quasi - native lipid bilayer environment. In the following sections, 
methods to determine peptide structure and orientation are presented. 

  18.1.3.1   Peptide Structure 

 The fi rst step in these investigations is usually to determine or to confi rm the secondary 
structure of the peptide. The conventional methods used to determine the three - 
dimensional structure of biomolecules are x - ray crystallography and solution - state NMR, 
but neither method is suitable for small peptides bound to membranes. While it is relatively 
easy to crystallize peptides by themselves, it is very diffi cult to crystallize them in a mem-
brane, due to the high intrinsic mobility of the system. It is easier and more meaningful 
to crystallize large membrane proteins, which are less mobile and whose structure is more 
determined by internal constraints. Solution - state NMR works well with peptides in solu-
tion or in small detergent micelles that tumble suffi ciently rapidly, but this conformation 
can be very different from the structure in a membrane and no orientational information 
is gained. SSNMR does not have these limitations and is one of the best methods for study 
of the structure of peptides in membranes  [41 – 43] . SSNMR usually requires isotopic 
peptide labeling, and, in order to determine a detailed structure, a large number of con-
straints are needed. 

Mixing

(a) (b)

(c)

 Figure 18.2     (a) Two membranes and a fusogenic peptide before fusion. (b) Fusion of the 
two lipid bilayers, mediated by fusogenic peptides. (c) Merged compartments after fusion. 
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 The structure of a peptide inside a hydrophobic membrane is highly constrained. 
There is a high cost of free energy for exposing polar groups of the peptide backbone, 
such as CO and NH, to the hydrophobic environment; therefore, these groups need to form 
hydrogen bonds. In the membrane, such hydrogen bonds are most readily accommodated 
in regular secondary structures, namely  α  - helices or  β  - sheets. In fact, most transmembrane 
domains of proteins with known structure are  α  - helical, and there are also a few integral 
membrane proteins forming  β  - sheet structures, for example the  β  - barrel porins. As a fi rst 
approximation of the peptide structure, an  α  - helical or a  β  - stranded type of structure can 
readily be identifi ed by CD in lipid vesicles. It is also possible to use solution - state NMR 
methods to determine the peptide structure in micelles to serve as a model for the structure 
analysis in lipid membranes. For some peptides with strong internal constraints, such as 
small cyclic peptides or peptides with one or more disulfi de bridges, it is most meaningful 
to obtain the structure from solution - state NMR or x - ray crystallography, and it is usually 
safe to assume that the resultant highly stable structure will be the same as in the 
membrane.  

  18.1.3.2   Peptide Orientation 

 Once the structure of a membrane - active peptide is known, it is then possible to determine 
the orientation of the peptide in the membrane. This orientation can be defi ned in terms 
of a tilt angle ( τ ) and an azimuthal angle ( ρ ) (see Figure  18.3 ). The tilt angle is the angle 
between the peptide ’ s long axis and the bilayer normal; for helical peptides, the helix axis 
is conveniently defi ned as the long axis. The azimuthal angle describes the rotation around 
the long axis, defi ned from some individually defi ned point of reference. The two most 

n

S-state T-state I-state

τ
ρ

 Figure 18.3     The orientation of a peptide in the membrane can be described by the tilt angle 
 τ  and the azimuthal angle  ρ .  τ  is the angle between the bilayer normal ( n ) and the peptide 
long axis.  ρ  describes a rotation around the peptide long axis and must be defi ned with respect 
to a reference group as indicated by the white circle. In liquid - crystalline bilayers, peptides 
can usually also rotate around the membrane normal (shown by the dashed arrow). Three 
characteristic peptide orientations are shown: in the S - state the peptide lies fl at on the 
membrane surface with charged amino acids facing the water; in the T - state the peptide is 
inserted with an oblique tilt into the membrane, possibly in a dimeric state (shown as a second 
peptide in white); and in the inserted I - state the peptide has a transmembrane orientation. In 
this state, the peptide may self - assemble into pores (shown here as a barrel - stave pore together 
with additional white peptides). 
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extreme orientations of membrane - active peptides distinguish between peptides lying fl at 
on the membrane surface, and inserted peptides with a transmembrane orientation. The 
fi rst case is referred to as the  “ surface ”  state or S - state, and the second case is called the 
 “ inserted ”  state or I - state. In the S - state, the tilt angle is approximately 90    °  and in the I -
 state it is approximately 0    ° . From SSNMR on membrane - active peptides, an obliquely 
 “ tilted ”  state has also been detected in several cases; this is called the T - state, in which 
peptides are tilted by approximately 125    °   [44 – 47] . These three states are shown in Figure 
 18.3 .   

 Several methods are available for measuring the orientation of a membrane - active 
peptide in a lipid bilayer and each of these differs in accuracy. One such method is oriented 
circular dichroism (OCD), which gives an approximate tilt angle of  α  - helical peptides, 
and which can monitor the reorientation of  β  - sheet peptides  [39] . This method does not 
require any labeling, but on the other hand it provides no information about the azimuthal 
angle. More accurate values of the tilt, as well as the azimuthal angle, can be obtained 
using SSNMR  [4] . Many NMR parameters depend on the orientation of certain NMR 
tensors with respect to the static magnetic fi eld, which provides a natural reference frame. 
Examples of such tensors are the chemical shift anisotropy, dipolar and quadrupolar 
tensors  [48] . These tensors are fi xed in the peptide molecule and, by determining the ori-
entation of several tensors with respect to the magnetic fi eld, it is possible to calculate the 
orientation of the molecules with respect to the magnetic fi eld and also to the membrane. 
This process is described in more detail in the next section. In this chapter we will focus 
on the use of solid - state  19 F NMR to characterize  19 F - labeled peptides in model 
membranes.    

  18.2   Solid - State  19  F   NMR  of Membrane - Active Peptides 

 This section briefl y describes the  19 F NMR experiments performed on  19 F - labeled peptides, 
the fundamental NMR parameters that are used to obtain orientational constraints, and the 
means by which peptide structure is determined from these constraints. 

  18.2.1   Advantages of  19  F   NMR  

 SSNMR methods usually rely on isotopic labeling of the peptide, in contrast to solution -
 state NMR which often makes use of naturally occurring  1 H nuclei. The dipolar couplings 
between these protons are motionally averaged in solution, but this is not the case in the 
solid state. These strong interactions give broad lines in SSNMR spectra, which makes it 
impossible to resolve the signals of individual  1 H nuclei. Accordingly, other NMR - active 
nuclei are introduced into the molecule and observed by SSNMR. The most common iso-
topes used for labeling are  15 N,  13 C and  2 H. However, the fi rst has low sensitivity, and the 
other two have considerable natural abundance, which can give problems with background 
signals, especially at low concentrations of the peptide of interest. Instead, for studies of 
membrane - active peptides our group has developed methods using  19 F as an NMR label 
(see references 6, 7 and references therein) with high sensitivity and no background 
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signals. Table  18.1  summarizes advantages and disadvantages of some selected NMR 
labels. It is evident from Table  18.1  that using highly sensitive  19 F - labels it is possible to 
investigate concentration regimes that are not easily accessible using conventional isotope 
labels. It is also possible to use smaller amounts of material or shorter measurement times. 
 19 F NMR offers complete information about peptide orientation and dynamics.   

 Hardware requirements are slightly different from those for traditional NMR mea-
surements; NMR probe heads must be absolutely free from fl uorine, but such probes are 
now commercially available. It is usually necessary to have two high - frequency channels 
on the NMR spectrometer to allow fl uorine measurements with proton decoupling, and 
good RF - fi lters must be used to separate the  19 F and  1 H channels.  

  18.2.2   Solid - State  NMR  Constraints 

 In order to determine the structure and alignment of a peptide, it is necessary to determine 
the orientation of several NMR interaction tensors in the magnetic fi eld; however, fi rst the 
orientation of the tensors should be known in the molecular frame. The peptide structure 
and its alignment in the membrane can then be determined, given that the membrane ori-
entation in the magnetic fi eld is known. Thus, it is often advantageous to use macroscopi-
cally oriented membrane samples in which the lipid membrane normal is aligned parallel 
to the external magnetic fi eld. 

 In the case of  19 F - labels, the relevant tensors are the  19 F chemical shift anisotropy 
(CSA), and for CF 3  - groups the  19 F –  19 F homonuclear dipolar couplings. Both interactions 
have a ½(3   cos 2  θ     −    1) dependence, where  θ  is the angle between the interaction tensor and 
the magnetic fi eld direction. Both tensors can be used to determine peptide orientation; 
however, the orientation of the CSA tensor is not well characterized in all  19 F - labeled 
amino acids (see e.g. 4F - Phg). In practice, it is also diffi cult to measure the chemical shift 
accurately, since referencing of  19 F NMR signals is not straightforward  [49] ; it is therefore 
often easier to use the dipolar couplings of CF 3  - groups. The orientation of the dipolar 

 Table 18.1     Comparison of selected  NMR  labels used for peptide structure analysis 

  Information    Nucleus  

   15 N     2 H     19 F  

  Label     15 N in backbone    Ala - d 3     CF 3  - group  
  Sensitivity    Low ( < 1%)    Medium (5%)     High (100%)   
  Minimum  * P/L a       1   :   200    1   :   300     1   :   3000   
  Structure analysis     Single label gives helix 

tilt , but azimuthal 
rotation is not 
generally accessible  

  Ambiguous sign of 
splitting can give 
multiple solutions, 
hence many 
labels are required  

   Full information on 
tilt and azimuthal 
rotation,  but several 
labels are required  

  Accuracy    Low ( ± 30    ° )     High ( ± 5    ° )     Medium ( ± 15    ° )  
  Structural 

perturbation  
   Entirely unperturbing      Unperturbing at 

alanine positions , 
risky at other 
positions  

  Risk of perturbation  

  *   P/L a  = peptide-to-lipid molar ratio  
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tensor is well known and it is uniaxial, making calculations easier. The dipolar coupling 
can be accurately determined from the splitting in the NMR spectrum, without need for 
referencing. In our recent peptide studies we have therefore used various CF 3  - labeled 
amino acids, which will be described below in Section  18.3.2 . 

 The CF 3  - group of these amino acids is rigidly attached to the peptide backbone and 
refl ects the overall peptide orientation. Due to fast rotation of the CF 3  - group, the three 
pairwise dipolar interactions among the three fl uorine nuclei are all averaged in the same 
way and give rise to an average dipolar tensor, which is oriented along the C  α   – C  β   - bond 
vector. From the measured dipolar coupling, the orientation of the tensor can be deter-
mined, which fi xes the orientation of the bond in the magnetic fi eld  [49] . Normally, only 
the absolute value of the dipolar coupling can be determined from the spectrum; however, 
for a CF 3  - group the chemical shift change with orientation is of a magnitude similar to 
that of the change in dipolar coupling. The sign of the splitting can thus be determined 
directly from the position of the chemical shift  [49] , as described in Figure  18.4 .    

  18.2.3   Structure and Orientation Calculations 

 Using a number of orientational constraints from NMR measurements, the orientation of 
the peptide in the membrane can be determined, assuming that the structure of the peptide 
is known. The peptides we have studied mostly have well defi ned structures, such as  α  -
 helices or rigid cyclic conformations. The validity of the proposed peptide structure as it 
interacts with the membrane can also be tested using the fi t of the data  [45, 49] . For 
example, the data can be fi tted to different helical models, such as  α  -  and 3 10  - helix: a good 

50 10
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–30 –70
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–110 –150 50 10 –30 –70 –110 –150

 Figure 18.4      19 F NMR spectra of MSI - 103, where Ile - 13 is replaced with CF 3  - Phg in DMPC 
at P/L   =   1   :   400. The left spectrum was measured with the bilayer normal parallel to the 
magnetic fi eld and the right spectrum was measured with the bilayer normal perpendicular 
to the magnetic fi eld. Because of fast rotation of the peptide around the bilayer normal, the 
splittings at are scaled by a factor of  − 1/2. The sign of the dipolar coupling can be deduced 
from the position of the triplet relative to the isotropic chemical shift (close to  − 60   ppm, 
marked by an arrow). When the triplet is downfi eld of the isotropic chemical shift, the 
coupling is positive, and if it is shifted upfi eld, the coupling is negative. 
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fi t can only occur for one structure and will thus give an indication that this is the actual 
structure inside the membrane. 

 In principle, the peptide orientation is fully defi ned by the tilt and azimuthal angles 
described in Figure  18.3 . However, peptides interacting with a membrane are mobile, and 
to account for this motion a simplifi ed order parameter,  S  mol , is introduced, which has the 
effect of scaling all the calculated splittings by a factor between 0 and 1  [4, 23, 44 – 47, 
49 – 51] .  S  mol    =   0 would correspond to complete isotropic averaging, where all the orienta-
tional information would be lost, and  S  mol    =   1 corresponds to a completely immobile 
peptide. The peptides in our studies usually have  S  mol  values between 0.6 and 0.8. This 
gives information about the mobility of the peptides and can also be used to estimate the 
size of aggregates. More elaborate motional models have recently been investigated (E. 
Strandberg  et al. , submitted), but have shown that the calculated values of tilt and azi-
muthal angles for the systems investigated were virtually identical to those obtained using 
the more simple approach described here. For our peptides, we thus determine the tilt 
angle, the azimuthal angle, and  S  mol . In principle, three constraints are needed to determine 
these three parameters, each constraint being obtained from a  19 F NMR measurement on 
a singly  19 F - labeled peptide. In practice, at least four  19 F - labeled peptides are used in order 
to get a more reliable result, to make sure all the data are consistent, and to rule out any 
possible structural perturbations due to introduction of  19 F - labeled amino acids. 

 After measuring several local dipolar splittings, these data are used to calculate the global 
orientation of the full peptide. From the known structure of the peptide, theoretical curves show 
which dipolar couplings are expected for different labeled positions, depending on tilt angle  τ , 
azimuthal angle  ρ , and  S  mol . The calculated values of splittings are then compared with the 
experimentally obtained values, and the root mean square deviation (RMSD) is calculated. 

 An example of how the procedure works is shown in Figure  18.5 . The peptide in this 
example is MSI - 103, which has been labeled with  19 F at the four positions indicated in 
Figure  18.5 a. Four different peptides were synthesized where a single amino acid (Ala - 7, 
Ile - 9, Ala - 10, or Ile - 13) was replaced with CF 3  - Phg. For each label a  19 F NMR spectrum 
is recorded (see Figure  18.5 a); in this example, spectra are from MSI - 103 in DMPC (1,2 -
 dimyristoyl -  sn  - glycero - 3 - phosphocholine) at a peptide - to - lipid molar ratio (P/L)   =   1   :   400, 

 Figure 18.5     (a) The peptide MSI - 103 was labeled with CF 3  - Phg at four positions, marked in 
lighter gray. For each label a  19 F NMR spectrum was recorded in DMPC at P/L   =   1   :   400. From 
these spectra the dipolar couplings were measured, giving the values shown next to each 
spectrum. (b) The measured dipolar couplings are compared with theoretical curves for 
different orientations of the peptide. The best - fi t curve is here shown together with experimental 
data for the different labeled positions (fi lled squares). (c) The RMSD plot shows the root 
mean square deviation between experimental and calculated splittings, for all possible 
combinations of tilt and azimuthal angles. In this case, the best - fi t tilt angle ( τ ) is 101    °  and 
the azimuthal angle ( ρ ) is 130    ° . (d) Side view of the peptide in the membrane, which is 
represented by a gray box. The tilt angle defi nes the angle between the peptide long axis and 
the membrane normal. (e) View of the peptide along the helical axis. The azimuthal angle 
defi nes how much the peptide is rotated around its axis, with the starting point defi ned as 
the vector from the helical axis to C  α   of residue Lys - 12 being parallel with the bilayer 
surface. 
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and dipolar couplings are measured. Each coupling gives information about the orientation 
of the respective C  α   – C  β   - bond vector of the labeled residue with respect to the magnetic 
fi eld. The measured couplings are then used to determine the best - fi t orientation of the 
whole peptide. The experimentally observed splittings (fi lled squares in Figure  18.5 b) are 
then compared with theoretical splittings, calculated for different peptides orientations. 
The  x  - axis in Figure  18.5 b shows the angle of the label as in a helical wheel projection, 
with the fi rst amino acid at 0    ° , the second amino acid at 100    °  and so on; angles larger 
than 360    °  are projected back into the 0 – 360    °  region. A change in azimuthal angle will 
shift the dipolar curve along the  x  - axis of the plots, keeping the same shape, while a change 
in tilt angle will change the amplitude and shape of the curve. Figure  18.5 b shows the 
best - fi t curve of calculated splittings, which corresponds to the darkest area in the RMSD 
plot in Figure  18.5 c. In this plot, for each possible combination of  τ  and  ρ , the RMSD 
between experimental and calculated splittings is shown in a gray - scale code. In this case, 
the best - fi t tilt angle ( τ ) is 101    ° , the azimuthal angle ( ρ ) is 130    ° , and the corresponding 
orientation of the peptide in the membrane is illustrated in Figures  18.5 d and  18.5 e.   

 For a given secondary structure of the peptide, the shape of the dipolar curve is 
characteristic of the peptide tilt. Figure  18.6  shows the theoretical dipolar curves for a 
surface - bound S - state ( τ     ≈    90    ° ), an inserted I - state ( τ     ≈    0    ° ), and a tilted T - state 
(0    °     ≤     τ     ≤    90    ° ) orientation of a helical peptide. The positions in the  τ / ρ  - plot corresponding 
to the different states are indicated. (For exact values of  τ  and  ρ  used in the calculations, 
see the fi gure legend.) It can be noted that the curve in Figure  18.6 a is very similar to the 
curve of Figure  18.5 b, both of which correspond to an S - state orientation of the peptide.   

 Additional dynamic information can be obtained from oriented samples. The lipid 
membranes can be oriented with the bilayer normal either parallel to the magnetic fi eld 
(0    °  tilt) or perpendicular to the magnetic fi eld (90    °  tilt). If the peptides rotate quickly 
around the bilayer normal, then, according to simple theory of motional averaging, the 
measured splittings at 90    °  tilt should be  − 1/2 times the splitting at 0    °  tilt. Figure  18.4  
shows such  19 F NMR - spectra of a peptide with fast rotation. On the other hand, if the 
peptide does not rotate, then the splitting at 0    °  tilt will be the same, but at 90    °  tilt a 
superposition of different orientations around the membrane normal will lead to a more 
complex broad lineshape looking like a powder pattern. 

 If the peptide is not oriented in the membrane but forms large immobilized aggre-
gates, this is easily seen in the NMR spectrum. In this case, all different orientations of 
the peptide are present in the sample and a very broad lineshape is seen, as for a peptide 
powder. When this is the case, no orientation of the peptide can be determined. Looking 
at the NMR spectral lineshape is a useful method for investigating the aggregation behav-
ior of peptides interacting with membranes, which may be intimately related to the func-
tion or malfunction of the peptide.  

  18.2.4    19  F   NMR  Experimental Considerations 

 To obtain orientational constraints, peptide/lipid samples for  19 F NMR studies are usually 
prepared with lipid bilayers that are macroscopically oriented on glass plates  [52 – 54] . 
Lipids and peptides in appropriate amounts are co - dissolved in organic solvent and spread 
onto thin glass plates. After removal of the solvent, the plates are stacked and placed in a 
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 Figure 18.6     Dipolar wave curves calculated for different orientational states of  α  - helical 
peptides (a, c, e), showing the theoretical dipolar splittings for different positions around the 
helical axis. (b, d, f) The orientation of the peptide is determined from a plot of the tilt angle 
 τ  versus the azimuthal angle  ρ , where each point in the  τ / ρ  - plot corresponds to a specifi c 
orientation. (a) Helical curve corresponding to an S - state orientation with  τ    =   90    ° ,  ρ    =   90    ° ; 
(b) the position of this S - state orientation in the  τ / ρ  - plot is marked by the center of the 
concentric circles. (c) Helical curve for a tilted T - state orientation with  τ    =   125    ° ,  ρ    =   90    ° ; (d) 
the position of this T - state orientation in the  τ / ρ  - plot. (e) Helical curve for an I - state orientation 
with  τ    =   10    ° ,  ρ    =   90    ° ; (f) the position of this I - state orientation in the  τ / ρ  - plot. 
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hydration chamber to take up water and equilibrate. The hydrated plates are then stacked, 
wrapped and stored at  − 20    ° C until use. The quality of the peptide/lipid sample is checked 
with  31 P NMR, which gives a signal from the phospholipid head groups from which the 
degree of orientation can be estimated, as illustrated in Figure  18.7 .  31 P NMR also gives 
information about the lipid phase behavior and can be used to confi rm that the sample is 
in a membrane - like lamellar phase.  19 F NMR measurements are then conducted with a 
 1 H - decoupled single - pulse  19 F NMR experiment in an NMR probe in which the orientation 
of the glass plates can be varied. Usually samples are measured with the bilayer normal 
oriented parallel to the magnetic fi eld, as shown in Figure  18.4  for the peptide MSI - 103 
labeled with CF 3  - Phg. A second spectrum can then be acquired with a perpendicular 
sample alignment in order to detect the occurrence of long - axis rotation around the mem-
brane normal. Samples can also be prepared as unoriented, multilamellar vesicles (MLV) 
by co - dissolving peptides and lipids, and hydrating them after removing the solvent. 
If peptides are averaged by long - axial rotation about the bilayer normal, the same 
orientational information can be obtained from MLV samples as from oriented samples 
 [46, 55] .     
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 Figure 18.7      31 P NMR spectra of MSI - 103 in DMPC. (a) P/L   =   1   :   200, nonoriented 
multilamellar vesicles sample. The broad signal shows the typical powder spectrum of a liquid 
crystalline lamellar lipid phase. (b) P/L   =   1   :   20, macroscopically oriented sample. The peak 
around 28   ppm shows that the sample is well oriented with the lipid bilayer normal oriented 
parallel to the magnetic fi eld. 
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  18.3    19  F  Labeling of Peptides 

  19 F - labeled peptides can be used to study ligand binding, unfolding, mobility, aggregation 
and orientation by  19 F NMR in solution or in their native membrane - bound environment, 
and they could also be used to study the effect of fl uorination on thermal stability, solubil-
ity, selectivity, and activity of such biological systems. Highly fl uorinated amino acids 
have been employed by various research groups to stabilize proteins for different applica-
tions (see reference 56 and references therein). Since this chapter focuses on investigating 
membrane - active  19 F - labeled peptides by SSNMR, we will restrict ourselves to specifi cally 
 19 F - labeled amino acids (see Figure  18.8 ), and their incorporation into peptides at a desired 
position. We will then discuss the suitability of various labels for measuring peptide ori-
entation and conformation, mobility, and assembly, and intra -  and intermolecular distances 
between two fl uorine labels in lipid bilayers.   

  18.3.1   Labeling Strategies 

 Incorporation of fl uorine into peptides and proteins is usually achieved through biosyn-
thetic routes, chemical synthesis, or a combination of these two methods. Each method 
has its own advantages and shortcomings, but each requires a  19 F - labeled amino acid. The 
most commonly used ones are commercially available analogues of aromatic amino acids, 
such as tryptophan, phenylalanine, tyrosine, and phenylglycine. Aliphatic  19 F - labeled 
amino acids are not commonly available and usually have to be synthesized. The synthesis 
of most fl uorinated amino acids is described in detail in the literature  [1, 9, 10] . For struc-
ture analysis of peptides and proteins, it is important that (i) the fl uorine label is rigidly 
attached to the peptide backbone, (ii) the label does not alter the structure or function of 
the peptide, (iii) the extent of fl uorination is restricted to avoid multiple signals, and (iv) 
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the label is stable and not prone to chemical side - reactions such as HF - elimination. Figure 
 18.8  shows various commonly used  19 F - labeled amino acids. 

  18.3.1.1   Biosynthetic Labeling 

 Biosynthetic incorporation of fl uorinated amino acids is a convenient way to obtain  19 F -
 labeled peptides or proteins. With the advancement in biotechnological protocols using 
various bacterial and yeast machineries, it has been possible to produce proteins of differ-
ent origin quickly and economically. This process requires an auxotrophic strain of bacteria 
for the desired  19 F - amino acid, which is added to the growth medium. Alternatively, 
glyphosate can be used to inhibit the metabolic synthesis of all aromatic amino acids in 
bacterial culture so that the desired  19 F - labeled amino acid along with the other aromatic 
ones have to be externally supplemented. Using such approaches, it has been possible to 
produce desired sequences with fl uorotryptophan  [17, 18] , fl uorotyrosines  [57] , fl uorophe-
nylalanine  [58, 59] , trifl uoroisoleucine  [60] , and trifl uoroleucine  [15] . 

 Biosynthetic incorporation has several limitations: (i) only fl uorinated analogues 
of natural amino acids may be used, provided they are nontoxic to the culture; (ii) site -
 selective labeling is not possible; (iii) relatively low uptake of  19 F - labeled amino acids 
results in lower yield of the expressed peptide or protein; and (iv) some proteins might 
still contain the natural amino acid that is devoid of fl uorine. All these limitations can be 
avoided by using chemical peptide synthesis, as described below.  

  18.3.1.2   Solid - Phase Peptide Synthesis 

 Using SPPS protocols,  19 F - labeled amino acids can be readily incorporated into membrane -
 active peptides at any desired site. Standard Fmoc SPPS protocols are detailed in the lit-
erature  [61] . Chemical synthesis has an intrinsic limitation in peptide chain length, 
depending on the sequence; this limits the synthesis of the fl uorine - containing peptides to 
a maximum of 60 amino acids. Most membrane - active peptides have typically 10 – 40 
amino acids and are well suited for chemical synthesis. Using synthetic  19 F - labeled pep-
tides, we have investigated many different systems in model membranes by  19 F NMR; 
these are listed in Table  18.2 , in Section  18.4 . In practice, special care has to be taken at 
different stages of the synthetic protocol to avoid problems of fl uorine contamination, 
elimination, or racemization, all of which are discussed in the following paragraphs.   

  Fluorine contamination . Trifl uoroacetic acid (TFA), which is used to cleave the full -
 length peptide from the solid support and remove the side - chain protections in the fi nal 
step of peptide synthesis, is often found to be tightly bound to the peptide. Usually up to 
a 5 - fold molar excess of TFA is found to be associated with the peptide, and cannot be 
removed by repeated lyophilization  [62] . Using an ion - exchange column, it is easy to 
replace the trifl ate ion with another suitable counteranion, but such purifi cation steps are 
accompanied by extensive peptide loss. TFA is also universally used as an ion - pairing 
agent in HPLC purifi cation of peptides. For hydrophobic peptides, many researchers use 
fl uorinated alcohols, such as trifl uoroethanol and hexafl uoroisopropanol, to dissolve the 
crude peptide or even as a constituent of the mobile phase during HPLC purifi cation. These 
fl uorinated solvents often contaminate the  “ purifi ed ”  peptide with substantial amounts of 
undesired fl uorine, which interferes in the  19 F NMR spectra. For example, TFA is seen as 
an intense signal around  − 75   ppm, and this signal overlaps with signals of aromatic fl uorine 
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and CF 3  - groups. It is thus essential to exclude any traces of fl uorinated solvents and ion -
 pairing agents from the NMR sample. We have shown that TFA from the cleavage step of 
peptide synthesis can be effi ciently removed by employing HCl as an ion - pairing agent in 
HLPC purifi cation protocols  [62] ; therefore, in a single step, it is possible to obtain  19 F -
 labeled peptide that is free of any undesired fl uorine background. 

  Fluorine elimination.  The high electronegativity of fl uorine makes it prone to certain 
side reactions that result in HF - elimination. These side reactions are very uncommon for 
a fl uorine atom attached to an aromatic ring; however, the presence of labile hydrogen in 
the vicinity of an aliphatic fl uorine substituent often leads to spontaneous HF - elimination, 
which results either in an olefi nic bond or a cyclized structure. Furthermore, elimination 
reactions are accelerated in the presence of base which is typically used in amino acid 
coupling procedures. 3 - Fluoroalanine (3F - Ala), or 3,3,3 - trifl uoroalanine (F 3  - Ala) in par-
ticular eliminate HF almost invariably when incorporated via the usual coupling protocols 
employing basic conditions. It has been possible to minimize the loss of fl uorine by using 
2 - deutero - 3 - fl uoroalanine (2D - 3F - Ala) and by coupling at low temperatures using base -
 free coupling strategies  [63] . 

  Racemization.  The high electronegativity of fl uorine also makes many  19 F - labeled 
amino acids susceptible to base - induced racemization. In the case of aromatic side - chains, 
this effect is even more pronounced, due to the electron - withdrawing effect of the ring. 
Under base - catalyzed coupling procedures, fl uorophenylglycine undergoes complete race-
mization, leading to epimeric peptides (see Figure  18.9 ). It has nevertheless been possible 
to couple this enantiomerically pure amino acid using base - free protocols employing 
diisopropylcarbodiimide/hydroxybenzotriazol to avoid racemization  [110] . Most  19 F -
 labeled amino acids are in any case commercially available only as racemic mixtures; 
hence the use of standard synthetic protocols involving basic conditions is acceptable and 
pragmatic. In this case, the resulting epimeric peptides have to be separated on an HPLC 
column and isolated in high purity. In our investigations, we often study both epimeric 

 Table 18.2     Peptide sequences labeled with  19  F  - labeled amino acids 

  Peptide    Sequence   a       Label    Reference  

   Antimicrobial peptides           
  Gramicidin S    Cyclo - (PVOLf) 2     4F - Phg     62, 66, 

80   
  CF 3  - Phg     79   

  PGLa    GMASKAGAIAGKIAKVALKAL - NH 2     4F - Phg     44, 62   
  CF 3  - Phg     44, 49, 

84, 85   
  CF 3  - Bpg     68   

  MSI - 103    (KIAGKIA) 3  - NH 2     3F - Ala     71   
  CF 3  - Phg     45, 89   

   Cell - penetrating peptide           
  MAP  [110]     KLALKLALKALKAALKLA - NH 2     CF 3  - Phg    Submitted    

   Fusogenic peptides           
  B18    LGLLLRHLRHHSNLLANI    4F - Phg     50, 62   
  FP23    AVGIGALFLGFLGAAGSTMGARS - NH 2     CF 3  - Phg    Submitted  

     a     One - letter code. O   =   ornithine; f   =    D  - isomer of Phe.   
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peptides separately after identifying the chirality of the  19 F - labeled amino acid, in order 
to obtain additional structural information  [44] . To identify which epimer contains the  d  -  
and  l  - forms of the  19 F - labeled amino acid, an aliquot of these separated peptides should 
be hydrolyzed to their constituent amino acids and derivatized using Marfey ’ s reagent to 
identify the  d  -  and  l  - forms  [62] . Alternatively, the racemic mixture may be acetylated to 
obtain the  N  - acetyl amino acids, which can be subsequently enzymatically deacetylated. 
Porcine kidney acylase 1 selectively deacetylates the  l  - amino acid, leaving the  d  - enantio-
mer unchanged  [64, 65] .   

 Several different  19 F - labels with a rigid connection to the peptide backbone, which 
qualify for  19 F NMR according to the criteria described above, were used in our investiga-
tions and will now be described in more detail. These amino acids were incorporated into 
various membrane - active peptides as NMR labels, thereby providing structural informa-
tion that will be described in Section  18.4 .   

  18.3.2    19  F  - labeled Amino Acids 

 Various  19 F - labeled amino acids have been used for SSNMR structural studies of 
membrane - active peptides. Their chemical structures are shown in Figure  18.8 , including 
the aromatic 4 - fl uorophenylalanine, 5 - fl uorotryptophan, 4 - fl uorophenylglycine, and 4 - 
trifl uoromethylphenylglycine. Apart from the cyclic side chain of 3 - trifl uoromethylbicy-

250

(a)

(b)

200

150

100

10 11 12 13

Time (min)

In
te

ns
ity

 (
22

0 
nm

)

14 15

50

0

500

400

300

200

10 11 12 13

Time (min)

In
te

ns
ity

 (
22

0 
nm

)

14 15

100

0

 Figure 18.9     (a) HPLC chromatogram showing the presence of two epimeric peptides, 
resulting from incorporation of a racemic mixture of CF 3  - Phg, and (b) analytical HPLC 
chromatograms (solid and dashed lines) after preparative separation of the epimers. 
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clopentylglycine, the other aliphatic  19 F - labeled amino acids can be considered as alanine 
derivatives, namely 2 - deutero - 3 - fl uoroalanine, 3 - fl uoroalanine, 3,3,3 - trifl uoroalanine, ( R ) -
 3 - trifl uoromethylalanine, and ( S ) - 3 - trifl uoromethylalanine. We will now describe these 
 19 F - labeled amino acids in more detail. 

  18.3.2.1   4 - Fluorophenylglycine 

 4 - Fluorophenylglycine (4F - Phg) has a fl uorine atom attached at the  para  - position of the 
phenyl ring, which in turn is directly attached to a glycine skeleton. This results in an 
amino acid with fl uorine rigidly attached to the peptide backbone. In our earlier studies, 
4F - Phg was extensively used as an NMR label, since it provides information about the 
orientation and dynamics of peptides in the membrane  [50, 62, 66] . Some advantages of 
this label are that both enantiomers are commercially available, there is no fl uorine elimi-
nation, and the peptide concentration can easily determined by UV - Vis spectroscopy. 
Using standard synthetic protocols, extensive racemization of 4F - Phg is observed, but the 
epimeric peptides can be isolated and characterized, and both peptides bearing  l  -  and  d  -
 forms of 4F - Phg, respectively, can then be used to obtain constraints for NMR structure 
analysis  [62] . 4F - Phg is rather useful to determine  19 F -  19 F distances from their homonu-
clear dipolar coupling  [66] . For orientational analysis, on the other hand, this label is less 
useful because the side - chain C  α   – C  β   torsion angle of the phenyl ring is usually not known. 
This means that the relative orientation of the nonsymmetric CSA tensor of the  19 F - sub-
stituent relative to the peptide backbone is not known. When analyzing the anisotropic 
chemical shift of 4F - Phg as an orientational constraint, it is therefore important to deter-
mine the torsion angle of the phenyl group, which has been shown to have different con-
formational preferences for  α  - helical or  β  - sheet peptides  [50] . Finally, it is also important 
to carefully reference the spectral scale to obtain an accurate reading of the single  19 F -
 resonance in the spectrum.  

  18.3.2.2   4 - Trifl uoromethylphenylglycine 

 4 - Trifl uoromethylphenylglycine (CF 3  - Phg) has a similar skeleton to 4F - Phg except that 
it contains a CF 3  - group at the  para  - position of the phenyl ring. The presence of a rotation-
ally averaged CF 3  - group removes the ambiguity resulting from the torsion angle of the 
phenyl ring. Therefore, the effective CSA tensor is axially symmetric along the C  α   – C  β   
direction, which allows us to use this label to obtain orientational constraints. As an NMR 
label, CF 3  - Phg offers many advantages over 4F - Phg. It yields not only the chemical shift 
but also the intra - CF 3  dipolar coupling, which gives the same information about the 
orientation of a peptide, free of referencing errors. For the CF 3  - label it is also easy to 
measure the sign of the dipolar coupling by observing the simultaneous chemical shift 
relative to the isotropic position. This removes the ambiguity due to the unknown sign of 
the splitting, and results in rather precise and accurate structural constraints compared to 
other dipolar coupling analyses. This amino acid is commercially available, but only as 
a racemic mixture. Since CF 3  - Phg is sensitive to racemization, we have almost always 
used the racemic mixture in peptide synthesis, and purifi ed the resulting epimers using 
HPLC (see Figure  18.9 ) followed by identifi cation with Marfey ’ s derivatization  [49, 62] . 
Some of the peptides containing CF 3  -  d  - Phg have been found to show interesting effects, 
such as suppression of aggregation via  β  - sheet formation  [110] .  
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  18.3.2.3   3 - Trifl uoromethylbicyclopentylglycine 

 Once the advantages of using a CF 3  - group over a monofl uoro - group, and the disadvantage 
of an aromatic system in allowing racemization became clear, 3 - trifl uoromethylbicyclo-
pentylglycine (CF 3  - Bpg) was specifi cally designed as an NMR label for peptides  [67, 68] . 
CF 3  - Bpg contains a bicyclo[1.1.1]pentane skeleton, bearing a CF 3  - group that is collinear 
with C  α   – C  β   and is devoid of any aromatic ring, which substantially reduces the inductive 
effect that makes the proton at C  α   acidic. CF 3  - Bpg is easily incorporated into peptides 
without racemization, and the absence of a labile hydrogen atom adjacent to a fl uorine 
atom also ensures that there is no HF - elimination. As described for CF 3  - Phg, the dipolar 
coupling (and its sign) of the CF 3  - group is easily measured, and gives well - defi ned orien-
tational constraints. These qualities make CF 3  - Bpg an ideal label for investigating peptides 
with solid - state  19 F NMR, and it is found to be essentially nonperturbing when replacing 
aliphatic hydrophobic amino acids such as leucine, valine, alanine, or isoleucine  [67] .  

  18.3.2.4   Fluoroalanines 

 Fluoroalanine derivatives (see Figure  18.8 , bottom row, 2D - 3F - Ala, 3F - Ala, F 3  - Ala) are 
well suited to replace alanine and other aliphatic hydrophobic amino acids. The synthesis 
of most of the fl uoroalanine derivatives is well known  [69, 70] , and F 3  - Ala is commercially 
available as a racemic mixture. Considering their size and steric perturbations, fl uoroala-
nines would be the ideal choice as NMR labels, and they have previously been used for 
 19 F REDOR (rotational echo double resonance) measurements  [71] . One of the main dis-
advantages is that fl uoroalanines are extremely prone to HF - elimination, resulting in 
partial or complete loss of fl uorine, and introducing a dehydroalanine unit in the peptide. 
Using 2D - 3F - Ala and performing the coupling at low temperature, it is possible to mini-
mize  “ DF - elimination ”  due to the kinetic isotope effect. Yet the presence of an acidic H 
in the close vicinity, even in the form of a hydroxyl group, again leads to HF - elimination 
and formation of cyclic structures in the peptide backbone. In peptides labeled with F 3  - Ala, 
there is an additional problem resulting from the reduced nucleophilicity of the free amine. 
Incorporation of F 3  - Ala into a growing peptide chain is relatively easy, but it severely 
reduces the nucleophilicity of the free amine, making the coupling of the subsequent amino 
acid extremely slow and ineffi cient. In biosynthetic applications, certain analogues of fl uo-
roalanine are found to be toxic to bacteria or are poorly taken up by the bacterial 
machinery.  

  18.3.2.5   2 - Trifl uoromethylalanine 

 Synthesis of 2 - trifl uoromethylalanine (CF 3  - Ala), or trifl uoroaminoisobutyric acid, has 
been reported previously  [72] . In contrast to fl uoroalanine, an advantage of using CF 3  - Ala 
analogues is that it is devoid of the hydrogen atom at the  α  - position, which means that 
HF - elimination is no longer a problem. Since the members of a large family of membrane -
 active peptides, the so - called  “ peptaibols, ”  contain aminoisobutyric acid units, CF 3  - Ala 
serves as an ideal label for investigating these peptides using  19 F NMR. As in the case 
with F 3  - Ala, the incorporation of CF 3  - Ala into a growing peptide chain also makes cou-
pling of the subsequent amino acid slow and ineffi cient. To avoid this problem, tripeptides 
were fi rst synthesized in which CF 3  - Ala is fl anked by two other amino acid residues. The 
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resulting epimeric peptides could then be separated and their stereochemistry identifi ed, 
and the individual tripeptides could subsequently be used as a building block in the syn-
thesis of the full peptide sequence. This approach was used to elucidate the structure of 
the peptaibol alamethicin  [73] .  

  18.3.2.6   Fluorotryptophan 

 Fluorotryptophan (F - Trp) was one of the fi rst labels used for investigation of peptides and 
proteins by  19 F NMR. Both 5 -  and 6 - fl uorotryptophan are commercially available. In this 
case, orientational constraints and distance measurements are very useful for obtaining 
information about the side - chain conformation  [74, 75] . The tryptophan side - chain is often 
found to anchor transmembrane helices in the lipid head - group region of the membrane 
and it often plays a functional role in peptides that form channels in the membrane, such 
as gramicidin A  [74, 76]  or the infl uenza virus peptide M2  [75] . Fluorotryptophans are 
easily incorporated into peptides and proteins using biosynthetic and SPPS protocols.    

  18.4   Applications 

 In this section we provide an overview of structural results from our previous  19 F NMR 
analysis of a number of different membrane - active peptides in lipid bilayers. The results 
are grouped according to the different biological functions attributed to these peptides as 
discussed in Section  18.1.2 . All the peptides are listed in Table  18.2 , together with the 
 19 F - labeled amino acids used and with the original references. For all  19 F - labeled peptide 
analogues the secondary structure was ascertained using solution CD and the effect of 
fl uorine substitution was validated by performing appropriate functional tests on the 
labeled peptide. Only those  19 F - labeled analogues that were found to retain their secondary 
structure and biological activity were used for structure elucidation. 

  18.4.1   Antimicrobial Peptides 

 Membrane - active antimicrobial peptides (AMPs), or host - defense peptides, kill microor-
ganisms by permeabilizing their membrane. They often form amphipathic structures upon 
binding to lipid membranes. At low peptide concentrations they are normally in a mono-
meric surface - bound S - state, and at higher concentrations they may self - assemble and 
insert into the bilayer in a functionally active T -  or I - state (see Figures  18.1  and  18.3 ). In 
our previous  19 F NMR investigations we have compared three such AMPs, which are 
described below. 

  18.4.1.1   Gramicidin  S  

 Gramicidin S (GS) is an amphiphilic, cyclic  β  - sheeted decapeptide obtained from  Bacillus 
brevis . Its polar face consists of two ornithines and the hydrophobic face is comprised of 
two valines and two leucines (see Table  18.2 )  [77, 78] . The symmetric peptide was labeled 
by simultaneous replacement of both valines or both leucines with 4F - Phg  [62, 66]  and 
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later with CF 3  - Phg (79). These  19 F - labels had little or no effect on the secondary structure 
of the peptides, which were found to be biologically as active as the native peptide  [62] . 
Since the analogues were symmetrically labeled with two substituents, it was possible to 
measure their internuclear  19 F –  19 F distances, which were later used for elucidation of the 
GS structure in lipid membranes  [66, 79] . In DMPC membranes at a low peptide - to - lipid 
molar ratio (P/L) of 1   :   80 (mol/mol), GS showed a single resonance signal, which corre-
sponded to the peptide lying on the membrane surface, representative of an S - state, as is 
biophysically expected  [66] . The hydrophobic groups of valine (or 4F - Phg) or leucines 
(or 4F - Phg) were embedded in the nonpolar lipid bilayer, and the polar residues (orni-
thines) pointed to the polar head group region of the membrane. The high mobility of the 
peptide ( S  mol    =   0.3) suggests that GS is monomeric and highly mobile within the lipid 
bilayer; the presence of a single resonance signal is suggestive of fast rotation of the 
peptide along its symmetry axis, which is parallel to the membrane normal  [66] . As the 
concentration of GS increased (P/L   =   1   :   20), a second signal appeared in the oriented  19 F 
NMR spectrum, indicating a realignment of the peptide. Data analysis showed that the 
peptide had fl ipped nearly 90    °  into the membrane and had virtually no mobility ( S  mol    =   1.0). 
This suggests that several peptides have assembled to form a transmembrane pore  [80] . 
Indeed, the possibility of forming hydrogen bonds along the edge of the  β  - stranded peptide 
supports the notion that it may have oligomerized as a  β  - barrel structure.  

  18.4.1.2    PGL  a  

 PGLa is a 23 - residue peptide, belonging to the magainin family of AMPs found in the 
skin of the African frog  Xenopus laevis  (see Table  18.2 )  [81, 82] . It is unstructured in 
aqueous solution, but forms an amphipathic  α  - helix when bound to lipid vesicles  [49, 83] . 
The peptide was labeled by 4F - Phg or CF 3  - Phg at single alanine or isoleucine positions 
in the sequence  [49, 62] . Using four selective CF 3  - Phg labels, the helix orientation could 
be determined in DMPC. At low peptide concentration (P/L   =   1   :   200) an S - state was found 
 [49] , as previous  15 N NMR results have also shown  [83] . A concentration - dependent 
reorientation was observed, toward a tilted state at P/L   =   1   :   50  [44] . Using  19 F NMR it was 
possible to characterize this T - state for the fi rst time. The same T - state was also observed 
under a wide variety of conditions, such as different hydration levels, different peptide 
concentrations, and in the presence of negatively charged DMPG lipids (47). This T - state 
was confi rmed by nonperturbing  2 H - labels and is attributed to peptide dimerization  [46] . 

 Remarkably, an extended analysis of the helix alignment as a function of temperature 
showed that it is highly dependent on the lipid phase state. Namely, the S - state was found 
at very high temperatures, the T - state at lower temperatures above the lipid chain melting 
transition, and the transmembrane I - state at temperatures where the lipids were in the gel 
phase. Finally, some disordered and presumably aggregated peptides were found at very 
low temperatures in crystalline lipids  [84] . 

 More recently PGLa was also labeled with CF 3  - Bpg at the same positions as was 
previously labeled with CF 3  - Phg. This study demonstrated that CF 3  - splittings from CF 3  -
 Bpg are just as readily analyzed, and that this designer - made label did not perturb the 
conformation of the peptide  [68] . CF 3  - Bpg has many advantages regarding peptide syn-
thesis and thus promises to be a suitable choice for future peptide studies  [67] . 
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 One of the main advantages of  19 F as an NMR label is the high sensitivity. Signals 
are readily detected at low peptide concentrations down to P/L   =   1   :   3000  [54]  or when 
only small amounts of material are used. This has made it possible to observe  19 F - labeled 
PGLa in real bacterial or erythrocyte membranes and, as a consequence, to obtain for the 
fi rst time orientational information about membrane - active peptides in biologically rele-
vant membrane systems  [85] .  

  18.4.1.3    MSI  - 103 

 MSI - 103 is a designer - made AMP based on the PGLa sequence  [86, 87] . It has 21 amino 
acids in heptameric repeats (see Table  18.2 ). Its antimicrobial activity effect is higher than 
that of PGLa, while the hemolytic side - effects are similarly low  [23, 86, 87] . MSI - 103 
was labeled with 3F - Ala in a single position, and spectral changes showed a change in 
alignment between P/L   =   1   :   200 and 1   :   20  [71] . An extensive set of  19 F -  and  13 C - labeled 
peptides were studied using REDOR to obtain intra -  and intermolecular  13 C –  19 F distances, 
which were combined with  13 C –  31 P and  15 N –  31 P distances between peptides and lipids. 
From these distance constraints, the peptide was proposed to form parallel dimers, and 
contacts between the peptides and the lipid head groups and acyl chains were indicated 
 [71, 88] . These results are compatible with peptides forming toroidal pores, but the orienta-
tion of the peptide in the membrane was not determined. 

 More recently, MSI - 103 was selectively labeled with CF 3  - Phg at fi ve different posi-
tions, and the helix orientation in DMPC bilayers was monitored using  19 F NMR over a 
series of peptide - to - lipid ratios from 1   :   800 to 1   :   20  [45, 89] . The  19 F NMR analysis 
showed the peptide to be in the S - state at concentrations up to P/L   =   1   :   200. At 1   :   50 the 
dipolar splittings changed, indicating a change of orientation, and at 1   :   20 the peptide 
aggregated without any preferential orientation  [45] .  2 H NMR on  2 H - labeled peptides in 
the same study showed that the peptide assumed a T - state between P/L   =   1   :   50 and 1   :   20, 
with almost identical tilt and rotation angles as PGLa at the same concentration  [45] .   

  18.4.2   Cell - Penetrating Peptides 

 In the last decade, a variety of small cationic and often amphipathic peptides of different 
origins, including synthetic designer - made peptides, have been used as delivery vectors 
to transport different types of cargo into a cell without causing any leakage of the cellular 
membrane  [24, 31 – 33] . Such peptides, commonly known as cell - penetrating peptides, 
cross the lipid bilayer via a mechanism that is still poorly understood. SSNMR offers an 
excellent tool for investigating the uptake mechanism of these peptides by observing not 
only the peptide but also its effect on the phospholipids membrane using  31 P NMR. 

  18.4.2.1   Model Amphipathic Peptide 

 The so - called  “ model amphipathic peptide ”  (MAP) was originally designed to form an 
amphipathic  α  - helix and was later found to be cell - penetrating  [90, 91] . Four leucines 
were selectively replaced with CF 3  - Phg, and  19 F NMR on these different analogues showed 
the same kind of concentration - dependent realignment of the helix from S -  to T - state as 
was observed for the other helical peptides discussed above. Additionally, we could 
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address the aggregation tendency by monitoring the immobilization and loss of alignment 
as a function of peptide concentration  [110] .  

  18.4.2.2    HIV  -  TAT  

 HIV - TAT is a 13 - residue peptide derived from the HIV protein TAT. It is rich in arginine 
and therefore highly charged  [92] . Although this peptide does not possess any hydrophobic 
side - chains that could be  19 F - labeled, it was chosen as an example to highlight the use of 
solid state  31 P NMR on phospholipids, which is suitably combined with  19 F NMR on  19 F -
 labeled peptides. Here we investigated the effect of unlabeled HIV - TAT on the phospho-
lipid bilayer. It was observed from the isotropic  31 P NMR signals that HIV - TAT probably 
induces inverted micelles, which are short and assemble into bundles where the guani-
dinium group of arginines complexes with the phosphate groups  [93] .   

  18.4.3   Fusogenic Peptides 

 Fusogenic peptides work at the interface of two cells or vesicular compartments and are 
responsible for merging the two membranes, which leads to the mixing of their cytoplas-
mic contents (see Figure  18.2 ). Such a process is involved in fertilization and it constitutes 
an important step in viral infection and multiplication. We have investigated two fusogenic 
peptides with  19 F NMR, which are described below. 

  18.4.3.1    B 18 

 A short 18 - amino - acid sequence within the sea urchin fertilization protein bindin, the B18 
peptide  [94, 95] , is involved in promoting fusion of oocyte and sperm. The histidine - rich 
B18 has also been shown  in vitro  to promote the fusion of DMPC vesicles in the presence 
of Zn 2+   [96] . For most fusogenic peptides, conformational fl exibility allows them to adopt 
different structures, depending on pH and membrane environment  [97 – 99] . It has been 
shown that B18 adopts a helix – turn – helix structure. Various analogues were synthesized 
in which each hydrophobic residue was selectively replaced with 4F - Phg  [50, 62, 100] . 
 19 F NMR of B18 in DMPC/DMPG bilayers at P/L   =   1   :   150 showed that the peptide is 
monomeric and well folded. The C - terminal helix lies on the membrane surface with a tilt 
angle of about 90    ° , and the N - terminal helix has a tilt angle of about 50    ° . Such a model 
results in a peptide alignment that satisfi es the expected orientation of the hydrophobic 
and hydrophilic residues. Under prolonged storage or at high peptide concentrations, B18 
has been shown to form fi brils. Kinetic analysis of vesicle fusion by lipid - mixing assays 
has shown that the active state of the peptide is highly fl exible and, therefore, independent 
of a single mutation involving a  d  -  or  l  - enantiomer of 4F - Phg.  

  18.4.3.2    FP 23 

 The HIV protein gp41 contains a relatively small 23 - residue fusion peptide, FP23, which 
mediates the fusion of the virus membrane with the target cell  [101, 102] . Different studies 
have shown that FP23 has a pronounced conformational plasticity and can change between 
 α  - helix and  β  - sheet, depending upon membrane composition and/or peptide concentration. 
Previously an  α  - helical, T - state - like structure  [103 – 105] , but also a  β  - sheeted assembly 
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of FP23 have been described  [106 – 108] . Five analogues of FP23, specifi cally labeled with 
CF 3  - Phg, were synthesized and all analogues were found to retain their fusogenic activity 
 [109] . At low peptide concentration (P/L   =   1   :   300), the peptide was rather mobile, but at 
high concentrations the  19 F NMR spectrum became typical of a powder pattern, indicating 
that either the peptide was aggregated or it had formed higher - order oligomers that were 
disordered and immobile in the membrane. The  19 F NMR data did not fi t the usual, known 
secondary structures, which indicates that an unusual peptide conformation with many  β  -
 turns might be the active species that is involved in the fusion process (D. Grasnick  et al. , 
unpublished results).    

  18.5   Conclusions 

 Fluorine NMR is an extremely useful method for study of membrane - active peptides, 
giving information about conformation, orientation, mobility, self - assembly, and aggrega-
tion of membrane - active peptides when bound to a lipid membrane. For the purpose of 
 19 F NMR,  19 F - labeled amino acids are easy to obtain either commercially or synthetically. 
In most cases, the substitution of a single hydrophobic residue by a  19 F - labeled amino acid 
did not perturb the structure or function of the peptide. Problems associated with incor-
poration of  19 F - labeled amino acids, like HF - elimination, racemization, and slow coupling, 
can be easily overcome. In structural studies, labeling is most preferable with CF 3  - groups 
that are rigidly attached to the peptide backbone, using CF 3  - Phg or CF 3  - Bpg, for example. 
 19 F has a higher sensitivity than traditional NMR labels, which reduces the amount of 
material and/or the measurement time needed. It is the only technique that can be used to 
investigate a wide concentration regime, ranging from P/L   =   1   :   3000 to 1   :   10. Since con-
centration - dependent realignment of peptides is related to their biological function, this 
approach can contribute to better understanding of peptide function and thus make it pos-
sible to design peptides with improved activity.  
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 Study of Metabolism of Fluorine -
 containing Drugs Using  In Vivo  

Magnetic Resonance Spectroscopy  

  Erika   Schneider   and   Roger   Lin        

  19.1   Introduction 

 Fluorinated compounds are widely used in medicine and treat a range of conditions includ-
ing those in psychiatry (e.g., mood disorders, anxiety disorders, psychotic disorders) 
 [1, 2] , cancer (e.g., antimetabolite agents)  [3 – 10] , infection and infl ammation (e.g., 
anti - infl ammatory agents, antimalarial drugs, antiviral agents, antihistamines, steroids) 
 [3, 4, 13] , and anesthetics. Inclusion of a fl uorine atom can alter drug disposition as well 
as modify its interaction with the pharmacological target  [18] , making fl uorination of 
compounds a common drug development technique. 

 In drug development, it is important to know that the compound has reached its 
intended target as well as to understand the absorption, excretion, bioavailability, 
metabolism, and distribution (e.g. ,  the pharmacodynamics and pharmacokinetics) of 
the compound. Direct monitoring of human  in vivo  drug and metabolite concentrations 
in the target organs or in adverse event - related organs, such as the brain, liver, or 
heart, is often needed to understand the therapeutic impact, potential adverse events, 
or other effects. 

 Magnetic resonance (MR) is routinely used in clinical practice as a powerful, nonin-
vasive diagnostic tool. While human  in vivo  MR is mainly an anatomical and morphologi-
cal imaging technique, it can also provide functional information using both imaging 
and spectroscopic methods. MR spectroscopy has proved to be an important technique in 
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drug design  [13, 60, 61]  and preclinical studies  [14 – 16] . Extension of these laboratory 
techniques into the clinic can be challenging, however  19 F MR spectroscopy has proved 
to be highly specifi c for identifying fl uorinated drugs and their metabolites  in vivo   [1, 3 – 10, 
17] . MR methods  in vivo  are very useful despite a relatively low detection sensitivity, 
because they are noninvasive, because the effects of one or more doses can be measured, 
and because they do not expose patients to ionizing radiation, thereby allowing repeat 
measurements to be performed as often as needed and outcomes to be measured in longi-
tudinal studies. Competing methods of measuring the  in vivo  biochemistry of fl uorine 
compounds use expensive radioactive labeling with detection by either positron emission 
tomography (PET) or single - photon emission computerized tomography (SPECT). The 
radioisotopes decay quickly, which limits the evaluation to only the initial kinetics, metab-
olism, and biodistribution of a single dose. However, fl uorodeoxyglucose (FDG) PET is 
a factor of 10 6  – 10 9  more sensitive than  19 F MR methods, but has no ability to differentiate 
metabolites from the parent compound  [17] . Thus, when it is essential to differentiate 
metabolic products that are not present in blood or urine, or to measure biodistribution 
after administration of multiple doses, only biopsy or MR techniques are of use. 

 Since 1987 when Wolf and colleagues  [6]  published the fi rst use of  19 F MR to monitor 
the human  in vivo  metabolism of a drug, a range of fl uorine - containing pharmaceuticals 
and metabolites have been evaluated in patients. The most frequently examined organs 
have been the brain and the liver, although heart, liver and extremity muscle, as well as 
bone marrow, have also been evaluated. Fluorine MR spectroscopy is able to measure both 
the relative and absolute concentration of administered fl uorinated compounds due in part 
to the lack of naturally occurring MR - visible fl uorine metabolites. However, the accuracy 
of  19 F MR assessments is critically dependent on the MR visibility of the compound, which 
in turn is determined by the spin – lattice (T 1 ) and spin – spin (T 2 ) relaxation properties as 
well as  in vivo  processes and interactions  [19, 20] . 

 A number of excellent review articles exist, including several that explain MR spec-
troscopy and detail the impact of MR spectroscopy in drug design and in preclinical 
studies, and others that provide overviews of human  in vivo  metabolism and pharmacoki-
netics measured by  19 F MR in fl uoropyrimidine compounds as well as in psychotropic 
compounds  [1, 3 – 5, 7 – 10, 59, 60 – 63] . In keeping with other facets of drug development, 
the number of  19 F MR clinical investigations is much smaller than the number of animal 
model, specimen, cell line, or solution experiments. 

 In this chapter, assessment of fl uorine - containing drugs using human  in vivo  fl uorine 
( 19 F) MR spectroscopy will be reviewed along with the technical challenges.  

  19.2    MR  Properties of  19  F   In Vivo  

 The fl uorine MR signal  in vivo  will depend upon both the fl uorine concentration and 
the compound ’ s MR visibility  [1, 3, 5, 7 – 9, 19, 20, 71] . Like protons,  19 F nuclei have spin 
½ with 100% natural abundance; however,  19 F has sensitivity of 83% relative to protons 
(see Table  19.1 )  [71] . Unlike protons, which are ubiquitous, there are no natural occur-
rences of MR - visible fl uorine at suffi ciently high concentration to be observed by MR in 
biological systems and hence there is no background fl uorine signal. Physiological fl uorine 
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is immobilized in bones and teeth, and is thus invisible to clinical or research MR imaging 
systems. The technology for obtaining  19 F MR spectra is identical to that for obtaining 
proton spectra, but the MR system must be equipped with fl uorine Larmor frequency -
 specifi c excitation and detection packages.   

 The frequency separation between resonances of different chemical species (chemical 
shift) varies linearly with the magnetic fi eld strength  [71]  and is commonly indicated rela-
tive to a reference compound in parts per million (ppm). Since chemical shift is a normal-
ized quantity, it has no dependence upon magnetic fi eld strength. For example, water 
protons resonate at 4.7   ppm relative to tetramethylsilane (TMS) and fat protons in CH 2  
and CH 3  groups resonate at about 1.4   ppm at every magnetic fi eld strength. However, at 
1.5 Tesla (T) the water and fat proton resonance frequencies are separated by about 220 
Hertz (Hz), and at 3   T they are separated by  ∼ 440   Hz. 

 The chemical shift range of fl uorine nuclei is over an order of magnitude larger than 
that of protons (see Table  19.1 ) because the fl uorine nucleus is surrounded by nine elec-
trons. Due to this large range, the fl uorine chemical shift is much more sensitive to the 
local environment than proton chemical shift. This means that fl uorine chemical shift 
changes are often observed when fl uorinated small molecules bind to proteins or receptors 
 [14 – 16, 20]  and it is important to investigate the compound under the experimental condi-
tions expected  in vivo . In particular, the potentially large shift difference between the free 
and bound species means that it is necessary to acquire  19 F MR spectra of the compound 
in plasma or a cellular suspension to evaluate the potential impact of associative com-
plexes, protein binding, or lipophilic interactions  [11, 14, 15, 23] . 

 Fluorine MR reference compounds are used for frequency and/or concentration stan-
dards and can also be used for monitoring chest motion due to breathing and thereby 
reducing motion artifacts (respiratory compensation)  [11] . A reference compound should 
have only one spectral resonance line and it is usually selected on the basis of the chemical 
shift (or chemical) similarity to the compound being evaluated (see Table  19.2 ). Since 
fl uorine chemical shifts span a wide range, there is no one compound that will be suitable 
for universal use as a reference compound. Many suitable reference compounds exist; the 
reader is referred to the  CRC Handbook of Basic Tables for Chemical Analysis   [22] . Often 
it is necessary to integrate the reference compound into the radiofrequency (RF) coil  [5, 
9, 11, 23 – 26, 28] ; in other cases, the reference can be the organ water content  [13, 25, 
68 – 70]  or intrinsically contained in the  19 F MR spectrum. If the reference compound is 
external to the patient, it is important to ensure that it is housed in an unbreakable vial 
that will not react with either the solvent or the reference compound, and that will 
not create a background signal. For respiration compensation the reference standard 

 Table 19.1     Nuclear spin properties of fl uorine compared with protons  [21, 22, 71]  

  Nucleus    Spin    Gyromagnetic 
ratio 

(rad   s  − 1    T  − 1 )  

  Larmor 
frequency, 
(MHz) at 

3.0   T  

  Natural 
abundance 

(%)  

  Sensitivity 
relative to 

 1 H  

  Chemical 
shift 

range 
(ppm)  

   1 H    ½    26.7519    127.7    99.98    1.0    16  
   19 F    ½    25.181    120.1    100    0.83    400  
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that performs best has a high concentration, whereas for quantitative analysis the best 
concentration would have similar peak amplitude to the administered compound  in vivo . 
The reference compound, its concentration, solvent, and temperature need to be reported 
in publications to enable the results to be reproduced.   

  19.2.1   Signal 

 For all MR imaging and spectroscopy applications, the signal - to - noise ratio (SNR) is 
directly proportional to the Larmor frequency and hence to the magnetic fi eld strength 
 [71] . This linear dependence motivates the use of high magnetic fi elds, because the greater 
SNR improves sensitivity and measurement precision. MR SNR also has a square - root 
gain achieved by increasing the number of acquisitions (or number of excitations, NEX). 
To increase the SNR by a factor of 2, the NEX and hence the acquisition time must be 
quadrupled. 

 SNR is particularly important in  19 F MR spectroscopy, because the maximum  in vivo  
concentration of fl uorinated drugs administered to humans is often only a few micromolar 
 [1, 11, 27 – 33] . In addition, patients can only tolerate about 60 – 90   min MR examinations, 
inclusive of patient and coil positioning, proton imaging localization, and magnet shim-
ming as well as the fl uorine spectroscopic acquisition. Today, whole - body MR systems 
for human examinations range from 0.2   T to 9.4   T, with most spectroscopy examinations 
performed between 1.5   T and 4   T. Based on trends over the past two decades, the magnetic 
fi eld strength will continue to increase in the future. This trend is part of the continuous 
drive to obtain higher spatial resolution motivated in part by pharmaceutical development 
 [16] , but also to detect lower  in vivo  concentrations with MR spectroscopy  [1, 5, 11, 
38] . 

 Development of high - fi eld MR is limited by safety concerns including exposure to 
magnetic fi elds  [34] , exposure to time - varying gradient fi elds  [58] , and RF power deposi-
tion  [35, 36] . Power deposition, also called specifi c absorption rate (SAR), is related to 
the potential increase in tissue temperature due to the RF exposure during acquisition. At 
low magnetic fi eld strengths, power deposition increases with the square of the magnetic 
fi eld  [35, 36, 37]  while at higher magnetic fi eld strengths the dependence on magnetic 
fi eld strength is lower  [36] . 

 There are other costs associated with utilizing high magnetic fi elds. In general, the 
price of the MR system increases linearly with the magnetic fi eld strength (e.g. ,  a 7   T 

 Table 19.2     Examples of potential  19  F  reference compounds (chemical shift measured 
relative to trifl uoroacetic acid) 

  Compound    Chemical shift (ppm)  

  Trifl uoroacetic acid (CF 3 CO 2 H)    0.0  
  Fluorobenzene (C 6 H 5 F)     − 34.0  
  2,5 - Difl uoro benzophenone (C 13 H 8 F 2 O)     − 41.0  
  Potassium fl uoride (KF)     − 44.0  
  Tricholorfl uoromethane (CFCl 3 )     − 78.5  
  Hexafl uorobenzene (C 6 F 6 )     − 87.3  
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whole - body MR system currently costs about twice that of a comparably confi gured 3   T 
MR system). In addition, the T 1  relaxation time is lengthened, the sensitivity to magnetic 
susceptibility is increased (e.g., the T 2  *  can be shorter), and the impact of chemical shift 
artifacts with spatial encoding is also increased. 

 The SNR and sensitivity gain at high magnetic fi elds (3   T and 4   T) has recently been 
shown to outweigh the disadvantages  [11, 38, 39] . However, optimization of the  19 F detec-
tion hardware and spectroscopic acquisition is important at any magnetic fi eld strength, 
since SNR improvement by up to a factor of 2 can result  [24, 71] .  

  19.2.2   Relaxation 

 Fluorine spins exchange energy through interactions with the surrounding proton and fl uo-
rine spins. Interactions through chemical bonds (spin – spin coupling) and over short dis-
tances through space (dipole – dipole coupling) are powerful relaxation mechanisms  [1, 
13 – 16, 71]  that are tissue specifi c. The T 2  relaxation time depends upon the rate of energy 
exchange between neighboring nuclei (spin – spin interaction). The T 1  relaxation time 
depends upon the time required for the spins to align with the magnetic fi eld, or equiva-
lently, the time required for the spins to transfer their energy to the surrounding nuclei. A 
critical aspect of both the spin – spin or transverse (T 2 ) and spin – lattice or longitudinal (T 1 ) 
relaxation processes is the local mobility of the structure containing the fl uorine nucleus. 
The T 2  relaxation times of small, rapidly tumbling molecules is generally long compared 
with T 2  relaxation times for large, slowly reorienting molecules such as proteins. As a 
result, the resonance lines in the MR spectra of small molecules, or of gas - phase com-
pounds, are much narrower than those from macromolecules or from small molecules that 
are bound to a receptor or proteins  [13 – 16, 20, 21, 23, 40, 71] . Conversely, the T 1  relaxation 
times of small, rapidly tumbling molecules should be proportional to the T 2  value and 
moderately long, whereas the T 1  relaxation times for large, slowly reorienting molecules 
such as proteins tend to be longer. 

 A second important mechanism for fl uorine spin – lattice and spin – spin relaxation is 
produced by the chemical shielding anisotropy (CSA)  [13, 14, 21, 71] . The magnetic fi eld 
experienced by a nuclear spin depends on both the electronic structure of the molecule 
and how easily the electrons can move in the molecular orientations. In addition, the CSA 
depends on how the molecule is oriented in the magnetic fi eld. Like spin – spin and 
dipole – dipole interactions, the CSA of small, rapidly tumbling molecules will be an aver-
aged value (the chemical shift). However, these tumbling motions cause fl uctuations of 
the local magnetic fi eld that lead to relaxation. Also slower reorientation, or an environ-
ment that restricts the molecular motion, will result in broader lines due to CSA. 

 Broad resonance lines, accompanied by T 1  relaxation times much longer than the T 2  
relaxation times, are indications that the fl uorine nucleus is in a restricted - mobility envi-
ronment  [14, 20, 21, 71] . The specifi c MR characteristics of a compound in its  in vivo  
state must be evaluated and the acquisition and analysis adjusted to account for the values 
of these characteristics prior to performing human  19 F spectroscopy studies. Effective T 2  
values (T 2  * ) that are shorter than 2   ms have spectra that are diffi cult to measure using 
whole - body MR systems. In general, acquisition of spectra that contain short T 2  *  - value 
species require the use of short ( < 0.5   ms) excitation RF pulses and careful attention 
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to minimizing the lost time between the end of the excitation pulse and the fi rst useful 
detection time point. Even when signal decay is sampled appropriately, short T 2  *  values 
can limit the ability to perform quantifi cation due to broader lines and reduced signal - to -
 noise levels. 

 The differences in local fl uorine environment are refl ected in the T 1   [20]  and T 2  *  
values reported in Table  19.3 . In theory, the trifl uoromethyl groups found in dexfenfl ura-
mine, fl uoxetine, fl uvoxamine, and nifl umic acid undergo less restrictive internal rotation 
and should also be less sensitive to their local environment than monofl uorinated aromatic 
rings such as in tecastemizole or 5 - FU. However, these compounds all have quite short 
 in vivo  T 2  *  values except for nifl umic acid  [12] . Because these T 2  *  values are signifi cantly 
shorter than those found in solution, it is fair to anticipate that all the compounds, except 
potentially nifl umic acid, interact with their environment. However, as demonstrated with 
fl uoxetine and FBAL (Table  19.3 ), reported T 1  values may vary considerably. This illus-
trates the diffi culty of making a robust  in vivo  T 1  measurement under conditions of low 
SNR and broad resonance lines  [8, 11, 12, 20, 24, 28, 31, 32, 35, 41 – 43, 50, 56, 68] . In 
addition, the variable bioavailability, due to the small number of patients generally evalu-
ated, compounds the measurement diffi culty.   

 Spin – spin coupling, dipole – dipole coupling, and CSA also have the potential to split 
and broaden the  19 F spectral lines, both which reduce the fl uorine signal amplitude and 
sensitivity. These mechanisms can also probe the chemical structure of complex molecules 
such as proteins  [13, 14, 15, 72] . If proton excitation and polarization transfer and/or 
decoupling sequences can be implemented  [1, 5, 13 – 16, 56] , increases in the  19 F SNR can 
be realized by removal of the two couplings. Spin – spin polarization transfer techniques 
such as those used for nuclear Overhauser effect (NOE) spectroscopy should be used 
judiciously and the acquisition parameters should be tuned  in vivo , because either signal 
decreases or increase can result  [2, 5, 13, 16, 56] . These dual - frequency (fl uorine – proton) 
methods can increase SNR and may provide additional information about structure and 
physiology as they have in liquid and solid - state samples in the laboratory setting  [13 – 15, 
71, 72] , but are RF energy intensive  [35, 36]  and SAR constraints may be encountered 
even at 1.5   T  [24] .  

  19.2.3   Spatial Localization 

 Proton MR spectroscopy has limited spatial resolution compared to morphological imaging 
due to low  in vivo  metabolite concentrations. In the clinic, morphological MR imaging 
has moderate spatial resolution, with typical two - dimensional (2D) acquisitions having 
3 – 5   mm slice thickness with in - plane resolution on the order of 0.3 – 0.5   mm    ×    0.3 – 0.5   mm. 
In clinical research, MR imaging is often a higher spatial resolution technique, with three -
 dimensional (3D) acquisitions having 0.5 – 1.5   mm slice thickness with in - plane resolution 
on the order of 0.25 – 0.5   mm    ×    0.25 – 0.5   mm. This relatively high spatial resolution can be 
achieved because the tissue proton concentration is approximately 55   M  [13] . However, 
since proton metabolite concentrations are 1 – 10   mM, voxel volumes of 1 – 10   cm 3  are 
required for proton MR spectroscopy at 1.5   T  [1] . Even at these high concentrations, the 
MR spectroscopic spatial resolution is poor compared with PET which can detect much 
lower concentrations  ∼ 10  − 12    M of the radiolabeled compound  [17] . In general, PET has 
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both higher spatial resolution ( ∼ 3 – 5   mm) and higher temporal resolution, which results 
from this higher sensitivity. Because of the potential for MR spectroscopic techniques to 
resolve metabolite resonances and assess the impact of multiple doses, this is a comple-
mentary modality to the PET kinetic information, even for fi rst - pass or single - dose 
assessments. 

 Since the human  in vivo  concentration of exogenous fl uorinated drugs is often in the 
micromolar range, spatial localization is often restricted to either the sensitive volume of 
the detection coil  [5, 9, 11, 27 – 33, 42, 45] , a single voxel in the organ of interest  [5] , or 
slabs of differing depth  [5, 23, 56] . However, should the  in vivo  fl uorine concentration be 
in the millimolar range, spatially localization using 2D or 3D chemical shift imaging (CSI) 
techniques become feasible  [5, 56] . If spatial localization is feasible, SNR can be traded 
off either for increased spatial resolution or for decreased acquisition time to achieve better 
temporally resolved spectra. 

 Surface RF coils (see Figure  19.1 ) are receiver coils (often made only of a loop of 
copper wire or tubing) that are placed directly over the organ of interest and have a sensi-
tive depth of detection that is approximately half the coil diameter  [5, 11, 15, 23] . If the 
region of interest is superfi cial, this approach works well. However, if the organ is deep, 
the subcutaneous fat and any other tissue within the coil ’ s sensitive volume may contribute 
to the detected signal. All surface coils suffer from inhomogeneous receive fi elds. If used 
to excite the nuclear spins, surface coils will also have spatially nonuniform excitation RF 
fi elds. This means that the same fl ip angle cannot be obtained throughout the coil ’ s sensi-
tive volume. The impact of the inhomogeneities is magnifi ed if the same coil is used for 
both excitation and detection. A larger (larger than the receive coil), more homogeneous 
excitation surface coil is preferred to minimize the impact of the nonuniform limited 
volume excitation RF fi elds  [5, 56] .   

 Transmit – receive surface coils are generally used for MR spectroscopic studies in 
organs other than the brain. If dual - frequency techniques such as NOE, polarization trans-
fer, or decoupling are to be utilized with surface coil excitation, or if relaxation time 
measurements are to be performed, RF pulses that are insensitive to spatial and amplitude 

(a) (b)

 Figure 19.1     Surface coils can be as simple as a loop of copper wire or tubing. They are 
placed directly over the organ of interest and have a sensitive depth of detection which is 
approximately half the coil diameter. Examples of surface coils that may be used for either 
transmit/receive or receive - only applications: (a) simple loop coil; (b) fi gure - eight coil. 
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inhomogeneity must be employed. Such RF pulses can have high power requirements and 
may encounter specifi c absorption rate (SAR) limitations. Brain  19 F MR spectroscopy 
generally utilizes a transmit – receive volume coil, which does not suffer nearly as much 
from RF fi eld spatial inhomogeneities; however, SAR is particularly of concern with dual -
 frequency sequences. 

 The inhomogeneity of the excitation RF fi elds from transmit – receive surface coils 
can be used to advantage for selecting a sensitive volume slab based on approximate dis-
tance from the coil. Limited spatial selectivity can be achieved by adjusting the fl ip angle 
to best select the depth of interest.  

  19.2.4   Metabolism, Binding, and Association 

 The signal intensity of an MR - visible fl uorinated compound is directly proportional to the 
number of fl uorine spins present, similarly to other spin ½ nuclei. However, a number of 
processes can restrict compound MR visibility and thereby impede quantifi cation from 
spectra. 

 The appearance of fl uorine MR spectra can change if exchange, binding, or metabo-
lism is present  [1, 9, 11, 14, 15, 19, 20, 23, 30 – 33, 42, 44, 59, 63, 68] . If the process is 
slow compared with the Larmor resonance frequency difference between the two states 
or species, then two distinct sets of resonances will be observed. However, if the process 
is fast compared with the difference in Larmor frequency, the spectrum will have a single 
resonance located at the weighted average of the chemical shifts of the two states or species 
 [14] . 

 Another common impact of  in vivo  processes is that the compound and its metabolic 
products or states will undergo line broadening  [1, 9, 11, 14, 15, 19, 20, 23, 30 – 33, 42, 
44, 62, 63] . When one or more compounds have broad spectral lines, measurement of drug 
metabolism  in vivo  may also be limited. Overlapping fl uorine resonances of the parent 
drug and those of active and inactive metabolites  [1, 11, 23, 41]  at magnetic fi eld strengths 
used for human MR spectroscopy may also occur, further confounding the results.   

  19.3   Applications of  In Vivo  Fluorine  MR  in Medicine and 
Drug Development 

 Prior to using  19 F MR spectroscopy on a new compound in the clinic, the potential and 
limitations should fi rst be explored  in vitro  and then in animals  [19, 20] . If quantitative 
fl uorine MR measures are desired, laboratory research may be needed prior to going into 
the clinic with a new compound to reveal any potential diffi culties that might be encoun-
tered  in vivo . Even with extensive pre - work, cross - species variation as well as selective 
organ uptake may lead to different amounts of MR - visible signal  [1, 31, 32, 41, 42, 44] . 
Without the proper preliminary  in vitro  studies, spectroscopic signal changes measured  in 
vivo  may be misinterpreted  [12, 41, 44] . 

 Examples of spectral changes obtained from laboratory solutions,  ex vivo  specimens 
and  in vivo  clinical measurements are shown in Figures  19.2 – 19.6  for tecastemizole 
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(Soltara ™ ), a monofl uorinated metabolite of the antihistamine astemizole (Hismanal) 
 [11] . The spectrum of tecastemizole (see Figure  19.2 ) and its primary metabolite, 2 -
 hydroxynorestemizole, are composed of a complex multiplet with several nonequivalent 
 1 H -  19 F couplings. At 7   T and in dimethyl sulfoxide (DMSO), the parent compound can be 
distinguished from the metabolites; however, the four known metabolites are co - resonant 
and cannot be differentiated. Since tecastemizole and its metabolites are all biologically 
active, the lack of spectral resolution does not adversely impact biodistribution measure-
ments. Ideally, separable  19 F MR resonances would be observed for the parent compound 
as well as its active and inactive metabolites. If they are not spectrally resolved,  in vivo  
measurement of fl uorinated drug metabolism by  19 F MR spectroscopy might have limited 
utility.   

F

(a)

(b)

N

N

N

H

H

–114.84 –114.86

1.00 1.57 1.40 3.02 1.400.64 2.24 0.98

–114.88 –114.90 –114.92 –114.94 –114.96 –114.98 ppm

N

 Figure 19.2     (a) Chemical structure of tecastemizole. All known metabolites also have the 
fl uorine atom in the  para  - position of the phenyl ring. (b) High - resolution, solution - state  19 F 
spectrum without proton decoupling at 7   T of tecastemizole in DMSO. 
  ( Source:  Schneider E, Bolo NR, Frederick B  et al. , Magnetic resonance spectroscopy for 
measuring the biodistribution and in situ in vivo pharmacokinetics of fl uorinated compounds: 
validation using an investigation of liver and heart disposition of tecastemizole,  J. Clin. Pharm. 
Ther.  (2006)  31 , 261 – 273. Copyright (2006) John Wiley & Sons. Reprinted with 
permission.)  
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 Interactions between compounds and tissue constituents may also interfere with 
detection by MR spectroscopy. In particular, compounds that interact with proteins and/or 
other cellular components will have altered T 1   [20]  and decreased T 2   [11]  relaxation times. 
In a bovine serum albumin (BSA) solution, protein interactions caused the tecastemizole 
 19 F linewidth to increase (i.e., T 2  *  and possibly T 2  decreased) and a 35% loss of total signal 
(integrated area) was found in addition to a small frequency shift. After introduction to a 
whole - blood solution (see Figure  19.3 ), protein binding also occurred, with 45% of the 
integrated signal being lost immediately and 70% of the integrated fl uorine signal gone in 
20 minutes. In a mixture of intact and disrupted human liver cells, an 85% loss of the  19 F 
integrated signal area from tecastemizole occurred within one hour due to interactions with 
the cellular components. Interactions between this compound with protein and cellular 
constituents were strong enough to increase the correlation time, thus causing line broad-
ening and an overall loss of integrated signal intensity compared with that observed in 
solution. 

 At 4   T, the fl uorine resonance frequency difference between tecastemizole and 2 -
 hydroxynorestemizole in isotonic saline solution was found to be 6.7   Hz and a linear 
response of the measured  19 F integrated signal (see Figure  19.4 ) was calibrated against 
analytically validated concentrations (see Figure  19.4 b). When incorporated into either a 
dog heart (see Figure  19.5 a) or liver, tecastemizole and its fl uorinated metabolites were 
co - resonant in a single broad resonance (T 2  *    =   1.4   ms; T 1    =   300   ms). A linear response of 

–115.6 –115.8 –116.0

(b)

(a)

–116.2 –116.4 –116.6

 Figure 19.3     Solution - state  19 F spectra at 7   T of 2.7   mM tecastemizole in a 50% whole blood 
solution. (a) The integrated fl uorine signal is only 45% of that measured in DMSO because 
of protein binding. (b) After 20   min, 70% of the integrated signal was lost. 
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 Figure 19.4     Typical phantom calibration curve measurement. (a)  19 F MR spectrum of com-
pound and reference standard: (left) tecastemizole; (right) potassium fl uoride. (b) Calibration 
curve of tecastemizole concentration measured analytically by LC - MS versus that measured 
using  19 F MR. 

integrated signal (area under the curve or AUC, see Figure  19.5 a - c) with tecastemizole 
total fl uorine measured using liquid chromatography – mass spectrometry (LC - MS) was 
found (see Figure  19.5 d) in the  ex vivo  specimen  [11] . The calibration curve presented in 
Figure  19.5 d, based on  ex vivo  spectroscopic measurements, provides a good indication 
that the  in vivo  compound visibility should be linear with concentration and that sequestra-
tion of the compound is not expected over the dose ranges investigated.  In vivo   19 F MR 
spectra were also similar to those measured in the  ex vivo  specimens: the parent compound 
resonance was unresolvable from that of its metabolites (see Figure  19.6 ), and the broad 
single resonance had similar relaxation times to that found  ex vivo  (see Table  19.3 ).  
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 Figure 19.5     Typical  ex vivo  specimen calibration curve measurements.  19 F MR spectra of 
 ex vivo  dog hearts at 4   T as a function of analytically measured tecastemizole concentration: 
(a) 1.1    m M; (b) 359    m M; (c) 2149    m M. (D) Calibration curve of the  ex vivo  specimen 
total fl uorine content measured analytically by LC - MS  versus  integrated AUC measured using 
 19 F MR. 

  19.4   Fluorine  MR  Spectroscopy in Cancer: Fluoropyrimidines 

 The impact of fl uorine MR spectroscopy as an  in vivo  analytical technique was demon-
strated by observations made with fl uorouracil (5 - FU) and has been the subject of excellent 
review articles  [3 – 5, 7 – 10, 46, 47, 59] . 5 - FU is an antimetabolite that has been used for 
over 45 years in the treatment of several common cancers; however, signifi cant side - effects 
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can occur, including cardiotoxicity and neurotoxicity. On the basis partly of evidence 
obtained by  in vivo   19 F MR spectroscopy, it was eventually hypothesized that the side -
 effects resulted from transformation of FBAL, the primary catabolic metabolite, into fl uo-
roacetate, which has known cardiotoxicity and neurotoxicity  [3 – 5, 7 – 10, 46] . To our 
knowledge there have been no new clinical  19 F MR studies published on fl uoropyrimidine 
drugs since the most recent review (2006)  [4] . For an extensive discussion of the clinical 
utilization of fl uoropyrimidine drugs (including 5 - FU), the metabolic pathway and modu-
lation by other medications, the reader is referred to these articles. 

 The metabolic pathways of 5 - FU and its prodrugs have been well characterized in 
the liver as well as in liver tumors and metastases by  in vivo   19 F MR spectroscopy. The 
liver and extrahepatic spaces catabolize 5 - FU, which is subsequently excreted in the urine 
 [3 – 5, 7 – 10, 46, 59] . Active metabolites (fl uoronucleotides) are created by anabolism in 
tumors. Even though clinical studies showed signifi cant individual subject variations  [3, 
5, 7 – 10, 26, 46, 47] , spectral characteristics such as resonance frequency, linewidth, relax-
ation time, and amplitude were not related to the therapeutic response. However, dynamic 
processes, specifi cally the accumulation and retention of 5 - FU in the tumor, were indica-
tive of response. Patients showing tumor half - lives of free 5 - FU of 20 minutes or longer 
observed in patients were characterized by Wolff  et al.   [47, 53]  as  “ trappers. ”  While over 
50% of the evaluated population were nontrappers, approximately 60% of the patients who 
responded to therapy were trappers  [3 – 5, 7 – 10] . 

 Use of  in vivo   19 F MR spectroscopy to directly measure the pharmocokinetics of 5 - FU 
in liver tumors and metastases enabled identifi cation of drug mechanism of action and 
investigation of tumor pathophysiology. Similar studies were undertaken to evaluate the 
ability of a range of medications to modulate the  in vivo  effectiveness of fl uorouracil and 
its prodrugs  [3 – 5, 7 – 10] . These studies have served as a model for other  in vivo  drug MR 

3000 2500 2000 1500 1000 500 0 –500 –1000
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 Figure 19.6      19 F MR spectrum of tecastemizole  in vivo  at 4   T from the liver of a normal human 
volunteer. 
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spectroscopic studies. In many respects, the analytic characterization of a potential 
responder has evolved into the concept of personalized medicine. 

 In  19 F MR examinations of patients with liver tumors or metastases, the receive coil 
sensitive volume typically encompassed the tumor, a signifi cant portion of normal tissue, 
and possibly surrounding organs (such as the gallbladder, spleen, kidney, etc.). Initial 
fi ndings of tumor trapping were based predominantly on large superfi cial liver tumors or 
metastases that were evaluated by a surface coil placed in close proximity to the tumor. 
However, since the sensitive region of the coil encompasses a considerable amount of 
normal liver tissue, unequivocal proof of drug retention by the tumor was not possible. 
This information required spatial localization and motivated technological improvements 
to increase SNR and resolve the problems associated with chemical shift artifact  [5, 24, 
38, 56, 59] . 

 Because of the relatively low concentration of 5 - FU metabolites  in vivo , it was chal-
lenging to perform volume - selective  19 F MR spectroscopy prior to technological advances. 
An average 2 - fl uoro -  β  - alanine (FBAL) concentration of 0.92    ±    0.26   mmol/kg liver for the 
fi rst 50   min post infusion was observed for doses varying from 750   mg to 2000   mg  [43] , 
with a mean maximum concentration of 1.31    ±    0.33   mmol/kg liver, or, in a separate study, 
1.0    ±    0.2   mM FBAL in the liver at 60    ±    10   min post infusion  [56] . 

 To detect 5 - FU metabolism in the different liver regions, single - voxel acquisitions, 
and 1D, 2D, or 3D chemical shift imaging (CSI) have been employed. CSI utilizes gradient 
magnetic fi elds for spatial localization, identical to imaging techniques. Because the fi rst 
gradient encoding (slab selection or 1D CSI) is based on frequency selectivity, the large 
Larmor frequency differences between the 5 - FU and its metabolites results in chemical 
shift artifacts along the slice select direction. This artifact means that the FBAL signal arises 
from a spatially different slice from where the 5 - FU signal originates. At 1.5   T, the spatial 
shift between 5 - FU and FBAL was 2.3   cm  [5] . Methods to circumvent chemical shift arti-
facts include frequency - selective excitation RF pulses or frequency selective presaturation 
RF pulses to isolate  19 F MR signal detection to only one chemical species  [48 – 50, 56] . 

 In spite of the challenge presented by low  in vivo  concentrations and the chemical 
shift artifact, spatially localized  19 F spectroscopy studies in the liver of patients receiving 
5 - FU chemotherapy enabled advancement of the understanding of 5 - FU metabolism and 
trapping. In addition, a catabolic resonance originating from the gallbladder was identifi ed 
 [57] , confi rming extrahepatic catabolism of 5 - FU. At 1.5   T, 2D CSI techniques with 8    ×    8 
localization voxel volumes of 6   cm    ×    6   cm    ×    4   cm (144   cm 3 ) were acquired in 12.8   min 
using a pulse repetition time (TR) of 60   ms and 12   800 excitations  [50, 56] . 3D CSI local-
ization with voxel volumes of 4   cm    ×    4   cm    ×    4   cm (64   cm 3 ) were acquired in 8.5   min using 
a TR of 1   s and 512 excitations  [50]  or in 45   min using a TR of 260   ms and 10   240 excita-
tions  [35] . Even smaller voxel volumes of 3   cm    ×    3   cm    ×    3   cm (27   cm 3 ) were achieved in 
45   min with double resonance ( 1 H –  19 F) spectroscopy and an 8    ×    8    ×    8 resolution 3D CSI 
acquisition  [50] . However, the long acquisition times (45   min) for the 27   cm 3  3D CSI 
acquisition precluded assessment of 5 - FU pharmacodynamics  in vivo . 

  In vivo  application of double resonance ( 1 H –  19 F) spectroscopic techniques  [50, 73, 
74] , including a combination of NOE and proton decoupling, have proved to increase 
SNR, which can be traded off for improved visibility or improved spatial or temporal 
resolution of fl uorinated compounds. The double resonance decoupling, NOE, and 
polarization transfer techniques used  in vivo  are similar to those used in solid state 
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 [71, 72]  and animal spectroscopic evaluations.  In vivo  challenges include transmit coil 
uniformity as well as high - power RF pulses that may limit duty cycle (TR) due to potential 
heating (SAR) concerns  [35, 36] . In addition, these techniques can only be used  in vivo  
when suffi cient signal (or suffi cient information) is present to correctly adjust the 
parameters. 

 Klomp  et al.   [24]  were able to double the SNR of their  19 F MR spectra at 1.5   T by 
systematically reducing the noise factor of each component in the signal detection of the 
MR system. With this increase, a 4   cm    ×    4   cm    ×    4   cm (64   cm 3 ) 3D CSI acquisitions were 
acquired in 4   min without polarization transfer or decoupling and these acquisitions were 
subsequently used to evaluate fi ve patients receiving 5 - FU chemotherapy for treatment of 
superfi cial and central liver metastases. The  in vivo  T 1  for 5 - FU in the liver following a 
bolus injection was 380    ±    80ms, which was considerably lower than in earlier publications 
(see Table  19.3 ). 

 A dramatic increase of  in vivo   19 F MR SNR (a factor of 1.3 – 3) was then again 
achieved by evaluating capecitabine metabolism in the liver at 3   T magnetic fi eld strength 
compared with 1.5   T  [38, 67] . At 3   T, the spectral resolution was also increased and allowed 
differentiation of the FBAL – bile acid conjugate  [57]  from the primary FBAL resonance. 
Due to increased SNR, which resulted both from use of optimized hardware and use of 
3   T technology, Klomp  et al.   [68]  were able to quantify the spatial distribution of 
capecitabine and its prodrugs (including FBAL) in the liver of patients with advanced 
colorectal cancer using a 3D CSI acquisition with 10    ×    10    ×    10 resolution in a 9   min 
acquisition (see Figure  19.7 ). This study found a nonhomogeneous spatial distribution of 
capecitabine and FBAL, in agreement with Li  et al.   [56] . The order of magnitude of the 
FBAL concentration  [68]  was also in agreement  [56] ; however, the other capecitabine 
metabolite concentrations differed signifi cantly. The fi nding of spatial heterogeneity of 
compound distribution and metabolism must be accounted for when  in vivo  concentrations 
are determined  [56, 68] .   

 Kamm  et al.   [26]  used the higher SNR  in vivo   19 F MR confi guration at 1.5   T  [24]  to 
examined the uptake and metabolism of 5 - FU modulated by trimetrexate in liver metas-
tases of colorectal cancer. All patients had one or more liver metastases of at least 2   cm 
diameter within 8   cm of the skin surface. These criteria enabled inclusion of patients with 
large superfi cial tumors, as well as patients with smaller metastases. Treatment response 
was assessed during week 6 of the fi rst chemotherapy cycle using unlocalized  19 F MR 
spectroscopy as well as before and after each 8 - week treatment cycle with either computed 
tomography or ultrasound. The patients were divided into two groups, those with a larger 
contribution of the  19 F signal from normal liver tissue (smaller tumors) and those with a 
smaller contribution (larger tumors). In patients with larger tumors, a correlation was found 
between increase in tumor size and the catabolite FBAL concentration, and the poorer 
response to treatment was hypothesized to be correlated with higher degradation of 5 - FU 
into catabolites. However, this relationship was not found when smaller tumors were 
studied  [26] . It is unclear whether these discrepant results were found because of the large 
contribution of anabolic signal from the liver (e.g.   partial volume effects due to lack of 
spatial localization) or because of true differences in tumor drug metabolism. In addition 
to examining patients with smaller liver metastases, the  19 F measurements were performed 
after 5 weeks of chemotherapy and were timed to potentially detect only tumor cells 
refractory to 5 - FU  [26] . 
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 In addition to 5 - FU, its fl uorinated prodrugs such as gemzar, fl oxuridine, capecitabine, 
tegafur uracil, etc. have also been evaluated using  19 F MR spectroscopy, at least in the 
laboratory or in animal models  [3, 7 – 10] . Improved effi cacy of 5 - FU has been achieved 
by using it in combination with other medications that either modulate its uptake 
or/and increase its metabolism.  19 F MR has been used to measure the modulation of 5 - FU 
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 Figure 19.7     Distribution of capecitabine and its metabolite FBAL in the liver of a patient 
treated with oral capecitabine at 3   T. (a) Spatially localized  19 F MR CSI spectra overlaid on 
the axial proton image of the liver acquired using the same surface coil. (b) and (c) Color 
depiction of distribution of FBAL in the axial plane and capecitabine in the coronal plane, 
respectively. (d) and (e) Distribution of FBAL in the coronal and axial planes, respectively, 
depicted by CSI spectra. (f) Distribution of water signal in the axial plane. See color plate 
19.7. 
  ( Source:  Klomp D., van Laarhoven H., Scheenen T.,  et al.  Quantitative  19 F MR spectroscopy 
at 3   T to detect heterogeneous capecitabine metabolism in human liver,  NMR in Biomedicine  
(2007)  20 , 485 – 492. Copyright (2007) John Wiley & Sons. Reprinted with permission.)  
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metabolism and tumor half lives by a range of compounds including metholtrexate, 
 α  - interferon and Leucovorin  [3, 7 – 10] .  

  19.5   Fluorine  MR  Spectroscopy in Neuropharmacology 

 MR - visible fl uorinated compounds that can be measured in the human brain comprise a 
large number of psychiatric medications including most of the serotonin - specifi c reuptake 
inhibitors (SSRIs) such as fl uoxetine (Prozac ® )  [1, 28, 41] , as well as pharmaceuticals 
with mechanisms of action outside the central nervous system such as dexfenfl uramine 
(fen - phen, a serotoninergic anorectic drug)  [1, 31] . A recent review  [1]  covers the impact 
of MR spectroscopy in psychiatry. 

 In some compounds with long elimination half - lives, such as fl uoxetine, the plasma 
concentration reaches steady - state levels after 4 – 5 weeks of dosing. As a result of 30 days 
of dosing at 40   mg/day, plasma concentrations of fl uoxetine and its active metabolite, 
norfl uoxetine, are in the range 91 – 302   ng/mL and 72 – 258   ng/mL, respectively  [51] . The 
total fl uorine serum concentration is thus 1.5 – 5.4    µ M. However, tissue accumulation 
occurs with many fl uorinated compounds, in part due to their lipophilicity and pH trapping 
in acidic vesicles in the brain  [1] , and allows the fl uorine concentration to be in a range 
detectable using MR spectroscopy  [1, 33] . Even with tissue accumulation, the vast major-
ity of brain  19 F MR spectroscopy assessments are unlocalized (i.e., the entire brain is 
contained within a transmit/receive volume coil)  [27 – 33, 41, 42, 45]  due to low  in vivo  
fl uorine concentrations. 

 Since MR spectroscopy detects signals from unbound forms of fl uorinated drugs, 
tissue accumulation in which the drug is bound may pose compound visibility problems. 
For example, fl uoxetine is known to undergo extensive protein binding (94.5%)  [1, 51] , 
whereas dexfenfl uramine/dexnorfenfl uramine have more moderate protein binding (36%) 
 [52] . Despite moderate protein binding in solution,  in vivo  binding was not found for 
dexfenfl uramine/dexnorfenfl uramine. The  in vivo   19 F MR concentration in the brain was 
compared with that determined post - mortem by LC - MS  [31, 44] . In these primate experi-
ments, dexfenfl uramine/dexnorfenfl uramine was found to be fully detectable  in vivo . In 
contrast, signifi cant fl uoxetine binding and MR invisibility in the brain were found from 
an autopsy of a patient who received 40   mg/day  [32] . However, in the latter study  [32]  the 
tissue was not preserved cryogenically but was fi xed in formalin for 2 weeks prior to per-
forming the  19 F MR measurement. Potential changes in the cellular environment caused 
by use of formalin  [32]  raise questions about the accuracy of  “ bound fraction ”  of fl uoxetine 
measured post - mortem. 

 Strauss and Dager  [42]  also measured the relative contribution of unbound versus 
bound fl uoxetine and metabolites to the  19 F MR visible signal  in vivo  in the human brain 
by applying magnetization transfer methods to acquire  19 F MR spectra. Signals from the 
bound form of fl uoxetine/norfl uoxetine were found to be approximately 14.2% of those 
detected from the unbound form  [42] . A similar binding or interaction between fl eroxacin 
in plasma  in vitro  and in tissue  in vivo  was found  [23] . Understanding the nature and 
characteristics of the  in vivo  spectrum was a prerequisite for quantitation of the resultant 
fl eroxacin  19 F spectra. 
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 While Christensen  et al.   [31, 44]  clearly demonstrated that  in vivo   19 F MR spectros-
copy can provide reliable drug concentration estimates in the brain, the brain to serum 
drug ratios may vary widely between species  [1, 31] . For irrefutable determination of MR 
visibility of a compound, an  in vivo   19 F MR spectroscopy study must be performed either 
with organ biopsy or with sacrifi ce and necropsy, for drug concentration correlation. Such 
validation studies need to be planned and performed carefully since the method of tissue 
handling can dramatically infl uence results. Karson  et al.   [41]  reported that levels of drug 
detected in formalin - fi xed, postmortem brain tissue from a single subject were much lower 
than the level of drug detected immediately following extraction. For neuropharmaceuti-
cals,  19 F MR spectroscopy may provide one of the only direct  in vivo  measurement of 
drugs and their metabolites in the target organ. 

 Sassa  et al.   [2]  used  in vivo   19 F MR to evaluate the haloperidol decanoate intramus-
cular injection site in four well - controlled schizophrenia patients. An initial MR assess-
ment of the deltoid muscle with a 15   cm diameter surface coil was performed immediately 
after injection with subsequent measurements at 1 and 2 weeks later. For comparison, 
haloperidol plasma concentrations were analyzed with high - performance liquid chroma-
tography at the same time (half - life 3 weeks). A broad fl uorine signal was detectable up 
to 16 days post injection. The fl uorine signal decreased during the fi rst week and 
then appeared to stabilize; this decline was much faster than expected based on the increase 
in plasma concentration. The local distribution of haloperidol was assessed with 2D 
CSI on the day post injection, but the signal was too low for CSI after 8 days. On day 1, 
fl uorine CSI could detect the drug ’ s oil carrier, but the oil was not visible on proton 
imaging.  

  19.6   Fluorine  MR  Spectroscopy for Measuring Biodistribution 

 Long - term sequestration of fl uorinated psychotropic compounds has been found by  19 F 
MRS at 3   T in peripheral tissue several months after cessation of treatment  [39] . The high -
 fi eld - strength (3   T) MR system signifi cantly enhanced the ability to detect the compound -
 specifi c resonance in the lower limbs of patients with major depressive disorder treated 
with fl uoxetine or fl uvoxamine.  19 F MR CSI several months after complete disappearance 
of compound signal from the plasma and brain  [27]  suggested that the post - drug with-
drawal signal originated from bone marrow (see Figure  19.8 ). Mean  in vivo  concentrations   
of the trifl uorinated compounds in the lower - extremity bone marrow, estimated by an 
external reference standard, were 38    ±    17    µ M for fl uoxetine and 40    ±    17    µ M for fl uvox-
amine  [39] .   

 Conversely, long - term accumulation of tecastemizole in the liver was not found. After 
8 days of tecastemizole treatment at a daily dose of 270mg,  19 F MR signal was found in 
the livers, but not the hearts, of healthy volunteers with a concentration range of 2 – 30    µ M 
 [11] . In contrast to the psychotropic compounds, no fl uorine signal was found in the liver 
after 28 days of washout, suggesting that tecastemizole and its fl uorinated metabolites 
were eliminated from liver. 

  19 F MR spectroscopy has also been used for evaluation of the short - term accumulation 
and elimination of nifl umic acid, a nonsteroidal anti - infl ammatory drug (NSAID), in the 
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liver  [12] . At about 55   min following oral administration, the parent compound was visible 
in the liver. After about 127   min, at least one MR - visible metabolite compound was also 
visible in the liver. The trifl uorinated parent compound and its MR - visible metabolite both 
had linewidths of 30   Hz (T 2  *   ∼ 33   ms). An external standard was used to estimate  in vivo  
concentrations of the two compounds, with the minimum detectable concentration for 
nifl umic acid of 1.4    µ M (4.2    µ M in fl uorine). The standard deviation for the concentration 
measurements was estimated to be  ± 40 – 50% across the detected range (4.2 – 376    µ M in 
fl uorine). The rapid compound visibility, as well as the narrow  in vivo  fl uorine linewidth 
suggest that the nifl umic acid and metabolites may have been located in plasma rather 
than in tissue. 

 Payne  et al.   [13]  used  19 F MR to measure the hepatic concentration of sitafl oxacin, 
a fl uoroquinolone antimicrobial agent. Elevated liver enzymes have been reported after 
use of sitafl oxacin, even though it is eliminated predominantly by renal excretion ( > 99%). 
This evaluation was to determine whether drug accumulation in the liver occurs. Sitafl oxa-
cin has two nonequivalent fl uorines ( cis  - oriented (1 R ,2 S ) - 2 - fl uorocyclopropylamine 
moiety) with resonances separated by 92   ppm. The experiments were focused only on one 
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 Figure 19.8     Distribution of fl uvoxamine at steady - state concentration in the brain of a vol-
unteer measured by  19 F MR CSI at 3   T. (a) Spatially localized  19 F MR CSI spectra overlaid on 
the axial proton image of the brain and including the external reference sample.  19 F spectra 
of a voxel containing (b) the background (e.g. ,  no structure and no signal), (c) posterior brain 
tissue, and (d) external reference compound (trifl uoroethanol). The density of the compounds 
is refl ected by peak amplitude and area under the curve (AUC). 
  ( Source:  Reprinted by permission from Macmillan Publishers Ltd from Bolo, N. R., Hode, Y., 
Nedelec, J. F.,  et al.  Brain pharmacokinetics and tissue distribution in vivo of fl uvoxamine and 
fl uoxetine by fl uorine magnetic resonance spectroscopy.  Neuropsychopharmacology  (2000) 
 23 , 428 – 438.)  
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resonance with smaller  1 H –  1 F splitting and longer T 2  *  and T 1  values. The calculated liver 
half - life from the patients with evaluable fl uorine spectroscopic data was 5.85    ±    5.3   h 
compared with 5.9    ±    0.7   h in plasma. Because of the large liver standard deviation, it is 
possible that there was a difference between liver and plasma half - lives; however, these 
study subjects were not found to have any signifi cant changes in liver enzymes. It was 
concluded that there was no evidence of hepatic accumulation of sitifl oxacin  [13] . 

 Seddon  et al.   [25]  examined the pharmacodynamics of a tissue hypoxia probe (SR -
 4554) in a phase 1 dose escalation study. Three patients, with tumors of at least 3   cm 
diameter within 4   cm depth from the skin surface, underwent unlocalized  in vivo   19 F MR 
spectroscopy at 1.5   T to determine whether SR - 4554 could be detected. Fluorine signal 
was detected in all patients immediately after the intravenous infusion, in the highest 
two doses within 8   h ( ∼ 2.5 times the mean plasma half - life), and no signal was detected 
even at the highest dose at 27.5   h ( ∼ 9.5 plasma half - lives). The tumor concentration of 
SR - 4554 in the tumor was of the same order as the plasma concentration; hence it is 
unclear whether the fl uorine signal represented tumor blood fl ow or uptake by the tumor 
 [25] . 

 Long term  in vivo  biodistribution and metabolism cannot be measured using radio-
pharmaceuticals. MR spectroscopy and tissue biopsy remain the only choices for investi-
gating the long - term disposition of pharmaceuticals. While challenging, deep tissue  in vivo  
biodistribution and metabolism can be measured over time using  19 F MR after multiple 
doses, after the initial washout phase, and noninvasively.  

  19.7   Analysis of  In Vivo   19  F   MR  Spectra 

 Considerable processing must occur following collection of the MR signal decay (free 
induction decay or FID) and careful attention must be paid throughout the steps. Each step 
has the potential to alter the ability to quantify the signal based on the assumptions made 
and the rigor with which the parameters are chosen and applied. 

 First, either a Lorentzian or Gaussian fi lter is applied to the FID to reduce the amount 
of noise. The choice of lineshape will depend on the shape of the frequency domain spec-
trum, the lineshape is related to how the fl uorine spins interact with their environment. 
The fi lter linewidth is generally similar to or slightly less than the T 2  *  value (T 2  *  can be 
estimated from the spectral linewidth). After application of the time domain fi lter, a fast 
Fourier transform (FFT) is performed. The resultant frequency domain spectrum will then 
need to undergo phase adjustment to obtain a pure absorption spectrum. The amount of 
receiver dead time (time lost between the end of the excitation pulse and the fi rst useful 
detection time point) will determine the presence and extent of baseline artifact present as 
well as how diffi cult phase adjustment will be to accomplish. 

 Each resonance in the  in vivo  frequency domain spectrum is then fi tted to either a 
Gaussian or Lorentzian lineshape. The fi ts of the individual resonances are separately 
integrated to achieve an area under the curve (AUC). By using a reference for calibration 
and accounting for different relaxation rates on the integrated AUC, it is possible to obtain 
either relative or absolute concentration from  in vivo   19 F MR spectroscopy  [1, 5 – 7, 11, 12, 
23, 25, 27, 28, 39, 68 – 70] . 



516 Fluorine in Medicinal Chemistry and Chemical Biology

 Accounting for different T 2  *  and T 1  relaxation times of the different resonances cor-
rects for signal loss due to incomplete T 1  relaxation of the fl uorine spins. This step is 
required if the T 1  of the compound and reference differ and if the TR is less than 5 multiples 
of the longest T 1  value. In addition, signal from short - T 2  *  species require correction for 
signal loss owing to the time between the midpoint of the excitation pulse and the start of 
the fi rst useful detection time point. 

 To obtain normalized MR signal, the compound/metabolite resonance AUC is divided 
by the AUC of a reference compound. A linear response of  19 F MR integrated signal 
intensity as a function of concentration (see Figure  19.5 d) has been shown  [5, 11, 43, 46] . 
Alternatively, it is also possible to normalize the  19 F MR spectral resonances to the proton 
water resonance because the water content of liver is estimated to be  ∼ 75% at 55   M  [13, 
25, 68 – 70] . 

 To derive absolute organ concentrations from the raw spectral data, it is necessary to 
segment the organ of interest and to account for the effect of the  19 F coil sensitivity profi le 
 [5, 11, 23, 28, 43, 56, 69, 70] . Several additional experiments are required to perform this 
calculation. If the coil is tuned to both proton and fl uorine resonance frequencies  [13, 25, 
68 – 70] , direct measurement of coil sensitivity for both  1 H and  19 F is needed. This method 
is preferable at high magnetic fi eld strength due to tissue - specifi c dielectric resonance  [35]  
and RF power absorption  [36] . The relaxation time corrected AUCs of the proton CSI 
spectra are then used to normalize the  19 F spectra. With either reference method, for quality 
assurance and for accuracy estimates, the transmit – receive sensitivity of the  19 F RF coil 
is mapped using a low - fl ip - angle proton 3D acquisition on a uniform phantom. 

 For external reference sample methods, a further step is required whereby the 
AUC of the  19 F MR signal using the same coil on a series of different concentration 
phantoms (see Figure  4 B) is used to help determine the absolute fl uorine calibration 
concentration. Then, for each subject these maps are aligned with the segmented images 
to calculate the effective volumes of the target organ. The normalized signal multiplied 
by the slope of the calibration curve and divided by the effective organ volume will 
provide the absolute organ concentration. The key to successful phantom calibration 
is to ensure that coil tuning and matching on the patients is identical to that on the 
phantoms. 

 Within the previously described limitations of co - resonant metabolites and parent 
compounds  [11, 41] , few studies have measured the accuracy of  in vivo   19 F MR concentra-
tion determination because of the need for a tissue sample. However accuracy measure-
ments have been made for other spin - ½ nuclei in other species (for example,  31 P  [69] ) and 
found no signifi cant difference. Even with preclinical preparation and clinical quality 
control, SSRIs have been documented to be underestimated by  in vivo   19 F MR spectros-
copy due to their protein interactions. Strauss and Drager  [42]  estimated the MR - invisible 
component of fl uoxetine/norfl uoxetine to be 14.2%. In primates, with the external refer-
ence sample method, Christensen  et al.   [44]  measured the accuracy of brain  19 F MR con-
centration determination of dexfenfl uoramine/norfenfl uoramine concentrations. In contrast 
to SSRIs, they  [44]  determined that the MR concentrations of dexfenfl uoramine/norfen-
fl uoramine were greater than or equivalent to, but in all cases within one standard deviation 
of, those measured using gas chromatography. In addition to carefully designed and exe-
cuted   19 F MR examinations, quality assurance throughout the experiment, preliminary  in 
vitro  and preclinical animal experiments are needed to help interpret  in vivo  spectroscopic 
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signal changes in multiple investigations  [23, 31, 32, 41, 42, 44] . The accuracy of quanti-
fi cation will always be best at the highest SNR levels.  

  19.8   Conclusions and Perspectives 

  In vivo   19 F MR spectroscopy has been shown to be a highly specifi c, noninvasive tool for 
identifying and monitoring fl uorinated compounds and metabolites. This technology is 
complementary to other structural and functional imaging tools, and often a combination 
of approaches is required to address specifi c questions. Although almost all  19 F MR exami-
nations are limited by the relatively low SNR of the spectra, fl uorine MR spectroscopy 
has a unique role in clinical research applications and can provide a direct measurement 
of drug uptake in tissue. 

 While  in vivo   19 F MR has provided unique insight into fl uoropyrimidine metabolism, 
most spectroscopic studies have limited numbers of patients and thus are subject to poten-
tial bias due to the variability in individual biometabolism. The small number of subjects 
can further limit generalization of the results to a larger population. In addition, studies of 
deep tissues or small lesions are challenging using  19 F MR spectroscopy because they 
cannot be adequately evaluated using surface coil techniques and the low signal levels 
preclude use of a volume coil. 

 The number of facilities capable of performing  in vivo   19 F MR spectroscopy is 
limited, in part due to the substantial hardware and software requirements associated with 
data acquisition and analysis. Because there is no reimbursement for MR spectroscopic 
examinations in the United States  [54, 55] , the number of clinical applications will con-
tinue to lag behind development of structural MR imaging. 

 Instrumentation improvements for  19 F and other multinuclear MR spectroscopy 
examinations have focused on increasing the SNR using similar technologies that proved 
valuable in clinical MR imaging. SNR gains are sought both to obtain higher spatial reso-
lution  [16]  and to detect lower  in vivo  concentrations with MR spectroscopy  [1, 5, 11, 38] . 
Increases in SNR have been achieved by performing spectroscopic examinations at higher 
magnetic fi eld strengths, usually 3   T or 4   T  [11, 38, 39] , and by optimizing the detection 
hardware  [24] . Detection systems for multinuclear MR spectroscopy now use digital 
receivers and frequency - specifi c components including tuned preamplifi ers and switches 
 [11, 24] . 

 On the basis of trends over the past two decades, the availability and utilization of 
higher strength magnets should continue to increase, and thus increases in SNR will con-
tinue to be realized in the future. As lower - noise components become available and are 
incorporated into the receiver chain, incremental SNR gains will also be achieved. Use of 
cooled receivers and high - temperature superconducting coils  [64]  may also be of interest 
to gain SNR for low - gamma nuclei that resonate at low frequencies. In addition, use of 
phased - array detection coils  [65]  or  in situ  detection coils such as endovascular coils  [66]  
may further improve SNR, depending upon the anatomical target. Interestingly, the  19 F 
MR spectroscopic signature has been recently used in the laboratory setting as a valuable 
tool for identifying potentially counterfeit or otherwise illegally manufactured pharmaceu-
ticals such as those with lower than advertised concentrations of active ingredient  [67] . 
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 In spite of the challenges, the  in vivo  biodistribution as well as absolute concentrations 
of fl uorinated compounds can be measured noninvasively using  19 F MR. Human studies 
require careful planning and knowledge of the interactions of the molecules with the 
environment  in vivo . All compounds should be assessed for the extent of protein binding, 
compound sequestration, or compartmentalization prior to going into the clinic  [1, 11, 20, 
31, 41, 42] . With a modest amount of preparation and planning, assessment of individual 
drug and metabolite levels is feasible using  19 F MR, as is measurement of the pharmaco-
kinetics and pharmacodynamics. Since long - term  in vivo  biodistribution cannot be mea-
sured using radiopharmaceuticals, MR spectroscopy and tissue biopsy remain the only 
choices for investigating the disposition of pharmaceuticals. Due to the widespread use of 
fl uorinated compounds in medicine, fl uorine MR spectroscopy is a useful noninvasive 
method for assessing absorption, biodistribution, metabolism, and excretion during the 
drug development process because  19 F MR allows repeat measurement and accurate  in 
vivo  evaluation of metabolism of fl uorine - containing compounds.  
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 Appendix 

 Approved Active Pharmaceutical 
Ingredients Containing Fluorine  

  Elizabeth   Pollina Cormier ,  *      Manisha   Das  , and   Iwao   Ojima        

 The following tables list drugs containing fl uorine that have been approved by the U.S. 
Food and Drug Administration (FDA) for use in either humans or animals. For human 
products, we used the FDA Orange Book, 27th edition ( http://www.fda.gov/cder/orange/ ), 
which covers drug products approved under Section 505 of the Federal Food, Drug, and 
Cosmetic Act up to 2007. Thus, the updated version may include more fl uorine - containing 
drugs. Specifi cally, sections 3.0, 4.0, and 6.0, covering prescription, OTC, and discontin-
ued drug products, respectively, were considered. Information was verifi ed for complete-
ness using the Electronic Orange Book ( http://www.fda.gov/cder/ob/ ), which is updated 
on a monthly basis, as well as Drugs@FDA ( http://www.accessdata.fda.gov/scripts/cder/
drugsatfda/ ). 

 For veterinary products, we used the FDA Green Book ( http://www.fda.gov/cvm/
Green_Book/elecgbook.html ), which covers animal drug products approved under section 
512 of the Federal Food, Drug and Cosmetic Act up to 2007. Thus, the updated version 
may include more fl uorine - containing drugs. Sections 2 and 6 containing active ingredient 
and voluntary withdrawals were reviewed to compile the relevant compounds. Information 
was elaborated with the Database of Approved Animal Drugs ( http://dil.vetmed.vt.edu/ ) 
as well as the Freedom of Information (FOI) Summaries ( http://www.fda.gov/cvm/FOI/
foidocs.htm ). 

 Other chemical information was obtained from: 

 *  Dr. Cormier ’ s contribution was performed on her own time, and does not represent offi cial policy or views of the U.S. 
Food and Drug Administration. No offi cial support or endorsement by the FDA is intended or should be inferred. 
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   •      National Library of Medicine ’ s ChemIDplus ( http://chem.sis.nlm.nih.gov/chemidplus/
chemidlite.jsp )  

   •      National Center for Biotechnology Information ’ s PubChem ( http://pubchem.ncbi.nlm.
nih.gov/ )  

   •      The Merck Index ( http://themerckindex.cambridgesoft.com )   

     Section 1       Fluorine - containing Drugs for Human Use Approved by FDA in the United 
States  

    Section 2       Fluorine - containing Drugs for Veterinary Use Approved by FDA in the United 
States    

            



 Section 1.   Fluorine - containing Drugs 
for Human Use Approved by  FDA  

in the United States     
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Alatrofl oxacin Mesylate/ 
    Trovan  

  7 - [(1 R ,5 S ) - 6 - [[(2 S ) - 2 - [[(2 S ) - 2 -
 amino - propanoyl]amino]
propanoyl]amino] - 3 -
 azabicyclo[3.1.0]hexan - 3 - yl] - 
1 - (2,4 - difl uorophenyl) - 6 - 
fl uoro - 4 - oxo - 1,8 - 
naphthyridine - 3 - 
carboxylic acid; 
methanesulfonic acid  

  

F

F N

O
HO

O

N

F

N

N
H

O
H
N

O NH2

S
O

O

OH

    

  Amcinonide  

  pregna - 1,4 - diene - 3,20 - dione, 
21 - (acetyloxy) - 16,17 -
 [cyclopentylidenebis (oxy)] 
 - 9 - fl uoro - 11 - hydroxy - ,(11 β , 
16 α )  

  

O

O

O

HO
H

F H
O

O
O

    

  Aprepitant/ 
    Emend  

  5 - [[(2 R ,3 S ) - 2 - [(1 R ) - 1 - [3,5 - bis - 
(trifl uoromethyl)phenyl]
ethoxy] - 3 - (4 - fl uorophenyl) - 4 - 
morpholinyl]methyl] - 1,2 - 
dihydro - 3H - 1,2,4 - triazol - 3 - one  

  

HN

N

H
N

N

OO

O

F

CF3

CF3

    

  Atorvastatin Calcium/ 
    Lipitor 
    Caduet  

  [ R  - ( R  * , R  * )] - 2 - (4 - fl uorophenyl) -
  β ,  δ  - dihydroxy - 5 - (1 - 
methylethyl) - 3 - phenyl - 4 - 
[(phenyl - amino)carbonyl] - 
1 H  - pyrrole - 1 - heptanoic 
acid,calcium salt (2   :   1) 
trihydrate  

  

NHC

O

N

OO

HO

HO

F

2

Ca2+

3H2O

    

  Bendrofl umethiazide/ 
    Corzide  

  3 - benzyl - 5,5 - dioxo - 9 -
 (trifl uoromethyl) - 5 λ  6  - thia -
 2,4 - diaza - bicyclo[4.4.0]
deca - 7,9,11 - triene - 8 - 
sulfonamide    

N
H

HN
S

O O
S

CF3

NH2
O

O
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 27 H 29 F 3 N 6 O 8 S    Anti - infective agent    Injectable    157605 - 25 - 9    Dec. 1997/ 
 Pfi zer  

  C 28 H 35 FO 7   

  Anti - infl ammatory 
agent 

 Antipruritic agents 
 Glucocorticoid  

  Topical cream, 
lotion and 
ointment  

  51022 - 69 - 6  
  Oct. 1979/ 
 Altana 
 Taro Pharm Inds  

  C 23 H 21 F 7 N 4 O 3     Antiemetic    Oral capsule    170729 - 80 - 3    March 2003/ 
 Merck  

  (C 33 H 34 FN 2 O 5 ) 2 Ca    
⋅    3H 2 O  

  Anticholesteremic 
agent    Oral tablet    344423 - 98 - 9    Dec. 1996/ 

 Pfi zer  

  C 15 H 14 F 3 N 3 O 4 S 2   
  Diuretic 
 Anihyertensive agent    Oral tablet    73 - 48 - 3  

  May 1983/ 
 King Pharms 
 Impax Labs  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Betamethasone Benzoate/ 
    Uticort   ∆     

  [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,
16 S ,17 R ) - 9 - fl uoro - 11 - 
hydroxy - 17 - (2 - hydroxy -
 acetyl) - 10,13,16 - trimethyl - 
3 - oxo - 6,7,8,11,12,14,15,16 - 
octahydro - cyclo - penta[a]
phenanthren - 17 - yl] benzoate  

  O

HO

H

OH

O
O

F

O

    

  Betamethasone 
 Dipropionate   V   / 
    Diprolene 
    Lotrisone 
    Taclonex  

  [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,
6 S ,17 R ) - 9 - fl uoro - 11 - 
hydroxy - 10,13,16 - trimethyl - 
3 - oxo - 17 - (2 - 
propanoyloxyacetyl) - 6,7,8,
11,12,14,15, 16 -
 octahydrocyclo -
 penta[a]phenanthren - 17 - yl] 
propanoate    O

HO

H

O

O

O

O

F

O

    

  Betamethasone Sodium 
Phosphate   V   / 

    Celestone Soluspan  

  [2 - [(8 S ,9 R ,10 S ,11 S ,13 S ,
14 S ,16 S ,17 R ) - 9 - fl uoro -
 11,17 - dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 6,7,8,11,
12,14,15,16 - octahydrocy -
 clopenta[ a ]phenanthren - 
17 - yl] - 2 - oxo - ethyl]
phosphate  

  O

HO

H

O

P

O

O

OH

F

O
O

Na

Na

    

  Betamethasone Valerate   V   / 
    Luxiq 
    Valnac 
    Beta - Val 
    Dermabet  

  (1) pregna - 1,4 - diene - 3,20 -
 dione, 9 - fl uoro - 11,21 -
 dihydroxy - 16 - methyl - 17 - 
[(1 - oxopentyl)oxy] - , (11 β , 
16 β ) - ; (2) 9 - fl uoro - 11 
 β ,17,21 - trihydroxy - 16  β  -
 methylpregna - 1,4 - diene -
 3,20 - dione 17 valerate  

  O

HO

H

OH

O
O

F

O

    

  Betamethasone/ 
    Celestone  

  9 - fl uoro - 11,17 - dihydroxy -
 17 - (2 - hydroxyacetyl) -
 10,13,16 - trimethyl - 6,7,8,9,10,
11,12,13,14,15,16,17 -
 dodecahydrocyclopenta
[ a ]phenanthren - 3 - one  

  O

HO

F H

H

OH

O
OH
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 29 H 33 FO 6     Glucocorticoid  
  Topical cream, 

gel, lotion, and 
ointment  

  22298 - 29 - 9    Prior to 1982/ 
 Parke - Davis  

  C 28 H 37 FO 7   
  Anti - infl ammatory 

agent 
 Glucocorticoid  

  Topical cream, 
gel, lotion, and 
ointment  

  5593 - 20 - 4  

  Prior to 1982/ 
 Actavis Mid  

Atlantic 
 Fougera 
 Taro 
 Teva 
 Perrigo New York 
 QLT USA 
 Schering 
 Schering  

Plough Res  

  C 22 H 28 FNa 2 O 8 P        Injectable    151 - 73 - 5    Prior to 1982/ 
 Schering  

  C 27 H 37 FO 6   
  Anti - infl ammatory 

agent  
  Topical cream, 

lotion, ointment    2152 - 44 - 5  

  Prior to 1982/ 
 Connetics 
 Actavis Mid 

 Atlantic 
 Fougera 
 Taro 
 Teva  

  C 22 H 29 FO 5   

  Anti - infl ammatory 
agent 

 Glucocorticoid 
 Anti - asthmatic agent  

  Oral syrup    378 - 44 - 9    April 1961/ 
 Schering  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Bicalutamide/ 
    Casodex  

   N  - [4 - cyano - 3 -
 (trifl uoromethyl)phenyl] -
 3 - [(4 - fl uorophenyl)
sulfonyl] - 2 - hydroxy - 2 -
 methyl - , (+/ − )  

  

HN

CF3

CN

CH3

OH

S
O

O

2

F

    

  Bromperidol/ 
    Impromen 
    Tesoprel 
    Azuren  

  4 - [4 - (4 - bromo - phenyl) - 4 -
 hydroxy - 1 - piperidyl] - 1 -
 (4 - fl uorophenyl)butan - 
1 - one  

  F

N
O

HO Br

    

  Capecitabine/ 
    Xeloda  

  5 ′  - deoxy - 5 - fl uoro -  N  -
 [(pentyloxy) 
carbonyl]cytidine  

  

O
H3C

N

HO

OH

N
O

HN

F

O

O

    

  Celecoxib/ 
    Celebrex  

  4 - [5 - (4 - methylphenyl) - 3 -  
(trifl uoromethyl) - 1 H  - pyrazol -
 1 - yl] benzenesulfonamide  

  

N N
CF3

H3C

S

O

O

H2N

    

  Cerivastatin Sodium/ 
    Baycol   ∆     

  sodium [ S  - [ R  * , S  *  - ( E )]] - 7 - [4 -
 (4 - fl uorophenyl) - 5 -
 methoxymethyl) - 2,6 - bis
(1 - methylethyl) - 3 -
 pyridinyl] - 3,5 - dihydroxy - 
6 - heptenoate  

  

N

F

COONa
O

OH OH

    

  Cinacalcet Hydrochloride/ 
    Sensipar  

   N  - [1 - ( R ) - ( - ) - (1 -
 naphthyl)ethyl] - 3 - [3 -
 (trifl uoromethyl)phenyl] -
 1 - aminopropane 
hydrochloride    

F3C

H
N

CH3HCl     
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 18 H 14 N 2 O 4 F 4 S    Androgen antagonist 
 Antineoplastic agent    Oral tablet    90357 - 06 - 5    Oct. 1995/ 

 Astrazeneca  

  C 21 H 23 BrFNO 2     Antipsychotic agent        10457 - 90 - 6  

 
 Janssen 
 Organon 
 Cilag - Chemi  

  C 15 H 22 FN 3 O 6     Antineoplastic agent    Oral tablet    154361 - 50 - 9    April 1998/ 
 HLR  

  C 17 H 14 F 3 N 3 O 2 S  

  Anti - infl ammatory 
 Nonsteroidal 

cyclooxygenase 
inhibitor  

  Oral capsule    169590 - 42 - 5    Dec. 1998/ 
 GD Searle  

  C 26 H 33 FNO 5 Na  
  Hydroxymethylglutaryl -

 CoA reductase 
inhibitor  

  Oral tablet    143201 - 11 - 0    June 1997/ 
 Bayer Pharms  

  C 22 H 22 F 3 N    ⋅    HCl    Calcimimetic agent    Oral tablet    226256 - 56 - 0    March 2004/ 
 Amgen  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Ciprofl oxacin 
 Hydrochloride/ 
    Ciloxan 
    Cipro 
    Proquin XR  

  monohydrochloride 
monohydrate salt of 
1 - cyclopropyl - 6 - fl uoro - 1,
4 - dihydro - 4 - oxo - 7 - (1 - 
piperazinyl) - 3 - 
quinolinecarboxylic acid    

HN
N

F COOH

O

·HCl·H2O
N

    

  Ciprofl oxacin/ 
    Cipro  

  1 - cyclopropyl - 6 - fl uoro - 1,4 -
 dihydro - 4 - oxo - 7 - (1 -
 piperazinyl) - 3 - 
quinolinecarboxylic acid  

  

HN
N

N

F COOH

O

    

  Cisapride Monohydrate   ∆   / 
    Propulsid  

  4 - amino - 5 - chloro -  N  - [1 - [3 -
 (4 - fl uorophenoxy)propyl] -
 3 - methoxypiperidin - 4 - yl] - 
2 - methoxybenzamide 
hydrate  

  

O

NH2

Cl

NH

N

O

O

F

O

H2O
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 17 H 18 FN 3 O 3  · 
HCl · H 2 O    Antibacterial agent  

  Ophthalmic 
ointment and 
drops 

 Oral tablet  

  86393 - 32 - 0  

  Oct. 1987/ 
 Alcon, 
 Bausch and Lomb 
 Hitech Pharma 
 Novex 
 Bayer Pharms 
 Barr 
 Carlsbad 
 Cobalt 
 Dr Reddys Labs 

Ltd 
 Genpharm 
 Hikma 
 IVAX Pharms  
Martec USA 

 LLC 
 Mylan 
 Pliva 
 Ranbaxy 
 Sandoz 
 Taro 
 Teva 
 Torpharm 
 Unique Pharm 

Labs 
 Esprit Pharma  

  C 17 H 18 FN 3 O 3     Antimicrobial agent  
  Oral suspension 
 Injectable 
 Ophthalmic drops  

  85721 - 33 - 1  

  Oct. 1987/ 
 Bayer Pharms 
 Abraxis Pharm 
 Bedford Labs 
 Hospira 
 Sicor Pharms 
 Nexus Pharms  

  C 23 H 31 ClFN 3 O 5   
  Anti - ulcer agent 
 Gastrointestinal agent 
 Serotonin agonist  

  Oral suspension 
and tablet    81098 - 60 - 4    July 1993/ 

 Janssen Pharma  



536 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Citalopram Hydrobromide/ 
    Celexa  

  1 - [3 - (dimethylamino) -
 propyl] - ) - 1 - (p -
 fl uorophenyl) -  5 - 
phthalancarbonitrile 
monohydrobromide  

  

O

NC

F

N
CH3

CH3

HBr

    

  Clobetasol Propionate/ 
    Olux 
    Temovate 
    Embeline 
    Cormax 
    Clobex  

  (11 β , 16 β ) - 21 - chloro - 9 -
 fl uoro - 11 - hydroxy - 16 - 
methyl - 17 - (1 - oxopropoxy) - 
pregna - 1,4 - diene - 3,20 - dione  

  O

CH3

F H

OCOCH2CH3

H

H H3C
HO

O

Cl

CH3

    

  Clocortolone Pivalate/ 
    Cloderm  

  9 - chloro - 6 α  - fl uoro - 11 β , 21 - 
dihydroxy - 16 α  - 
methylpregna - 1,4 - diene - 
3,20 - dione - 21 - pivalate  

  
O

H3C

HO
CH3

CH3

Cl

F

O

O

O
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 20 H 21 FN 2 O · HBr  
  Antidepressant 
 Serotonin uptake 

inhibitor  

  Oral tablet and 
solution    59729 - 32 - 7  

  July 1998/ 
 Alphapharm 
 Apotex Inc 
 Aurobindo  

 Pharma Ltd 
 Forest Labs 
 Actavis   

Elizabeth 
 Akyma Pharms 
 Apotex Inc 
 Caraco 
 Cobalt 
 Corepharma 
 Dr Reddys 

 Labs Ltd 
 Interpharm 
 Invagen 
 IVAS Pharms 
 Kali Labs 
 Mylan 
 Pliva 
 Sandoz 
 Taro 
 Teva Pharms 
 Torrent Pharms 
 Watson Labs 
 Biovail Labs  

 Intl  

  C 25 H 32 ClFO 5   
  Anti - infl ammatory 
 Glucocorticoid  

  Topical foam, 
cream, gel, 
ointment, spray, 
and solution  

  25122 - 46 - 7  

  Dec. 1985/ 
 Connetics 
 Actavis Mid 
 Atlantic 
 Altana 
 Fougera 
 Healthpoint 
 Stiefel 
 Taro 
 Teva Pharms 
 Perrigo 
 Galderma Labs 

 LP 
 DPT 
 Tolmar 
 Morton Grove  

  C 27 H 36 ClFO 5     Glucocorticoid    Topical    34097 - 16 - 0    Aug. 1977/ 
 Healthpoint  



538 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Clofarabine  
  2 - chloro - 9 - (2 - deoxy - 2 - fl uoro -

  β  -  D  - arabinofuranosyl) - 9 
H  - purin - 6 - amine  

  

O F

OH

NHO

N

N

N

Cl

NH2

    

  Desfl urane    ( ± )1,2,2,2 - tetrafl uoroethyl 
difl uoromethyl ether  

  F3C O
CF2H

F

    

  Desoximetasone/ 
    Topicort  

  pregna - 1, 4 - diene - 3, 20 - dione, 
9 - fl uoro - 11, 21 - dihydroxy -
 16 - methyl - , (11 β , 16 α ) -   

  O

H3C

HO
CH3

H

F H

CH3

O

OH

H

    

  Dexamethasone Acetate   ∆      V   / 
    Decadron - LA  

  [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 R ,17 R ) - 
9 - fl uoro - 11 - hydroxy - 17 - (2 -
 hydroxyacetyl) - 10,13,16 - 
trimethyl - 3 - oxo - 6,7,8,11,12,
14,15,16 - octahydrocyclopen
ta[a]phenanthren - 17 - yl] 
acetate hydrate    O

HO

HF H

O
OH

O

OH2O

    

  Dexamethasone Sodium 
Phosphate   V     

  sodium [2 - [(8 S ,9 R ,10 S ,11 S ,
13 S ,14 S ,16 R ,17 R ) - 9 - fl uoro -
 11,17 - dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 6,7,8,
11,12,14,15,16 - 
octahydrocyclopenta[ a ]
phenanthren - 17 - yl] - 2 -
 oxoethyl] phosphate  

  O

HO

H

F

H

OH

O

O

P
O

O
O

Na

    

  Dexamethasone   V    
    Mymethasone  

  9 - fl uoro - 11 β ,17,21 -
 trihydroxy - 16 α  - 
methylpregna - 1,4 - diene - 
3,20 - dione  

  O

H3C

HO
CH3

F

CH3

O

OH

OH
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 10 H 11 ClFN 5 O 3     Anti - metabolite    Injectable    123318 - 82 - 1    Dec. 2004/ 
 Genzyme  

  C 3 H 2 F 6 O    Anesthetic    Inhalation    57041 - 67 - 5  
  Sept. 1992/ 
 Baxter Hlthcare 

 Corp  

  C 22 H 29 FO 4   
  Anti - infl ammatory 
 Anti - pruritic agent  

  Topical cream, 
gel and 
ointment  

  382 - 67 - 2  

  March 1982/ 
 Taro Pharms 

North 
 Perrigo New York 
 Taro  

  C 24 H 33 FO 7   
  Synthetic 

adrenocortical 
steroid  

  Injectable    55812 - 90 - 3  
  Sept. 1973/ 
 Watson Labs 
 Merck  

  C 22 H 28 FNaO 8 P    Antiasthmatic 
 Glucocorticoid  

  Ophthalmic drops 
 Injectable    50 - 02 - 2  

  Sept. 1959/ 
 Merck   ∆    
 Abraxis Pharn 
 Baxter Hlthcare 
 Luitpold 
 Teva Parenteral 
 Alcon Universal 
 Baush and Lomb  

  C 22 H 29 FO 5   
  Synthetic 

adrenocortical 
steroid  

  Oral tablet, elixir, 
and solution 

 Ophthalmic drops  
  50 - 02 - 2  

  Dec.1960/ 
 Organon USA 

Inc   ∆    
 Morton Grove 
 Roxane 
 Par Pharm  



540 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Difl orasone Diacetate/ 
    Psorcon 
    Florone   ∆     

  6 α ,9 - difl uoro - 11 β ,17,21 -
 trihydroxy - 16 β  - 
methylpregna - 1,4 - diene - 
3,20 - dione 17,21 - 
diacetate  

  
O

H3C

HO
CH3

F

CH3

O

OCOCH3

OCOCH3

F H

H
H

    

  Difl unisal/ 
    Dolobid   ∆     

  5 - (2,4 - difl uorophenyl) - 2 -
 hydroxy - benzoic acid  

  F F

COOH

OH

    

  Droperidol   V   / 
    Inaspine  

  3 - [1 - [4 - (4 - fluorophenyl) - 4 - oxobutyl] -
 3,6 - dihydro - 2 H  - pyridin - 4 - yl] - 
1 H  - benzimidazol - 2 - one  

  
N
H

N
O

N

O

F

    

  Dutasteride/ 
    Avodart  

  (5 α ,17 β ) -  N  - {2,5 bis
(trifl uoromethyl)phenyl} -
 3 - oxo - 4 - azaandrost - 1 -
 ene - 17 - carboxamide  

  
N
H

O
H

H H

H3C

CH3

H
N

O

H

CF3

CF3

    

  Efavirenz/ 
    Sustiva  

  ( S ) - 6 - chloro - 4 -
 (cyclopropylethynyl) - 1,4 -
 dihydro - 4 - (trifl uoromethyl) - 
2 H  - 3,1 - benzoxazin - 2 - one  

  
N
H

O
Cl

O

F3C

    

  Efl ornithine Hydrochloride/ 
    Vaniqa  

  (+) - 2 - (difl uoromethyl) ornithine 
monohydrochloride 
monohydrate    

H2N
H2N

F2HC
OH

O     



 Fluorine-containing Drugs for Human Use Approved by FDA in the United States 541

  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 26 H 32 F 2 O 7   
  Anti - infl ammatory 
 Glucocorticoid  

  Topical ointment 
and cream    1869 - 92 - 7  

  March 1978/ 
 Sanofi  Aventis US 
 Altana 
 Taro 
 Pharmacia and 

Upjohn   ∆     

  C 13 H 8 F 2 O 3   

  Analgesic 
 Anti - Infl ammatory 
 Nonsteroidal 

cyclooxygenase 
inhibitor  

  Oral tablet    22494 - 42 - 4  

  April 1982/ 
 TEVA 
 Watson Labs 
 Sandoz 
 Merck   ∆     

  C 22 H 22 FN 3 O 2   

  Anesthetic 
 Antiemetic 
 Antipsychotic agent 
 Dopamine antagonist  

  Injectable    548 - 73 - 2  

  June 1970/ 
 Akorn 
 Hospira 
 Luitpold  

  C 27 H 30 F 6 N 2 O 2   
  Enzyme inhibitor 
 Anti - prostatic 

hypertrophy  
  Oral capsule    164656 - 23 - 9    Nov. 2001/ 

 GlaxoSmithKline  

  C 14 H 9 ClF 3 NO 2   
  Reverse transcriptase 

inhibitor 
 Anti - HIV agent  

  Oral capsule and 
tablet    154598 - 52 - 4  

  Sept. 1998/ 
 Bristol Myers 

Squibb  

  C 6 H 12 F 2 N 2 O 2     ⋅    
HCl    ⋅    H 2 O  

  Antineoplastic agent 
 Enzyme inhibitors 
 Trypanocidal agent  

  Topical cream 
 Injectable   ∆       96020 - 91 - 6  

  Nov. 1990/ 
 Skinmedica 
 Sanofi  Aventis 

US   ∆     



542 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Emtricitabine/ 
    Atripla 
    Emtriva 
    Truvada  

  5 - fl uoro - 1 - (2 R ,5 S ) - [2 -
 (hydroxymethyl) - 1,3 -
 oxathiolan - 5 - yl]cytosine
(( − ) enantiomer)  

  

HCl H2O

N

NH2N

F

O

S

O

OH    

  Enfl urane/ 
    Entrane  

  2 - chloro - 1,1,2 - trifl uoroethyl 
difl uoromethyl ether  

  

OF

F F

F
Cl

F

    

  Enoxacin   ∆   / 
    Penetrex  

  1 - ethyl - 6 - fl uoro - 4 - oxo - 7 -
 piperazin - 1 - yl - 1,8 -
 naphthyridine - 3 - carboxylic 
acid  

  

NN

O

N

NH

HO

O

F

    

  Escitalopram Oxalate/ 
    Lexapro  

   S  - (+) - 1 - [3 - (dimethylamino)propyl] -
 1 - ( p  - fl uorophenyl) - 5 - 
phthalancarbonitrile oxalate  

  

O

NC

F

N
CH3

CH3

C2H2O4     

  Ezetimibe/ 
    Zetia 
    Vytorin  

  1 - (4 - fl uorophenyl) - 3( R ) - [3 -
 (4 - fl uorophenyl) - 3( S ) - 
hydroxypropyl] - 4( S ) - (4 - 
hydroxyphenyl) - 2 - 
azetidinone  

  

N
O

OH

OH

F

F

    

  Flecainide Acetate/ 
    Tambocor  

   N  - (2 - piperidylmethyl) - 2,5 -
 bis(2,2,2 - trifl uoroethoxy)
benzamide  

  

O

O CF3

F3C

NHO

HN
OH

O

    

  Floxuridine/ 
    Fudr  

  5 - fl uoro - 1 - [4 - hydroxy - 5 -
 (hydroxymethyl)
tetrahydrofuran - 2 - yl] - 1 H  -
 pyrimidine - 2,4 - dione  

  

O

HO

N
NH

O

O

HO

F
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 8 H 10 FN 3 O 3 S  

  Antiviral agent 
 Anti - HIV 
 Reverse transcriptase 

inhibitor  

  Oral capsule, 
tablet, solution    143491 - 57 - 0    July 2003/ 

 Gilead  

  C 3 H 2 ClF 5 O    Anesthetic    Inhalation    13838 - 16 - 9  

  Aug. 1972/ 
 Baxter Hlthcare 

Corp. 
 Abbott   ∆    
 Minrad  

  C 15 H 17 FN 4 O 3     Anti - infective agent    Oral tablet    74011 - 58 - 8    Dec. 1991/ 
 Sanofi  Aventis US  

  C 20 H 21 FN 2 O   
 ⋅    C 2 H 2 O 4   

  Serotonin uptake 
inhibitor 

 Antidepressant  

  Oral tablet, 
capsule, and 
solution  

  219861 - 08 - 2  

  Aug. 2002/ 
 Forest Labs 
 IVAX Pharms 
 Alphapharm  

  C 24 H 21 F 2 NO 3     Antilipemic    Oral tablet    163222 - 33 - 1    Oct. 2002/ 
 MSP Singapore  

  C 17 H 20 F 6 N 2 O 3 .
C 2 H 4 O 2   

  Anti - arrhythmia agent    Oral tablet    54143 - 56 - 5  

  Oct. 1985/ 
 Graceway 
 Alphapharm 
 Barr 
 Ranbaxy 
 Roxane 
 Sandoz  

  C 9 H 11 FN 2 O 5   
  Antineoplastic 
 Antiviral    Injectable    50 - 91 - 9  

  Dec. 1970/ 
 Hospira 
 Bedford 
 Abraxis Pharm  



544 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Fluconazole/ 
    Difl ucan  

  2,4 - difl uoro -  α , α   1   - bis( 1H  - 
1,2,4 - triazol - 1 - ylmethyl)  

  

N
N

N OH

N

F

F

N

N

    

  Flucytosine/ 
    Ancobon    5 - fl uorocytosine  

  

N

H
N O

NH2

F

    

  Fludarabine Phosphate/ 
    Fludara  

  9 H  - purin - 6 - amine, 2 - fl uoro - 9 -
 (5 - 0 - phosphono -  β  -  D  -
 arabinofuranosyl) 
(2 - fl uoro - ara - AMP)  

  

N

N

N

N

F

NH2

O

OH
OH

OPHO

O

OH     

  Fludeoxyglucose F - 18  
  (2 S ,3 R ,4 S ,5 S ,6 R ) - 3 - fl uoro -

 6 - (hydroxymethyl)oxane -
 2,4,5 - triol  

  

O

18F

HOH

H

H

OH

CH2OH

H

OH

    

  Fludrocortisone Acetate/ 
    Flornef  

  2 - [(8 S ,9 S ,10 S ,11 S ,13 S ,14 S ,17 R ) - 
9 - fl uoro - 11,17 - dihydroxy -
 10,13 - dimethyl - 3 - oxo -
 1,2,6,7,8,11,12,
14,15,16 - 
decahydrocyclopenta[a]
phenanthren - 17 - yl] - 2 - oxo -
 ethyl] acetate  

  O

F

HO

H H

OH

OO

O
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 13 H 12 F 2 N 6 O    Antifungal agents  
  Oral tablet and 

suspension 
 Injectable  

  86386 - 73 - 4  

  Jan. 1990/Pfi zer 
 IVAX Pharms 
 Ranbaxy 
 Roxane 
 Taro Pharm Inds 
 Abraxis Pharm 
 Apotex 
 Baxter Hlthcare 
 Bedford 
 Hikma 

Farmaceutica 
 Hospira 
 Teva Parenteral 
 Dr Reddys Lab 

Inc. 
 Genpharm 
 Glenmark Pharma 
 Mylan 
 Pliva 
 Sandoz 
 Torpharm 
 Unique Pharm 

Labs 
 Teva 
 Taro  

  C 4 H 4 FN 3 O    Antifungal agent    Oral capsule    2022 - 85 - 7    Nov. 1971/ 
 Valeant  

  C 10 H 13 FN 5 O 7 P  

  Antineoplastic 
 Antimetabolite 
 Immunosuppressive 

agent  

  Injectable    75607 - 67 - 9  

  April 1991/ 
 Bayer Hlthc 
 Hospira 
 Teva Parenteral  

  C 6 H 11  18 FO 5     Diagnostic aid    Injectable    105851 - 17 - 0  
  Aug. 2004/ 
 Weill Medcl Coll 
 North Shore LIJ  

  C 23 H 31 FO 6     Mineralocorticoid    Oral tablet    514 - 36 - 3    Aug. 1955/ 
 King Pharms  



546 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Flumazenil/ 
    Romazicon  

  ethyl 8 - fl uoro - 5,6 - dihydro - 5 - 
methyl - 6 - oxo - 4 H  - imidazo
[1,5 -  a ](1,4) benzodiazepine - 
3 - carboxylate  

  

N

N

N

F

CO2C2H5

O     

  Flumethasone Pivalate   ∆   / 
    Locorten  

  [2 - [(6 S ,9 R ,11 S ,14 S ,16 R ,17 R ) - 
6,9 - difl uoro - 11,17 -
 dihydroxy - 10,13,16 - 
trimethyl - 3 - oxo - 6,7,8,11,
12,14,15,16 -
 octahydrocyclopenta[ a ]
phenanthren - 17 - yl] - 2 -
 oxoethyl] 2,2 - 
dimethylpropanoate  

  F

O

O

O

O
HO

H

F H

OH

    

  Flunisolide/ 
    Aerospan 
    Aerobid 
    Nararel  

  (6 α ,11 β ,16 α ) - 6 - fl uoro - 11,21 -
 dihydroxy - 16,17 - [(1 - methyle
thylidene)bis(oxy)]pregna - 
1,4 - diene - 3,20 - dione  

  

O
OH

H

H

H

H

H
O

OH

F

O

O

    

  Fluocinolone Acetonide * / 
    Synalar 
    Retisert 
    Derma - Smoothe 
    FS Shampoo 
    Tri - Luma  

  (6 α ,11 β ,16 α ) - 6,9 - difl uoro -
 11,21 - dihydroxy - 16,17 - 
[(1 - methylethylidene)bis
(oxy)] - pregna - 1,4 - diene - 
3,20 - dione  

  
O

H

HO

H

F

F

O

O

OHO

    

  Fluocinonide/ 
    Lidex  

  6 α ,9 α  - difl uoro - 11 β ,21 - 
dihydroxy - 16 α ,17 α  -
 isopropylidenedioxypregna - 
1,4 - diene - 3,20 - dione 
21 - acetate  

  
O

HO

F

F

O

O

OO

O

    

  Fluorometholone Acetate/ 
    Flarex 
    Tobrasone  

  9 - fl uoro - 11 β ,17 - dihydroxy -
 6 α  - methylpregna - 1, 
4 - diene - 3,20 - dione
17 - acetate  

  
O

HO

F

O

O

O
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 15 H 14 FN 3 O 3   
  Benzodiazepine 

antagonist    Injectable    78755 - 81 - 4  

  Dec. 1991/ 
 Bedford Labs 
 Abraxis Pharm 
 Apotex Inc. 
 Baxter Hlthcare 
 HLR 
 Sandoz 
 Teva Parental  

  C 27 H 36 F 2 O 6   
  Anti - infl ammatory 
 Glucocorticoid 
 Antipruritic  

  Topical cream    2002 - 29 - 1    Prior to 1982/ 
 Novartis  

  C 24 H 31 FO 6   
  Anti - infl ammatory 
 Anti - asthmatic 
 Glucocorticoid  

  Nasal spray    3385 - 03 - 3  

  Aug. 1984/ 
 Forest Labs 
 Roche Palo 
 Apotex Inc. 
 IVAX Res LLC 
 Bausch and Lomb  

  C 24 H 30 F 2 O 6   
  Anti - infl ammatory 
 Anti - asthmatic agent 
 Glucocorticoid  

  Topical cream 
and solution 

 Otic drops 
 Intravitreal 

implant  

  67 - 73 - 2  

  April 1982/ 
 Fougera 
 G and W Labs 
 Medics 
 Taro 
 Bausch and Lomb 
 Hill Dermac 
 Galderma Labs LP  

  C 26 H 32 F 2 O 7   
  Anti - infl ammatory 
 Antipruritic 
 Glucocorticoid  

  Topical cream 
and solution 

 Otic drops 
 Intravitreal 

implant  

  356 - 12 - 7  

  April 1984/ 
 Fougera 
 G and W Labs 
 Medicis 
 Taro 
 Bausch and Lomb 
 Hill Dermac 
 Galderma Labs LP  

  C 24 H 31 FO 5     Glucocorticoid    Ophthalmic drops    3801 - 06 - 7    Feb. 1986/ 
 Alcon  



548 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Fluorometholone/ 
    FML 
    Fluor - Op  

  9 - fl uoro - 11 β , 7 - dihydroxy - 
6 α  - methylpregna - 1,4 - diene - 
3,20 - dione  

  
O

HO

F

OH

O

    

  Fluorouracil/ 
    Fluoroplex 
    Carac 
    Efudex  

  5 - fl uoro - 2,4 (1 H ,3 H ) - 
pyrimdinedione  

  
N
H

NH
F

O

O
    

  Fluoxetine Hydrochloride/ 
    Prozac 
    Sarafem 
    Symbax  

   N  - methyl - 3 - phenyl - 3 - [4 - (trifl uo
romethyl)phenoxy]propan - 1 -
 amine hydrochloride  

  

F
F

O

HN

F

H Cl     

  Fluoxymesterone/ 
    Halotestin  

  9 - fl uoro - 11,17 - dihydroxy -
 10,13,17 - trimethyl - 1,2,6,7,8,
11,12,14,15,16 -
 decahydrocyclopenta[ a ]
phenanthren - 3 - one  

  O
F H

OH

H

HO
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 22 H 29 FO 4   
  Anti - infl ammatory 
 Glucocorticoid  

  Ophthalmic drops 
and ointment    426 - 13 - 1  

  July 1982/ 
 Allergan 
 Novartis  

  C 4 H 3 FN 2 O 2   

  Antineoplastic 
 Antimetabolite 
 Immunosuppressive 

agent  

  Topical solution 
and cream

Injectable  
  51 - 21 - 8  

  Sept. 1998/ 
 Abraxis Pharm 
 Allergan Herbert 
 Sanofi  Aventis US 
 Valeant Pharm Intl 
 Generamedix 
 Teva Parenteral 
 Valeant 
 Taro 
 Valeant Pharm 

Intl.  

  C 17 H 18 F 3 NO    ⋅    HCl  
  Antidepressant agent 
 Serotonin uptake 

inhibitor  

  Oral tablet, 
capsule, and 
solution  

  56296 - 78 - 7  

  Dec. 1987/Barr 
 Lilly 
 Alphapharm 
 Carlsbad 
 Dr Reddys Lab 

Ltd. 
 IVAX Pharms 
 Mallinckrodt 
 Mylan 
 Par Pharm 
 Pliva 
 Ranbaxy 
 Rxelite 
 Sandoz 
 Teva 
 Actavis Mid 

Atlanitc 
 Hi Tech Pharma 
 Mallinckrodt 
 Morton Grove 
 Novex 
 Pharm Assoc. 
 Silarx 
 Warner Chilcott  

  C 20 H 29 FO 3   
  Anabolic agent 
 Antineoplastic agents 
 Androgen  

  Oral tablet    76 - 43 - 7  

  Prior to 1982/ 
 USL Pharma 
 Pharmacia and 

Upjohn  



550 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Fluphenazine Decanoate  

  4 - [3 - [2 - (trifl uoromethyl)10 H  -
 phenothiazin - 10 - yl]propyl] -
 1 - piperazineethanol 
decanoate  

  

S

N

CF3

N

N

O

H3C(H2C)8

O

    

  Fluphenazine Enanthate   ∆   / 
    Prolixin Enanthate  

  2 - [4 - [3 - [2 - (trifl uoromethyl)
phenothiazin - 10 -
 yl]propyl]piperazin - 1 -
 yl]ethyl heptanoate  

  S

N
F

F
F

N

N

O

O

    

  Fluphenazine Hydrochloride  

  2 - [4 - [3 - [2 - (trifl uoromethyl)
phenothiazin - 10 -
 yl]propyl]piperazin - 1 -
 yl]ethanol dihydrochloride  

  S

N CF3

N
N

HO 2HCl

    

  Fluprednisolone   ∆   / 
    Alphadrol  

  (6 S ,8 S ,9 S ,10 R ,11 S ,13 S ,14 S ,17 R ) - 
6 - fl uoro - 11,17 - dihydroxy - 17 - 
(2 - hydroxyacetyl) - 10,13 - 
dimethyl - 7,8,9,11,12,14,15,
16 - octahydro - 6 H  - cyclope
nta[ a ]phenanthren - 3 - one  

  F

OH

O

O

H

HO

H H

H

OH

    

  Flurandrenolide/ 
    Cordran  

  (6 α ,11 β ,16 α ) - 6 - fl uoro - 11,21 - 
dihydroxy - 16,17 - [(1 -
 methylethylidene)bis(oxy)]
pregn - 4 - ene - 3,20 - dione  

  O

O

O

H

OH

H

O
OH

F
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 32 H 44 F 3 N 3 O 2 S    Antipsychotic agent    Injectable    5002 - 47 - 1  

  July 1987/ 
 Abraxis Pharm 
 Apotex Inc. 
 Bedford 
 Teva Parenteral  

  C 29 H 38 F 3 N 3 O 2 S    Antipsychotic agent    Injectable    2746 - 81 - 8    March 1967/ 
 Apothecon  

  C 22 H 28 Cl 2 F 3 N 3 OS    Antipsychotic agent    Injectable    146 - 56 - 5  

  June 1960/ 
 Schering   ∆    
 Abraxis Pharm 
 Pharm Assoc. 
 Mylan 
 Par Pharm 
 Sandoz  

  C 21 H 27 FO 5   
  Anti - infl ammatory 

agent 
 Glucocorticoid  

  Oral tablet    53 - 34 - 9  
  Prior to 1982/ 
 Pharmacia and 

Upjohn  

  C 24 H 33 FO 6   
  Anti - infl ammatory 

agents 
 Glucocorticoid  

  Topical cream 
and ointment    1524 - 88 - 5  

  March 1963/ 
 Oclassen 
 Watson Labs  



552 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Flurazepam Hydrochloride  

  9 - chloro - 2 - (2 -
 diethylaminoethyl) - 6 - 
(2 - fl uorophenyl) - 2,5 - 
diazabicyclo[5.4.0]undeca - 
5,8,10,12 - tetraen - 3 - one 
dihydrochloride  

  

NN
N

O

F

Cl

2HCl

    

  Flurbiprofen Sodium/ 
    Ocufen  

  sodium ( ± ) - 2 - (2 - fl uoro - 4 -
 biphenylyl) - propionate 
dihydrate  

  

F

O
O

Na
    

  Flurbiprofen/ 
    Ansaid  

  [1,1 ′  - biphenyl] - 4 - acetic acid, 
2 - fl uoro - alphamethyl - , ( ± ) -   

  

F

O
OH

    

  Flutamide  
  2 - methyl -  N  - [4 - nitro - 3 -

 (trifl uoromethyl)phenyl]
propanamide  

  

N

NH

CF3

O

O

O

    

  Fluticasone Furoate/ 
    Flonase  

  (6 α ,11 β ,16 α ,17 α ) - 6,9 - difl uoro -
 17 - {[(fl uoro - methyl)
thio]carbonyl} - 11 - hydroxy - 1
6 - methyl - 3 - oxoandrosta - 1,4 -
 dien - 17 - yl 2 -  furancarboxylate  

  

HO

F

F

O
O

O

O S

F

O

    

  Fluticasone Propionate/ 
    Advair 
    Flovent 
    Cutivate  

  (6 α ,11 β ,16 α ,17 α ) - 6,9 -
 difl uoro - 11 - hydroxy - 16 -
 methyl - 3 - oxo - 17 - (1 - oxopropoxy)
androsta - 1,4 - diene - 17 -
 carbothioic acid, 
 S  - fl uoromethylester  

  
O

F

F

OCOC2H5HO

COSCH2F
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 21 H 25 Cl 3 FN 3 O  

  Anti - anxiety agent 
 Gaba modulators 
 Hypnotic 
 Sedative  

  Oral capsule, 
elixir, and 
tablet  

  1172 - 18 - 5  

  Nov. 1985/ 
 Mylan 
 Sandoz 
 Par Pharm 
 Pharm Assoc. 
 Abraxis  

  C 15 H 12 FNaO 2   
  Nonsteroidal anti -

 infl ammatory 
analgesic  

  Ophthalmic drops    56767 - 76 - 7  
  Dec. 1986/ 
 Allergan 
 Bausch and Lomb  

  C 15 H 13 FO 2   
  Nonsteroidal anti -

 infl ammatory 
analgesic  

  Oral tablet    5104 - 49 - 4  

  Oct. 1988/ 
 Pharmacia and 

Upjohn 
 Caraco 
 Mylan 
 Pliva 
 Sandoz 
 Teva 
 Theragen  

  C 11 H 11 F 3 N 2 O 3   
  Androgen antagonist 
 Antineoplastic agent    Oral capsule    13311 - 84 - 7  

  Jan. 1989/ 
 Schering   ∆    
 Barr 
 Genpharm 
 IVAX Pharms 
 Par Pharm 
 Sandoz  

  C 27 H 29 F 3 O 6 S    Glucocorticoid    Inhalation    397864 - 44 - 7    April 2007/ 
 GlaxoSmithKline  

  C 25 H 31 F 3 O 5 S  

  Anti - infl ammatory 
agent 

 Bronchodilator agent 
 Anti - allergic agent 
 Glucocorticoid  

  Topical ointment 
and cream

Inhalation  
  80474 - 14 - 2  

  Dec. 1990/ 
 Altana 
 GlaxoSmithKline 
 Roxane 
 Apotex 
 Taro Pharms Inds 
 Perrigo New York 
 G and W Labs 
 Tolmar 
 KV Pharm 
 Glaxo Grp. Ltd.  



554 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Fluvastatin Sodium/ 
    Lescol  

  sodium ( E ,3 S ,5 R ) - 7 - [3 - (4 -
 fl uorophenyl) - 1 - propan - 2 - 
yl - indol - 2 - yl] - 3,5 - dihydroxy - 
hept - 6 - enoate  

  

N
O

O

F

OH
OH

Na

    

  Fluvoxamine Maleate  

  but - 2 - enedioic acid; 
2 - [[5 - methoxy - 1 - [4 -
 (trifl uoromethyl)phenyl]
pentylidene]amino]
oxyethanamine  

  
O

CF3

N

O

H2N

OH

OH

O

O

    

  Fulvestrant/ 
    Faslodex  

  7 α  - [9 - (4,4,5,5,5 -
 pentafl uoropentylsulfi nyl) 
nonyl]estra - 1,3,5 - (10) -
 triene - 3,17 β  - diol  

  
HO

OH

(CH2)9SO(CH2)3CF2CF3    

  Gatifl oxacin/ 
    Zymar  

  1 - cyclopropyl - 6 - fl uoro - 8 -
 methoxy - 7 - (3 -
 methylpiperazin - 1 - yl) - 4 - 
oxo - quinoline - 3 - carboxylic 
acid  

  

HN

N N

F

O

O O

OH

    

  Gefi tinib/ 
    Iressa  

   N  - (3 - chloro - 4 - fl uorophenyl) - 7 -
 methoxy - 6 - [3 - 4 - morpholin) 
propoxy](4 - quinazolinamine)  

  
O

O

O

N

N

N
HN

F

Cl

    

  Gemcitabine Hydrochloride/ 
    Gemzar  

  2 ′  - deoxy - 2 ′ ,2 ′  - difl uorocytidine 
monohydrochloride 
( β  - isomer)  

  

N

N

O

OH

HO

F

F

O

NH2 HCl
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 24 H 25 FNO 4 Na  

  Antilipemic 
 Anticholesteremic 

agent 
 Hydroxymethylglutaryl -

 CoA reductase 
inhibitor  

  Oral capsule and 
tablet    93957 - 55 - 2    Dec. 1993/ 

 Novartis  

  C 19 H 25 F 3 N 2 O 6   

  Antidepressant 
 Anti - anxiety agent 
 Serotonin uptake 

inhibitor  

  Oral tablet    61718 - 82 - 9  

  Nov. 2000/ 
 Mylan 
 Actavis Elizabeth 
 Barr 
 Caraco 
 Genpharm 
 IVAX Pharms 
 Sandoz 
 Synthon Pharms 
 Maleate Teva 
 Maleate Torpharm  

  C 32 H 47 F 5 O 3 S    Estrogen antagonist 
 Antineoplastic agent    Injectable    129453 - 61 - 8    April 2002/ 

 Astrazeneca  

  C 19 H 22 FN 3 O 4     Antibacterial agent    Ophthalmic drops 
 Oral tablet  3      112811 - 59 - 3    March 2003/ 

 Allergan  

  C 22 H 24 ClFN 4 O 3   
  Anilinoquinazoline 
 Antineoplastic Agent    Oral tablet    184475 - 35 - 2    May 2003/ 

 Astrazeneca  

  C 9 H 11 F 2 N 3 O 4     ⋅    HCl  
  Antineoplastic agent 
 Enzyme inhibitor 
 Antiviral agent  

  Injectable    122111 - 03 - 9    May 1996/ 
 Lilly  



556 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Gemifl oxacin Mesylate/ 
    Factive  

  ( R , S ) - 7 - [(4Z) - 3 - (aminomethyl) -
 4 - (methoxyimino) - 1 -
 pyrrolidinyl] - 1 - cyclopropyl - 
6 - fl uoro - 1,4 - dihydro
 - 4 - oxo - 1,8 - naphthyridine - 3 -
 carboxylic acid  

  

N N N

O

N

H2N

H3CO

F CO2H

CH3SO3H     

  Grepafl oxacin 
Hydrochloride   ∆   / 

    Raxaar  

  1 - cyclopropyl - 6 - fl uoro - 5 -
 methyl - 7 - (3 - methylpiperazin -
 1 - yl) - 4 - oxo - 2,3 - 
dihydroquinoline - 3 - 
carboxylic acid 
hydrochloride  

  

N

HO

N

F

NH

O O

HCl

    

  Halazepam   ∆   / 
    Paxipam  

  7 - chloro - 5 - phenyl - 1 - (2,2,2 -
 trifl uoroethyl) - 3 H  - 1,4 - 
benzodiazepin - 2 - one  

  

NN

Cl

F
FF O

    

  Halcinonide/ 
    Halog  

  (11 β ,16 α ) - 21 - chloro - 9 - fl uoro - 
11 - hydroxy - 16,17 - [(1 - 
methylethylidene)bis(oxy)] - 
pregn - 4 - ene - 3,20 - dione  

  

O

O

O

HO

H

F H

O

Cl

    

  Halobetasol Propionate/ 
    Ultravate  

  (11 β ,16 α ) - 21 - chloro - 9 - fl uoro -
 11 - hydroxy - 16 - methyl - 17 - 
(1 - oxopropoxy)pregn - 
1,4 - diene - 3,20 - dione  

  

O O

O

HO
H

F H

O

Cl

F     
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 18 H 20 FN 5 O 4     ⋅    
CH 4 O 3 S    Antibacterial agent    Oral tablet    204519 - 65 - 3    April 2003/ 

 Oscient  

  C 19 H 22 FN 3 O 3     ⋅    HCl    Antibacterial agent    Oral tablet    161967 - 81 - 3    Nov. 1997/ 
 Otsuka  

  C 17 H 12 ClF 3 N 2 O    Anti - anxiety agent 
 Sedative    Oral tablet    23092 - 17 - 3    Sept. 1981/ 

 Schering  

  C 24 H 32 ClFO 5   
  Anti - infl ammatory 

agent 
 Glucocorticoid  

  Topical cream, 
ointment, and 
solution  

  3093 - 35 - 4    Nov. 1974/ 
 Ranbaxy  

  C 25 H 31 ClF 2 O 5   
  Glucocorticoid 
 Vasoconstrictor agent  

  Topical cream 
and ointment    66852 - 54 - 8  

  Dec. 1990/ 
 Ranbaxy 
 Altana 
 Perrigo Israel 
 Taro 
 G and W Labs  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Halofantrine Hydrochloride/ 
    Halfan   ∆     

  1,3 - dichloro -  α  - [2 -
 (dibutylamino) ethyl] - 6 -
 (trifl uoromethyl) - 9 - 
phenanthrene - methanol 
hydrochloride  

  

F3C

Cl

Cl

HO

N
HCl

    

  Haloperidol    
  4 - [4 - (4 - chlorophenyl) - 4 -

 hydroxy - 1 - piperidyl] - 1 - (4 - 
fl uorophenyl)butan - 1 - one  

  F

N
O

HO Cl

    

  Haloperidol Decanoate/ 
    Haldol  

  [4 - (4 - chlorophenyl) - 1 - [4 - (4 -
 fl uorophenyl) - 4 - oxo - butyl] -
 4 - piperidyl] decanoate  

  F

N

O

O
Cl

O

7

    

  Haloperidol Lactate/ 
    Haldol  

  4 - [4 - (4 - chlorophenyl) - 4 -
 hydroxy - 1 - piperidyl] - 1 - (4 -
 fl uorophenyl)butan - 1 - 
one;2 - hydroxypropanoic 
acid  

  F

N

O

O
Cl

O

HO
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 26 H 30 Cl 2 F 3 NO    ⋅    
HCl    Antimalarial    Oral tablet    36167 - 63 - 2    July 1992/ 

 GlaxoSmithKline  

  C 21 H 23 ClFNO 2   

  Antiemetics 
 Antipsychotic agent 
 Dopamine antagonist 
 Anti - dyskinesia agent  

  Oral tablet    52 - 86 - 8  

  April 1967/ 
 Mylan 
 Par Pharm 
 Sandox 
 Watson Labs  

  C 31 H 41 ClFNO 3     Antipsychotic agent    Injectable    74050 - 97 - 8  

  Jan. 1986/ 
 Ortho McNeil 
 Abraxis Pharm 
 Apotex Inc. 
 Bedford 
 Sandoz 
 Sicor Pharms  

  C 24 H 27 ClFNO 4       
  Oral concentrate 

and solution
Injectable  

  75478 - 79 - 4  

  July 1959/ 
 Ortho McNeil 
 Teva Pharms 
 Watsons Labs 
 Pharm Assoc. 
 Silarx  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Halothane   ∆   / 
    Fluothane  

  2 - bromo - 2 - chloro - 1,1,
1 - trifl uoroethane  

  

Br

ClF

F
F

    

  Hydrofl umethiazide/ 
    Salutensin    ∆    
    Saluron 
    Diucardin   ∆     

  1,1 - dioxo - 6 - (trifl uoromethyl) -
 3,4 - dihydro - 2 H  - benzo[ e ]
[1,2,4]thiadiazine - 7 - 
sulfonamide  

  
S

NH

H
N

S

F3C

NH2

O

O O O     

  Isofl urane   V   / 
    Forane  

  2 - chloro - 2 - (difl uoromethoxy) - 
1,1,1 - trifl uoroethane  

  
O

F

F
F

Cl F

F
    

  Isofl urophate/ 
    Floropryl   ∆     

  2 - (fl uoro - propan - 2 - 
yloxyphosphoryl)oxypropane    

O
P

O

FO     

  Lansoprazole/ 
    Prevacid  

  2 - [[3 - methyl - 4 - (2,2,2 - 
trifl uoroethoxy)pyridin - 2 - yl]
methylsulfi nyl] - 1 H  - 
benzoimidazole  

  

NH
N

S

N O

F3C
O

    

  Lapatinib Ditosylate/ 
    Tykerb  

   N  - [3 - chloro - 4 - [(3 - fl uorophenyl)
methoxy]phenyl] - 6 - [5 - [(2 - 
methylsulfonylethylamino)
methyl]furan - 2 - yl]quinazolin - 
4 - amine; 4 -
 methylbenzenesulfonic acid; 
hydrate  

  

N

N

HN

O

O

HN

S
O

O

Cl

S OO

OH

S OO

OH

H2O

F
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 2 HBrClF 3     Anesthetic    Inhalation    151 - 67 - 7  
  March 1958/ 
 Wyeth Ayerst   ∆    
 Hospira   ∆     

  C 8 H 8 F 3 N 3 O 4 S 2   

  Antihypertensive agent 
 Diuretic 
 Sodium chloride 

symporter inhibitor  

  Oral tablet    135 - 09 - 1  

  July 1959/ 
 Shire 
 Wyeth   ∆    
 Watson Labs   ∆    
 Par Pharm  

  C 3 H 2 ClF 5 O    Anesthetic    Inhalation    26675 - 46 - 7  

  Dec. 1979/ 
 Baxter Hlthcare 

Corp. 
 Halocarbon Prods 
 Hospira 
 Marsam Pharms 

LLCC 
 Minrad 
 Rhodia  

  C 6 H 14 FO 3 P  

  Cholinesterase 
inhibitor 

 Miotic 
 protease inhibitor  

  Ophthalmic 
ointment    55 - 91 - 4    April 1957/ 

 Merck  

  C 16 H 14 F 3 N 3 O 2 S  
  Anti - infective agent 
 Anti - ulcer agent 
 Enzyme inhibitor  

  Oral capsule and 
tablet 

 Injectable  
  103577 - 45 - 3    May 1995/ 

 Tap Pharm  

  C 43 H 44 ClFN 4 O 11 S 3   
  Antineoplastic agent 
 Protein kinase inhibitor    Oral tablet    388082 - 78 - 8    March 2007/ 

 GlaxoSmithKline  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Lefl unomide/ 
    Arava  

  5 - methyl -  N  - [4 -
 (trifl uoromethyl)phenyl] - 
1,2 - oxazole - 4 - carboxamide  

  

HN
O

O
N

F3C     

  Levocabastine 
Hydrochloride/ 

    Livostin   ∆     

  (3 S ,4 R ) - 1 - [4 - cyano - 4 - (4 -
 fl uorophenyl)cyclohexyl] - 3 -
 methyl - 4 - phenylpiperidine -
 4 - carboxylic acid 
hydrochloride  

  

N

N

O
HO

F

• HCl

    

  Levofl oxacin/ 
    Levaquin 
    Quixin 
    Iquix  

  ( - ) - ( S ) - 9 - fluoro - 2,3 - dihydro - 3 - methyl -
 10 - (4 - methyl - 1 - piperazinyl) -
 7 - oxo - 7 H  - pyrido(1,2,3 -  de ) - 
1,4 - benzoxazine - 6 - carboxylic 
acid  

  

N

O

OHO

O

N

F

N

    

  Linezolid/ 
    Zyvox  

   N  - [[3 - (3 - fl uoro - 4 -
 morpholinylphenyl) - 2 - 
oxooxazolidin - 5 - yl]
methyl]acetamide  

  O

N

F
N

O

O

NH

O

    

  Lomefl oxacin 
Hydrochloride/ 

    Maxaquin  

  1 - ethyl - 6,8 - difl uoro - 7 - (3 -
 methyl - 1 - piperazinyl) - 4 - oxo -
 3 - quinolinecarboxylic acid 
hydrochloride  

  

N

CO2H

N
F

HN

F

O

• HCl
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 12 H 9 F 3 N 2 O 2   

  Enzyme inhibitor 
 Immunosuppressive 

agent 
 Antirheumatic agent  

  Oral tablet    75706 - 12 - 6  

  Sept. 1998/ 
 Sanofi  Aventis US 
 Aptoex Inc. 
 Barr 
 Kali Labs 
 Sandoz   ∆    
 Teva Products  

  C 26 H 30 ClFN 2 O 2   
  Nonsedating 

antihistaminic    Ophthalmic drops    79547 - 78 - 7    Nov. 1993/ 
 Novartis  

  C 18 H 20 FN 3 O 4     Antibacterial agent  

  Injectable 
 Oral solution 
 Ophthalmic drops 
 Oral tablet  

  100986 - 85 - 4  

  Dec. 1996 
 Aug. 2000/ 
 Ortho McNeil 

Pharm 
 Santen  

  C 16 H 20 FN 3 O 4   
  Anti - infective agent 
 Protein synthesis 

inhibitor  

  Oral suspension 
and tablet 

 Injectable  
  165800 - 03 - 3  

  April 2000/ 
 Pharmacia and 

Upjohn  

  C 17 H 20 ClF 2 N 3 O 3     Anti - infective agent    Oral tablet    98079 - 52 - 8    Feb. 1992/ 
 Pharmacia  



564 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Lubiprostone/ 
    Amitiza  

  7 - [(1 R ,4 R ,6 R ,9 S ) - 4 - (1,1 - 
difl uoropentyl) - 4 - hydroxy - 
8 - oxo - 5 - oxabicyclo[4.3.0]
non - 9 - yl]heptanoic acid  

  

O

H

HO
H

O

F
F

CO2H

    

  Mefl oquine Hydrochloride/ 
    Lariam  

  2,8 - [bis(trifl uoromethyl)
quinolin - 4 - yl] - [(2 R ) - 2 -
 piperidyl]methanol 
hydrochloride  

  

N

OH
N
H

F3C

CF3• HCl     

  Melperone    1 - (4 - fl uorophenyl) - 4 - (4 - methyl - 
1 - piperidyl)butan - 1 - one  

  F

N
O

    

  Midazolam Hydrochloride  

  8 - chloro - 6 - (2 - fl uorophenyl) - 1 -
 methyl - 4 H  - imidazo[1,5 a ]
[1,4]benzodiazepine 
hydrochloride  

  

• HCl

N

N

N

Cl

F

    

  Moxifl oxacin 
Hydrochloride/ 

    Avelox 
    Vigamox  

  7 - [(4a S ,7a S ) - 1,2,3,4,4a,5,7,7a -
 octahydropyrrolo[3,4 - b]
pyridin - 6 - yl] - 1 - cyclopropyl -
 6 - fl uoro - 8 - methoxy - 4 -
 oxoquinoline - 3 - carboxylic 
acid hydrochloride  

  
N

N

N

CO2HO

O

F

• HCl

H

H

H     
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 20 H 32 F 2 O 5     Laxative    Oral capsule    136790 - 76 - 6    Jan. 2006/ 
 Sucampo Pharms  

  C 17 H 17 ClF 6 N 2 O    Antimalarial agent    Oral tablet    51773 - 92 - 3  

  May 1989/ 
 Roche 
 Barr 
 Roxane 
 Sandoz 
 US Army Walter 

Reed  

  C 16 H 22 FNO    Antipsychotic agent    Oral    3575 - 80 - 2  
  Not approved/ 
 Ovation 

Pharmaceuticals  

  C 18 H 14 Cl 2 FN 3   

  Adjuvants, anesthesic 
 Hypnotic 
 Sedative 
 Anti - anxiety agent 
 GABA modulator  

  Injectable
Oral syrup    59467 - 96 - 8  

  June 2000/ 
 Abraxis Pharm 
 Apotex Inc 
 Baxter Hlthcare 
 Bedford 
 Ben Venue 
 Hospira 
 Intl Medicated 
 Intl Medication 
 Mayne Pharma 

USA 
 Taylor 
 Hi Tech Pharma 
 Paddock 
 Ranbaxy 
 Roxane  

  C 21 H 25 ClFN 3 O 4     Anti - infective agent  
  Injectable 
 Opthalmic drops 
 Oral tablet  

  186286 - 86 - 8  
  Dec. 1999/ 
 Bayer Pharms 
 Alcon  



566 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Nilutamide/ 
    Nilandron  

  5,5 - dimethyl - 3 - [4 - nitro - 3 -
 (trifl uoromethyl)phenyl]
imidazolidine - 2,4 - dione  

  

N NH

O

O

CF3

O2N

    

  Nitisinone/ 
    Orfadin  

  2 - [2 - nitro - 4 - (trifl uoromethyl)
benzoyl]cyclohexane - 1,3 - 
dione  

  

O2N

CF3

O

O

O

    

  Norfl oxacin/ 
    Noroxin  

  1 - ethyl - 6 - fl uoro - 4 - oxo - 7 - 
piperazin - 1 - yl - quinoline - 
3 - carboxylic acid  

  

N

N

O

F

HO2C

NH    

  Ofl oxacin/ 
    Ocufl ox 
    Ofl oxacin 
    Floxin  

  ( - ) - ( S ) - 9 - fl uoro - 2,3 - dihydro - 3 -
 methyl - 10 - (4 - methyl - 1 -
 piperazinyl) -  7 - oxo - 7 H  - pyrido 
[1,2,3 -  de ] - 1,4 - benzoxazine -
 6 - carboxylic acid  

  

N

N

O

F

HO2C

N

O

    

  Paliperidone/ 
    Invega  

  3 - [2 - [4 - (6 -
 fl uorobenzo[d]isoxazol - 3 - yl) -
 1 - piperidyl]ethyl] - 7 - 
hydroxy - 4 - methyl - 1,5 -
 diazabicyclo[4.4.0]deca - 
3,5 - dien - 2 - one  

  

N

HO
N

O

CH3 N N
O

F    
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 12 H 10 F 3 N 3 O 4   
  Androgen antagonist 
 Antineoplastic agent    Oral tablet    63612 - 50 - 0    April 1999/ 

 Sanofi  Aventis US  

  C 14 H 10 F 3 NO 5     Enzyme inhibitor    Oral capsule    104206 - 65 - 7    Jan. 2002/ 
 Swedish Orphan  

  C 16 H 18 FN 3 O 3   
  Anti - infective agent 
 Enzyme inhibitor    Oral tablet    70458 - 96 - 7    Oct. 1986/ 

 Merck  

  C 18 H 20 FN 3 O 4   
  Anti - infective agent 
 Antibacterial agent  

  Injectable 
 Opthalmic drops 
 Oral tablet  

  82419 - 36 - 1  

  July 1993/ 
 Bedford 
 Allergan 
 Bausch and Lomb 
 Hi Tech Pharma 
 Novex 
 Pharmaforce 
 Daiichi 
 Ortho McNeil 

Pharm 
 Dr Reddys Labs 
 Par Pharm 
 Ranbaxy 
 Teva  

  C 23 H 27 FN 4 O 3     Antipsychotic agent    Oral tablet    144598 - 75 - 4    Dec. 2006/ 
 Janssen  



568 Fluorine in Medicinal Chemistry and Chemical Biology

  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Pantoprazole Sodium/ 
    Protonix  

  sodium 5 - (difl uoromethoxy) - 2 -
 [[(3,4 - dimethoxy - 2 -
 pyridinyl)methyl] 
sulfi nyl] - 1 H  - benzimidazole 
sesquihydrate  

  

• 1.5 H2O

N

S
O

N
N

OCF2H

H3CO

H3CO Na+

    

  Paramethasone Acetate/ 
    Haldrone   ∆     

  [2 - [(6 S ,8 S ,9 S ,10 R ,11 S ,13 S ,14 S ,
16 R ,17 R ) - 6 - fl uoro - 11,17 -
 dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 7,8,9,11,12,
14,15,16 - octahydro - 6 H  -
 cyclopenta[a]phenanthren -
 17 - yl] - 2 - oxoethyl] acetate  

  
O

O

O

O

HO

H F

H

HO

H

    

  Paroxetine Hydrochloride/ 
    Paxil  

  (3 S ,4 R ) - 3 - (1,3 - benzodioxol - 5 -
 yloxymethyl) - 4 - (4 -
 fl uorophenyl)piperidine 
hydrochloride  

  

O

OO

H
N

F

• HCl

    

  Paroxetine Mesylate/ 
    Pexeva  

  (3 S ,4 R ) - 3 - (1,3 - benzodioxol - 5 -
 yloxymethyl) - 4 - (4 -
 fl uorophenyl)piperidine 
methanesulfonic acid  

  

O

O

OO

H
N

F
SO

OH     
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 16 H 14 F 2 N 3 NaO 4 S 
    ⋅    1.5 H 2 O    Anti - ulcer agent    Injectable

Oral tablet    138786 - 67 - 1  
  March 2001/ 
 Wyeth Pharms 

Inc.  

  C 24 H 31 FO 6   
  Anti - infl ammatory 

agent 
 Glucocorticoid  

  Oral tablet    1597 - 82 - 6    Prior to 1982/ 
 Lilly   ∆     

  C 19 H 21 ClFNO 3   

  Serotonin uptake 
inhibitor 

 Antidepressive agent 
 Antiobessional agent  

  Oral tablet and 
suspension    78246 - 49 - 8  

  Dec. 1992/ 
 GlaxoSmithKline 
 Torpharm 
 Apotex Inc. 
 Alphapharm 
 Sandoz   ∆    
 Teva 
 Caraco 
 Mylan 
 Roxane 
 Zydus Pharms 

USA 
 Aurobindo 

Pharma  

  C 20 H 24 FNO 6 S    Antidepressive agent 
 Antiobessional agent    Oral tablet    64006 - 44 - 6    July 2003/ 

 JDS Pharms  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Pegaptanib Sodium/ 
    Macugen  

  ((2 ′  - deoxy - 2 ′  - fl uoro)C - Gm - Gm -
 A - A - (2 ′  - deoxy - 2 ′  - fl uoro)U -
 (2 ′  - deoxy - 2 ′  - fl uoro)C - Am - 
Gm - (2 ′  - deoxy - 2 - fl uoro)U - Gm - 
Am - Am - (2 ′  - deoxy - 2 ′  - 
fl uoro)U - Gm - (2 ′  - deoxy - 2 ′  - 
fl uoro)C - (2 ′  - deoxy - 2 ′  - fl uoro)U - 
(2 ′  - deoxy - 2 ′  - fl uoro)U - Am - 
(2 ′  - deoxy - 2 ′  - fl uoro)U - Am - (2 ′  - 
deoxy - 2 ′  - fl uoro)C - Am - (2 ′  - 
deoxy - 2 ′  - fl uoro)U - (2 ′  - deoxy - 
2 ′  - fl uoro)C - (2 ′  - deoxy - 2 ′  -
 fl uoro)C - Gm - (3 ′  3 ′ ) - dT), 
5 ′  - ester with a, a  ′  - [4,12 -
 dioxo - 6 - [[[5 - (phosphoonoxy)
pentyl]amino]carbonyl] -
 3,13 - dioxa - 5,11 - diaza - 1,
15 - pentadecanediyl]bis[ ω  -
 methoxypoly(oxy - 1,2 -
 ethanediyl)], sodium salt.  

    

  Perfl exane   ∆       1,1,1,2,2,3,3,4,4,5,5,6,6,6 - 
tetradecafl uorohexane  

  
F

FF

F F

F F

F F

F
F

F

F

F

    

  Perfl ubron/ 
    Imagent   ∆     

  1 - bromo - 1,1,2,2,3,3,4,4,5,5,6,
6,7,7,8,8,8 - 
heptadecafl uorooctane  

  

F

BrF F

F F
F

F
F F

F F
F

F

F F

F
F

    

  Perfl uoropolymethylisopropyl 
Ether; 
Polytetrafl uoroethylene   ∆     

        

  Perfl utren/ 
    Defi nity    1,1,1,2,2,3,3,3 - octafl uoropropane  

  CF3F3C

F F

    

  Pimozide/ 
    Orap  

  3 - [1 - [4,4 - bis(4 -
 fl uorophenyl)butyl]piperidin - 
4 - yl] - 1H - benzimidazol - 2 - one  

  
N
H

N
O

N

F

F
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 294 H 342 F 13 N 107 
Na 28 O 188 P 28  
[C 2 H 4 O]  n   (where 
 n  is 
approximately 
900)  

  Neovascular age -
 related macular 
degeneration (wet) 
agent  

  Injectable    222716 - 86 - 1    Dec. 2004/ 
 OSI Eye Tech  

  C 6 F 14   
  Preparation of lipid 

microspheres 
 Imaging agent  

  Injectable    355 - 42 - 0    May 2002/ 
 Imcor PH  

  C 8 BrF 17   

  Contrast media 
 Radiation - sensitizing 

agent 
 Anti - obesity agent  

  Oral liquid    423 - 55 - 2    Aug. 1993/ 
 Alliance Pharm  

      Chemical warfare 
protectant    Topical        Feb. 2000/ 

 US Army  

  C 3 F 8     Contrast media    Injectable    76 - 19 - 7  
  July 2001/ 
 Bristol Myers 

Squibb  

  C 28 H 29 F 2 N 3 O  
  Antipsychotic agent 
 Dopamine antagonist 
 Anti - dyskinesia agent  

  Oral tablet    2062 - 78 - 4    July 1984/ 
 Teva  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Polythiazide/ 
    Renese 
    Minizide  

  6 - chloro - 2 - methyl - 1,
1 - dioxo - 3 - (2,2,2 - 
trifl uoroethylsulfanylmethyl) - 
3,4 - dihydrobenzo[ e ][1,2,4]
thiadiazine - 7 - sulfonamide  

  

N

O2S

NH

Cl

SO2H2N

S

CF3

    

  Posaconazole/ 
    Noxafi l  

  4 - [4 - [4 - [4 - [[(5 R ) - 5 - (2,4 -
 difl uorophenyl) - 5 - (1,2,4 -
 triazol - 1 - ylmethyl)oxolan - 
3 - yl]methoxy]phenyl]piperazin - 
1 - yl]phenyl] - 2 - [(2 S ,3 S ) - 2 -
 hydroxypentan - 3 - yl] - 1,2,4 - 
triazol - 3 - one  

  

O

O

F

F

N

N

N

N N

O

OH

N
N

N

    

  Quazepam/ 
    Doral  

  7 - chloro - 5 - (2 - fl uorophenyl) - 1 -
 (2,2,2 - trifl uoroethyl) - 3 H  - 1,4 -
 benzodiazepine - 2 - thione  

  

N

N
S

F3C

F

Cl

    

  Riluzole/ 
    Rilutek  

  6 - (trifl uoromethoxy) - 1,3 - 
benzothiazol - 2 - amine  

  

NS

O

NH2

CF3     
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 11 H 13 ClF 3 N 3 O 4 S 3   

  Antihypertensive agent 
 Diuretic 
 Sodium chloride 

symporter inhibitor  

  Oral tablet    346 - 18 - 9    Sept. 1961/ 
 Pfi zer  

  C 37 H 42 F 2 N 8 O 4   
  Antibiotic
Antifungal 
 Trypanocidal agent  

  Oral suspension    171228 - 49 - 2    Sept. 2006/ 
 Schering  

  C 17 H 11 ClF 4 N 2 S    Hypnotic 
 Sedative    Oral tablet    36735 - 22 - 5    Dec. 1985/ 

 Questcor Pharms  

  C 8 H 5 F 3 N 2 OS  

  Anesthetics 
 Anticonvulsant 
 Excitatory amino acid 

antagonist 
 Neuroprotective agent  

  Oral tablet    1744 - 22 - 5  
  Dec. 1995/ 
 Sanofi  Aventis 
 Impax Labs  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Risperidone/ 
    Risperdal 
    Risperdal 
       Consta  

  3 - [2 - [4 - (6 - fl uoro - 1,2 -
 benzoxazol - 3 - yl)piperidin - 
1 - yl]ethyl] - 2 - methyl - 6,7,8,9 - 
tetrahydropyrido[2,1 -  b ]
pyrimidin - 4 - one    

O N

N

F

N

N

O     

  Rosuvastatin Calcium/ 
    Crestor  

  calcium ( E ,3 R ,5 R ) - 7 - [4 - (4 -
 fl uorophenyl) - 2 - (methyl -
 methylsulfonyl - amino) - 6 - 
propan - 2 - yl - pyrimidin - 5 - yl] -
 3,5 - dihydroxy - hept - 6 - enoate  

  

N N

F

N
S
O2

OH

CO2
-

OH

Ca2+

2

    

  Sevofl uran * / 
    Ultane 
    Sojourn  

  1,1,1,3,3,3 - hexafl uoro - 2 - 
(fl uoromethoxy)propane    

F3C O

CF3

F

    

  Sitagliptin Phospate/ 
    Januvia 
    Janumet  

  7 - [(3 R ) - 3 - amino - 1 - oxo - 4 -
 (2,4,5 - trifl uorophenyl)butyl] -  
5,6,7,8 - tetrahydro - 3 - 
(trifl uoromethyl) - 1,2,4 - 
triazolo[4,3 -  a ]pyrazine 
phosphate (1   :   1) 
monohydrate  

  

F

F

F

N
O

N

N
N CF3

H2N

H

•  H3PO4  •  H2O

    
  Sodium Fluoride, Triclosan/ 
    Colgate Total          

  Sodium Fluroide, F - 18          

  Sodium 
Monofl uorophosphate/ 

    Extra Strength AIM  

  disodium fl uoro - dioxido - 
oxophosphorane      



 Fluorine-containing Drugs for Human Use Approved by FDA in the United States 575

  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 23 H 27 FN 4 O 2   
  Serotonin antagonist 
 Antipsychotic agent 
 Dopamine antagonist  

  Injectable 
 Oral solution and 

tablet  
  106266 - 06 - 2    Dec. 1993/ 

 Janssen Pharma  

  C 44 H 54 CaF 2 N 6 O 12 S 2   
  Hydroxymethylglutaryl -

 CoA reductase 
inhibitor  

  Oral tablet    147098 - 20 - 2    Aug. 2003/ 
 Astrazeneca  

  C 4 H 3 F 7 O  
  Platelet aggregation 

inhibitor 
 Anesthetic  

  Inhalation    28523 - 86 - 6  

  June 1995/ 
 Abbott 
 Baxter Hlthcare 
 Minrad  

  C 16 H 15 F 6 N 5 O    ⋅    
H 3 PO 4     ⋅    H 2 O  

  DPP - 4 inhibitor for 
type 2 diabetes    Oral tablet    654671 - 77 - 9    Oct. 2006/ 

 Merck Co Inc.  

  NaF    Prevention of dental 
caries    Dental paste    7681 - 49 - 4    July 1997/ 

 Colgate Palmolive  

                  Feb. 1972/ 
 GE Healthcare  

  Na 2 FO 3 P    Prevention of dental 
caries  

  Dental gel and 
paste    10163 - 15 - 2  

  Aug. 1986/ 
 Chesebrough 

Brands   ∆     
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Sorafenbin Tosylate/ 
    Nexavar  

  4 - [4 - [[4 - chloro - 3 - (trifl uorometh
yl)phenyl]carbamoylamino]
phenoxy] -  N  - methylpyridine -
 2 - carboxamide 
4 - methylbenzenesulfonate  

  

ClF3C

NH
O

HN

O

N
O

HN

SO2HO

    

  Sparfl oxacin/ 
    Zagam   ∆     

  5 - amino - 1 - cyclopropyl - 
7 - [(3 S ,5 R ) - 3,5 -
 dimethylpiperazin - 1 - yl] - 6,8 - 
difl uoro - 4 - oxoquinoline - 3 - 
carboxylic acid  

  

N

F N

FH2N

O

HO2C

NH
    

  Sulindac/ 
    Clinoril  

  2 - [(3 Z ) - 6 - fl uoro - 2 - methyl - 
3 - [(4 - methylsulfi nylphenyl)
methylidene]inden - 1 -
 yl]acetic acid  

  

HO

F

O

S
O     

  Sunitinib Malate/ 
    Sutent  

   N  - (2 - diethylaminoethyl) - 5 - [( Z ) -
 (5 - fl uoro - 2 - oxo - 1 H  - indol - 3 -
 ylidene)methyl] - 2,4 - dimethyl - 1 H  -
 pyrrole - 3 - carboxamide; 
(2 S ) - 2 - hydroxybutanedioic 
acid  

  

NH

O
NH

F

O

NH

CO2H

CO2H

HO

N
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 21 H 16 ClF 3 N 4 O 3     ⋅    
C 7 H 8 O 3 S  

  Antineoplastic agent 
 Protein kinase inhibitor    Oral tablet    475207 - 59 - 1    Dec. 2005/ 

 Bayer Pharms  

  C 19 H 22 F 2 N 4 O 3     Antibacterial agent    Oral tablet    110871 - 86 - 8    Dec. 1996/ 
 Mylan  

  C 20 H 17 FO 3 S  

  Nonsteroidal anti -
 infl ammatory agent 

 Antineoplastic agent 
 Cyclooxygenase 

inhibitor  

  Oral tablet    38194 - 50 - 2  

  Sept. 1978/ 
 Merck 
 Mutual Pharm 
 Mylan 
 Sandoz 
 Teva   ∆    
 Watson Labs  

  C 26 H 33 FN 4 O 7   
  Antineoplastic agent 
 Angiogenesis inhibitor    Oral capsule    341031 - 54 - 7    Jan. 2006/ 

 CPPI CV  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Tipranavir/ 
    Aptivus  

   N  - [3 - [(1 R ) - 1 - [(6 R ) - 6 - (2 -
 cyclohexylethyl) - 2 - hydroxy -
 4 - oxo - 6 - propyl - 5 H  - pyran - 3 - yl]
propyl]phenyl] - 5 - 
(trifl uoromethyl)pyridine - 2 - 
sulfonamide  

  

N

HN

CF3

O O

HO

O2S

    

  Travoprost/ 
    Travatan 
    Travatan Z  

  propan - 2 - yl ( Z ) - 7 -
 [(1 R ,2 R ,3 R ,5 S ) - 3,5 -
 dihydroxy - 2 - [( E ,3 R ) - 3 - hydroxy - 
4 - [3 - (trifl uoromethyl)phenoxy]
but - 1 - enyl]cyclopentyl]
hept - 5 - enoate  

  

OF3C

OH

O O

OH

HO

    

  Triamcinolone Acetonide *   1  / 
    Azmacort 
    Kenalog 
    Triacet 
    Triderm 
    Oracort 
    Oralone 
    Mykacet  

  (11 β ,16 α ) - 9 - fl uoro - 11,21 - 
dihydroxy - 16,17 - [(1 - 
methylethylidene)bis(oxy)] - 
pregna - 1,4 - diene - 3,20 - dione  

  

O
O

O

HO H

F
H

O

HO
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 31 H 33 F 3 N 2 O 5 S  
  Anti - HIV agent
Antiviral protease 

inhibitor  
  Oral capsule    174484 - 41 - 4  

  June 2005/ 
 Boehringer 

Ingelheim  

  C 26 H 35 F 3 O 6   
  Antihypertensive agent
Antiglaucoma    Ophthalmic drops    157283 - 68 - 6    March 2001/ 

 Alcon  

  C 24 H 31 FO 6   

  Glucocorticoid 
 Anti - infl ammatory 

agent 
 Immunosuppressive 

agent  

  Inhalation (aersol) 
 Topical cream, 

spray, and 
ointment 

 Injectable 
 Dental paste 
 Nasal (spray)  

  76 - 25 - 5  

  March 1959/ 
 Abbott 
 Apothecon 
 Teva 
 Actavis Mid 

Atlantic 
 Altana 
 G and W Labs 
 Ranbaxy 
 Perrigo New York 
 Taro 
 Vintage 
 Del Ray Labs 
 Morton Grove 
 Carolina Medcl 
 Sanofi  Aventis  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Triamcinolone 
Hexacetonide/ 

    Aristospan  

  (11 β ,16 α ) - 21 - (3,3 - dimethyl - 1 -
 oxobutoxy) - 9 - fl uoro - 11 - 
hydroxy - 16,17 - [(1 - 
methylethylidene)bis(oxy)] -  
pregna - 1,4 - diene - 3,20 - dione  

  

O
O

O

HO H

F
H

O

O

O

    

  Trifl uoperazine 
Hydrochloride/ 

    Stelazine  

  10 - [3 - (4 - methylpiperazin - 1 -
 yl)propyl] - 2 - (trifl uoromethyl)
phenothiazine 
dihydrochloride  

  

2HCl

S

N

N

N

CF3

    

  Trifl upromazine  2  / 
    Vesprin   ∆     

   N,N  - dimethyl - 3 - [2 -
 (trifl uoromethyl)phenothiazin - 
10 - yl]propan - 1 - amine  

  S

N CF3

N

    

  Trifl uridine/ 
    Viroptic  

  1 - [4 - hydroxy - 5 -
 (hydroxymethyl)oxolan - 2 - yl] - 
5 - (trifl uoromethyl)pyrimidine - 
2,4 - dione  

  

HN

N

CF3

O

O

O

HO OH    

  Trovafl oxacin Mesylate/ 
    Trovan   ∆     

  7 - [(1 S ,5 R ) - 6 - amino - 3 -
 azabicyclo[3.1.0]hexan - 3 -
 yl] - 1 - (2,4 - difl uorophenyl) - 
6 - fl uoro - 4 - oxo - 1,8 - 
naphthyridine - 3 - 
carboxylic acid; 
methanesulfonic acid  

  

N

N O

N F

F

F

H2N

CO2H

H

H

SO O

OH
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 30 H 41 FO 7   
  Anti - infl ammatory 

agent    Injectable    5611 - 51 - 8    July 1969/ 
 Sandoz  

  C 21 H 26 Cl 2 F 3 N 3 S  
  Antiemetic 
 Antipsychotic agent 
 Dopamine antagonist  

  Oral concentrate 
and tablet    440 - 17 - 5  

  April 1959/ 
 GlaxoSmithKline 
 Mylan 
 Sandoz  

  C 18 H 19 F 3 N 2 S  
  Antiemetic 
 Antipsychotic agent 
 Dopamine antagonist  

  Oral suspension 
and tablet 

 Injectable  
  146 - 54 - 3    Sept. 1957/ 

 Apothecon  

  C 10 H 11 F 3 N 2 O 5   
  Antiviral agent 
 Antimetabolite    Ophthalmic drops    70 - 00 - 8  

  April 1980/ 
 Monarch Pharms 
 Alcon  

  C 21 H 19 F 3 N 4 O 6 S    Anti - infective agent    Oral tablet    147059 - 75 - 4    Dec. 1997/ 
 Pfi zer  
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  Active ingredient/ 
 trade name  

  Chemical name    Structure  

  Valrubicin/ 
    Valstar  

  [2 - oxo - 2 - [(2 S ,4 S ) - 2,5,12 -
 trihydroxy - 4 - [5 - hydroxy - 6 -
 methyl - 4 - [(2,2,2 - 
trifl uoroacetyl)amino]oxan - 2 - 
yl]oxy - 7 - methoxy - 6,11 - dioxo - 
3,4 - dihydro - 1 H  - tetracen - 2 - yl]
ethyl] pentanoate  

  

O

O

O

OO OH

NH

O
CF3

O

OO

HO

HO OH

    

  Voriconazole/ 
    Vfend  

  (2 R ,3 S ) - 2 - (2,4 - difl uorophenyl) -
 3 - (5 - fl uoropyrimidin - 4 - yl) - 1 -
 (1,2,4 - triazol - 1 - yl)butan - 2 - ol  

  

N N

F

F

F

N

N
N

OH

    

     ∆     Discontinued from the market.  
    V     See the veterinary drug list (Section 2).  
   1    Triamcinolone and Triamcinolone Diacetate are discontinued from the market.  
   2    Trifl upromazine and Trifl upromazine Hydrochloride are discontinued from the market.  
   3    Not approved.            
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  Formula    Pharmaceutical action    Dosage form    CAS No.    Approval date/ 
 drug sponsor  

  C 34 H 36 F 3 NO 13     Antineoplastic agent    Intravescial 
solution    56124 - 62 - 0    Sept. 1998/ 

 Indevus Pharms  

  C 16 H 14 F 3 N 5 O    Antifungal agent  
  Oral suspension 

and tablet 
 Injectable  

  137234 - 62 - 9    May 2002/ 
 Pfi zer  
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  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Azaperone/ 
    Stresnil  

  1 - (4 - fl uorophenyl) - 4 - (4 - pyridin - 2 - 
ylpiperazin - 1 - yl)butan - 1 - one  

  

N
N

N

O

F

    

  Betamethasone 
Acetate/ 

    Betavet 
Soluspan 

    Gentocin 
Durafi lm  

  [2 - [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 S ,17 R ) -
 9 - fl uoro - 11,17 - dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 6,7,8,11,12,14,15,16 - 
octahydrocyclopenta[ a ]phenanthren - 
17 - yl] - 2 - oxoethyl] acetate  

  O

HO

H

O

O

O

OH

F

    

  Betamethasone 
Dipropionate/ 

    Betasone  

  [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 S ,17 R ) - 9 -
 fl uoro - 11 - hydroxy - 10,13,16 - 
trimethyl - 3 - oxo - 17 - (2 - 
propanoyloxyacetyl) - 6,7,8,11,
12,14,15,16 - octahydrocyclopenta[ a ]
phenanthren - 17 - yl] propanoate  

  O

HO

H

O

O

O

O

F

O

    

  Betamethasone 
Sodium 
Phosphate/ 

     Betavet 
Soluspan 

    Betasone  

  [2 - [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 S ,17 R ) - 9 -
 fl uoro - 11,17 - dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 6,7,8,11,12,14,15,
16 - octahydrocyclopenta[ a ]
phenanthren - 17 - yl] - 2 - oxoethyl] 
phosphate  

  O

HO

H

O

P

O

O

OH

F

O
O

Na

Na

    

  Betamethasone 
Valerate/ 

    Gentocin Otic 
    Topagen 
    Otomax 
    Gentavet 
    Betagen 
    Tri - Otic 
    Vetro - Max 
    GBC  

  (1) pregna - 1,4 - diene - 3,20 - dione, 9 -
 fl uoro - 11,21 - dihydroxy - 16 - methyl -
 17 - [(1 - oxopentyl)oxy] - , (11 β , 16 β ) - ; 
(2) 9 - fl uoro - 11  β ,17,21 - trihydroxy -
 16 β  - methylpregna - 1,4 - diene - 3,20 -
 dione 17 valerate  

  O

HO

H

OH

O
O

F

O
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 19 H 22 FN 3 O    Sedative 
 Tranquilizer  

  Injectable 
 (Swine)    1649 - 18 - 9  

  Oct. 1983/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 24 H 31 FO 6   
  Bronchodilator 

agent 
 Glucocorticoid  

  Injectable 
 (Horse) 
 Ophthalmic 

drops 
 (Dog)  

  987 - 24 - 6  

  Prior to 1989/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 28 H 37 FO 7   
  Anti - infl ammatory 

agent 
 Glucocorticoid  

  Injectable
(Horse, Dog)    5593 - 20 - 4  

  Prior to 1989/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 22 H 28 FNa 2 O 8 P    Glucocorticoid    Injectable
(Horse, Dog)    151 - 73 - 5  

  Prior to 1989/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 27 H 37 FO 6     Glucocorticoid  

  Topical spray, 
liquid, and 
ointment 

 (Dog, Cat)  

  2152 - 44 - 5  

  Prior to 1989 / 
 Schering - Plough 

Animal Health 
Corporation 

 Med - Pharmex, Inc. 
 Altana, Inc. 
 IVA Animal Health 
 First Priority  
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  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Danofl oxacin 
Mesylate/ 

    A180  

  1 - cyclopropyl - 6 - fl uoro - 7 - [(1 S ,4 S ) - 3 -
 methyl - 3,6 - diazabicyclo[2.2.1]
heptan - 6 - yl] - 4 - oxoquinoline - 3 -
 carboxylic acid; methanesulfonic 
acid  

  

N

HO F

N

N

O

HH

O

S

O

O
OH

    

  Deracoxib/ 
    Dermaxx  

  4 - [3 - (difl uoromethyl) - 5 - (3 - fl uoro - 4 -
 methoxyphenyl)pyrazol - 1 - yl]
benzenesulfonamide  

  

N
N

F

F

O

F

S

NH2

OO

    

  Dexamethasone 
Sodium 
Phosphate/ 

    Dex - A - Vet 
    Dexium - SP  

  [2 - [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 R ,17 R ) -
 9 - fl uoro - 11,17 - dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 6,7,8,11,12,14,15,16 - 
octahydrocyclopenta[ a ]phenanthren - 
17 - yl] - 2 - oxoethyl] phosphate  

  O

HO

H

F

H

HO

O

O

P
O O

O

Na

    

  Dexamethasone/ 
    Azium 
    Naquasone 
    Tresaderm 
    Dexium 
    Dexameth - A - Vet 
    Pet Derm 
    Zonometh 
    Dexachel 
    Dexium  

  9 - fl uoro - 11 β ,17,21 -  
 trihydroxy - 16 α  - methylpregna - 1,4 -

 diene - 3,20 - dione   

 (8 S ,9 R ,10 S ,11 S ,
13 S ,14 S ,16 R ,17 R ) - 9 - fl uoro - 11,17 -
 dihydroxy - 17 - (2 - hydroxyacetyl) -
 10,13,16 - trimethyl - 6,7,8,11,12,14,
15,16 - octahydrocyclopenta[ a ]
phenanthren - 3 - one  

  O

HO

H

F

H

HO
OH

O
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 20 H 24 FN 3 O 6 S    Anti - bacterial agent    Injectable
(Cattle)    119478 - 55 - 6    Sept. 2002/ 

 Pfi zer, Inc.  

  C 17 H 14 F 3 N 3 O 3 S  
  Anti - 

infl ammatory 
 Analgesic  

  Oral tablet
(Dog)    169590 - 41 - 4  

  Aug. 2002/ 
 Novartis Animal 

Health US, Inc.  

  C 22 H 28 FNaO 8 P  
  Anti - 

infl ammatory 
 Glucocorticoid  

  Injectable 
 (Dog, Horse)    1869 - 92 - 7  

  April 2004/ 
 Cross Vetpharm 

Group Ltd. 
 Watson 

Laboratories, 
Inc. 

 IVX Animal Health  

  C 22 H 29 FO 5   

  Anti - infl ammatory 
 Antiemetics 
 Antineoplastic 

agent 
 Hormonal 
 Glucocorticoid  

  Oral Tablet 
and liquid 

 Injectable
Bolus 
 Topical liquid 
 (Dog, Cat, 

Cattle, 
Horse)  

  50 - 02 - 2  

  April 1995/ 
 Schering - Plough 

Animal Health 
Corp. 

 Merial Ltd. 
 Cross Vetpharm 

Group Ltd. 
 Pfi zer 
 IVX Animal Health 
 Sparhawk 

Laboratories, 
Inc.  
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  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Dexamethasone - 
21 - 
isonicotinate/ 

    Voren  

  [2 - [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 R ,17 R ) -
 9 - fl uoro - 11,17 - dihydroxy - 10,13,16 -
 trimethyl - 3 - oxo - 6,7,8,11,12,14,15,16 - 
octahydrocyclopenta[ a ]phenanthren - 
17 - yl] - 2 - oxoethyl] pyridine - 4 - 
carboxylate  

  O

HO

H

F

H

OH

O

O

N

O

    

  Difl oxacin 
Hydrochloride/ 

    Dicural  

  6 - fl uoro - 1 - (4 - fl uorophenyl) - 7 - (4 -
 methylpiperazin - 1 - yl) - 4 -
 oxoquinoline - 3 - carboxylic acid 
hydrochloride  

  

N

HO F

N

O

HCl

O

N

F     

  Dirlotapide/ 
    Slentrol  

  1 - methyl -  N  - [(1 S ) - 2 - (methyl -
 (phenylmethyl)amino) - 2 - oxo - 1 -
 phenylethyl] - 5 - [[2 - [4 - 
(trifl uoromethyl)phenyl]benzoyl]
amino]indole - 2 - carboxamide  

  
F3C

NH
O

N

OHN

N

O

    

  Droperidol/ 
    Innovar - Vet  

  3 - [1 - [4 - (4 - fl uorophenyl) - 4 - oxobutyl] -
 3,6 - dihydro - 2 H  - pyridin - 4 - yl] - 
1 H  - benzimidazol - 2 - one  

  
N
H

N
O

N

O

F
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 28 H 32 FNO 6   
  Anti - infl ammatory 
 Anti - allergic 
 Glucocorticoid  

  Injectable 
 (Dog, Cat, 

Horse)  
  2265 - 64 - 7  

  Prior to 1989/ 
 Boehringer 

Ingelheim 
Vetmedica, Inc.  

  C 21 H 20 ClF 2 N 3 O 3     Antibacterial agent  
  Oral tablet 
 (Dog)    91296 - 86 - 5  

  Nov. 1997/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth  

  C 40 H 33 F 3 N 4 O 3     Anti - obesity agent    Oral liquid 
 (Dog)    481658 - 94 - 0    Dec. 2006/ 

 Pfi zer, Inc.  

  C 22 H 22 FN 3 O 2   
  Anesthetic 
 Tranquilizer  

  Injectable 
 (Dog)    548 - 73 - 2  

  Prior to 1982/ 
 Schering - Plough 

Animal Health 
Corp.  
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  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Enrofl oxacin/ 
    Baytril  

  1 - cyclopropyl - 7 - (4 - ethylpiperazin - 1 -
 yl) - 6 - fl uoro - 4 - oxoquinoline - 3 -
 carboxylic acid  

  

N

HO F

N

O O

N
    

  Florfenicol/ 
    Nufl or 
    Aquafl or  

  2,2 - dichloro -  N  - [(1 R ,2 S ) - 3 - fl uoro - 1 - 
hydroxy - 1 - (4 - methylsulfonylphenyl)
propan - 2 - yl]acetamide  

  
S

FHO

HN

Cl Cl

O

OO
    

  Flumethasone 
Acetate/ 

    Fluosmin  

  [(6 S ,9 R ,11 S ,14 S ,16 R ,17 R ) - 6,9 -
 difl uoro - 11 - hydroxy - 17 - (2 -
 hydroxyacetyl) - 10,13,16 - trimethyl - 
3 - oxo - 6,7,8,11,12,14,15,16 - 
octahydrocyclopenta[ a ]phenanthren - 
17 - yl] acetate  

  F

OH

O

O

HO

F

O

HH

H

O

    

  Flumethasone/ 
    Flucort 
    Anaprime 
    Fluosmin 
    Anaprime 
    Toptic   ∆     

  (6 S ,8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,16 R ,17 R ) -
 6,9 - difl uoro - 11,17 - dihydroxy - 17 - 
(2 - hydroxyacetyl) - 10,13,16 - trimethyl - 
6,7,8,11,12,14,15,16 - 
octahydrocyclopenta[ a ]
phenanthren - 3 - one  

  F

OH

O

O

HO

F

OH

HH

H     

  Flunixin 
Meglumine/ 

    Banamine 
    Flunazine  

  (2 R ,3 R ,4 R ,5 S ) - 6 - methylaminohexane -
 1,2,3,4,5 - pentol; 2 - [[2 - methyl - 3 - 
(trifl uoromethyl)phenyl]amino]
pyridine - 3 - carboxylic acid  

  
F

FF

HN N

OH

O

H
N

OH

OH

OH

OH

OH
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 19 H 22 FN 3 O 3     Antibacterial agent  

  Oral tablet 
 Topical liquid 
 Injectable 
 (Dog, Cat, 

Cattle)  

  93106 - 60 - 6  

  Dec. 1988/ 
 Mobay 

Corporation 
 Bayer Healthcare 

LLC, Animal 
Health Division  

  C 12 H 14 Cl 2 FNO 4 S    Antibacterial agent  
  Injectable 
 Oral tablet 
 (Cattle, Swine)  

  73231 - 34 - 2  

  May 1996/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 24 H 30 F 2 O 6     Glucocorticoid    Injectable 
 (Dog)    2823 - 42 - 9  

  Prior to 1982/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth  

  C 22 H 28 F 2 O 5   
  Anti - 

infl ammatory 
 Glucocorticoid  

  Injectable 
 Oral tablet
Liquid 

(Ophthalmic)
(Dog, Cat, Horse)  

  2135 - 17 - 3  

  Prior to 1982/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth 

 Elanco Animal 
Health, A 
Division of Eli 
Lilly  &  Co.   ∆     

  C 21 H 28 F 3 N 3 O 7   

  Anti - 
infl ammatory 

 Analgesic 
 Antipyretic  

  Injectable
Oral granules 

and paste
(Cattle, Horse)  

  42461 - 84 - 7  

  May 1998/ 
 Schering - Plough 

Animal Health 
Corp. 

 Agri Laboratories, 
Ltd, 

 Fort Dodge Animal 
Health, Division 
of Wyeth 

 IVX Animal Health 
 Norbrook 

Laboratories Ltd.  



594 Fluorine in Medicinal Chemistry and Chemical Biology

  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Fluocinolone 
Acetonide/ 

    Neo - synalar 
    Synalar 
    Synotic 
    Synsac  

  (6 α ,11 β ,16 α ) - 6,9 -  
 difl uoro - 11,21 - dihydroxy - 16,17[(1 -

 methylethylidene)bis(oxy)] - pregna - 
1,4 - diene - 3,20 - dione    

  
O

H

OH

H
H

O
O

F

F H

H

O
OH

    

  Fluoxetine 
Hydrochloride/ 

    Reconcile  

   N  - methyl - 3 - phenyl - 3 - [4 - (trifl uo
romethyl)phenoxy]propan - 1 - amine 
hydrochloride  

  

F
F

O

HN

F

H Cl     

  Fluprostenol 
Sodium/ 

    Equimate  

  sodium ( E ) - 7 - [(1 S ,3 S ,5 R ) - 3,5 -
 dihydroxy - 2 - [( E ,3 S ) - 3 - hydroxy - 4 - 
[3 - (trifl uoromethyl)phenoxy]but - 1 - 
enyl]cyclopentyl]hept - 5 - enoate,  

  

O

F
FF

OH

HO

O

O

HO

Na     

  sodium ( Z ) - 7 - [(1 R ,2 R ,3 R ,5 S ) - 3,5 -
 dihydroxy - 2 - [( E ,3 R ) - 3 - hydroxy - 4 - 
[3 - (trifl uoromethyl)phenoxy]but - 1 - 
enyl]cyclopentyl]hept - 5 - enoate  

  

O

F
FF

OH

HO

O

O

HO

Na     
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 24 H 30 F 2 O 6   

  Anti - 
infl ammatory 

 Glucocorticoid
Antipruritic 
 Vasoconstrictive 

agent  

  Topical liquid 
and cream 

 (Dog, Cat)  
  67 - 73 - 2  

  Prior to 1982/ 
 Medicis 

Dermatologics, 
Inc. 

 Fort Dodge Animal 
Health, Division 
of Wyeth  

  C 17 H 19 ClF 3 NO  

  Serotonin uptake 
inhibitors 

 Antidepressive 
agents  

  Oral tablet 
 (Dog)    59333 - 67 - 4  

  Jan. 2007/ 
 Elanco Animal 

Health, A 
Division of Eli 
Lilly  &  Co.  

  C 23 H 28 F 3 NaO 6   

  Luteolytic agents 
 Estrus 

synchronization 
agent  

  Injectable 
 (Horse)    55028 - 71 - 2  

  Prior to 1982/ 
 Bayer Healthcare 

LLC, Animal 
Health Division  



596 Fluorine in Medicinal Chemistry and Chemical Biology

  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Flurogestone 
Acetate/ 

    Synchro - Mate  

  [(8 S ,9 S ,10 S ,11 S ,13 S ,14 S ,17 R ) - 17 -
 acetyl - 9 - fl uoro - 11 - hydroxy - 13,14 -
 dimethyl - 3 - oxo - 1,2,6,7,8,10,11,12,
15,16 - decahydrocyclopenta[ a ]
phenanthren - 17 - yl] acetate  

  O

O

FH

HO

H

O
O

    

  Halothane/ 
    Fluothane    2 - bromo - 2 - chloro - 1,1,1 - trifl uoroethane  

  
F

F

F

Br

Cl

    

  Isofl upredone 
Acetate/ 

    Predef 
    Neo - Predef  

  [2 - [(8 S ,9 R ,10 S ,11 S ,13 S ,14 S ,17 R ) - 9 -
 fl uoro - 11,17 - dihydroxy - 10,13 -
 dimethyl - 3 - oxo - 6,7,8,11,12,14,15,16 - 
octahydrocyclopenta[ a ]phenanthren - 
17 - yl] - 2 - oxoethyl] acetate  

  

O

O

O

O
OH

H

F

H

OH

    

  Isofl urane/ 
    Aerrane 
    IsoFlo  

  2 - chloro - 2 - (difl uoromethoxy) - 
1,1,1 - trifl uoroethane  

  
O

F

F
F

Cl F

F
    

  Lufenuron/ 
    Program 
    Sentinel 
    Capstar  

   N  - [[2,5 - dichloro - 4 - (1,1,2,3,3,3 -
 hexafl uoropropoxy)phenyl]
carbamoyl] - 2,6 - difl uorobenzamide  

  

HN

HN

O
F

F

F
F

F F

Cl

Cl

F F

O

O
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 23 H 31 FO 5   
  Estrus 

synchronization 
agent  

  Vaginal 
sponge 

 (Sheep)  
  2529 - 45 - 5  

  Prior to 1982/ 
 G.D. Searle LLC, 

Pharmacia Corp  

  C 2 HBrClF 3     Anesthetic  
  Inhalation 
 Liquid 
 (Dog, Cat)  

  151 - 67 - 7  

  Prior to 1982/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth 

 Halocarbon 
Laboratories, 
Div. of 
Halocarbon 
Products Corp.  

  C 23 H 29 FO 6     Anti - infl ammatory  

  Injectable 
 Topical 

ointment 
 (Dog, Cat, 

Horse, 
Cattle, 
Swine)  

  338 - 98 - 7  
  Prior to 1982/ 
 Pharmacia  &  

Upjohn Co.  

  C 3 H 2 ClF 5 O    Anesthetic    Inhalation
(Dog, Horse)    26675 - 46 - 7  

  Jan. 1986/ 
 Abbott 

Laboratories 
 Halocarbon 

Laboratories, 
Div. of 
Halocarbon 
Products Corp. 

 Marsam 
Pharmaceuticals, 
LLC 

 Minrad, Inc.  

  C 17 H 8 Cl 2 F 8 N 2 O 3     Ectoparasiticide  
  Oral tablet 
 Injectable 
 (Dog, Cat)  

  103055 - 07 - 8  
  Nov. 1994/ 
 Novartis Animal 

Health US, Inc.  
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  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Marbofl oxacin/ 
    Zeniquin  

  9 - fl uoro - 2,3 - dihydro - 3 - methyl - 10 - (4 -
 methyl - piperazino) - 7 - oxo - 7H -
 pyrido[1,2,3 - ij][1,2,4]benzoxadiazine - 
6 - carboxylic acid  

  

N

O

N

F

N

OH

N

O

O

    

  Methoxyfl urane/ 
    Metofane  

  2,2 - dichloro - 1,1 - difl uoro - 1 - 
methoxyethane  

  
O

Cl

Cl

F F

    

  Orbifl oxacin/ 
    Orbax  

  1 - cyclopropyl - 7 - [(3 R ,5 S ) - 3,5 -
 dimethylpiperazin - 1 - yl] - 5,6,8 -
 trifl uoro - 4 - oxoquinoline - 3 - carboxylic 
acid  

  

N

O

OH

OF

F

N

HN

F

    

  Ponazuril/ 
    Marquis  

  1 - methyl - 3 - [3 - methyl - 4 - [4 - 
(trifl uoromethylsulfonyl)phenoxy]
phenyl] - 1,3,5 - triazinane - 2,4,6 - trione  

  

N

N

NH

OO

O

O

S
O

CF3O     

  Romifi dine 
Hydrochloride/ 

    Sedivet  

   N  - (2 - bromo - 6 - fl uorophenyl) - 4,5 -
 dihydro - 1 H  - imidazol - 2 - amine 
hydrochloride  

  

F

NHN

HN

Br

• HCl
    

  Sarafl oxacin 
Hydrochloride/ 

    SaraFlox   ∆     

  6 - fl uoro - 1 - (4 - fl uorophenyl) - 4 - oxo - 7 -
 piperazin - 1 - ylquinoline - 3 - carboxylic 
acid hydrochloride  

  

• HCl

NF O

FN

HN

HO
O
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 17 H 19 FN 4 O 4     Antibacterial agent    Oral tablet 
 (Cat)       115550 - 35 - 1    June 1999/ 

 Pfi zer, Inc.  

  C 3 H 4 Cl 2 F 2 O    Anesthetic  

  Inhalation 
 (Dog, Cat, 

Horse, 
Swine, 
Sheep, 
Psittacines)  

  76 - 38 - 0  

  Prior to 1982/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 19 H 20 F 3 N 3 O 3     Antibacterial agent    Oral tablet 
 (Dog, Cat)    113617 - 63  

  April 1997/ 
 Schering - Plough 

Animal Health 
Corp.  

  C 18 H 14 F 3 N 3 O 6 S  
  Antiprotozoal to 

 Sarcocystis 
neurona .  

  Paste 
 (Horse)    69004 - 04 - 2  

  July 2001/ 
 Bayer Healthcare 

LLC, Animal 
Health Division  

  C 9 H 9 BrFN 3  · HCl  
  Adrenergic 

alpha - agonist 
 Anesthetic  

  Intravenous 
 (Horse)    65896 - 14 - 2  

  June 2004/ 
 Boehringer 

Ingelheim 
Vetmedica, Inc.  

  C 20 H 17 F 2 N 3 O 3     ⋅    
HCl    Antibacterial agent  

  Oral Powder 
 Injection 
 (Embryonated 

broiler eggs, 
Chicken, 
Turkey)  

  91296 - 87 - 6  
  Aug. 1995/ 
 Abbott 

Laboratories  



600 Fluorine in Medicinal Chemistry and Chemical Biology

  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Sevofl urane/ 
    SevoFlo  

  1,1,1,3,3,3 - hexafl uoro - 2 -
 (fl uoromethoxy)
propane  

  

CF3F3C

O

F     

  Ticarbodine/ 
    Tribodine    ∆     

  2,6 - dimethyl -  N  - [3 - (trifl uoromethyl)
phenyl]piperidine - 1 - 
carbothioamide  

  

N

SHN

F3C     

  Triamcinolone 
Acetonide/ 

    Vetalog 
    Panolog 
    Neo - Aristovet   ∆    
    Derma - Vet 

Panavet 
    Animax 
    Derma 4 
    Derm - Otic   ∆    
    Genesis 
    Medalon 
    Animax  

  pregna - 1,4 - diene - 3,20 - dione, 
9 - fl uoro - 11,21 - dihydroxy - 16,17 - 
[(1 - methylethylidene)bis(oxy)] - , 
(11.beta.,16.alpha.) -   

  

O
O

O

HO H

F
H

O

HO

    

  Triamcinolone/ 
    Aristova   ∆     

  9 - fl uoro - 11,16,17 - trihydroxy - 17 -  (2 -
 hydroxyacetyl)  - 10,13 - dimethyl -
 6,7,8,9,10,11,12,13,14,15,16,17 -  
dodecahydrocyclopenta[ a ]
phenanthren - 3 - one  

  

OH
OH

O

HO H

F
H

O

HO

    

  Trifl uomeprazine 
Maleate/ 

    Nortran   ∆     

   N,N , β  - trimethyl - 2 - (trifl uoromethyl) -
 10 H  - phenothiazine - 10 - propiamine 
maleate  

  S

N CF3

N
OH

O
OHO
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 4 H 3 F 7 O    Anesthetic  
  Liquid 

inhalant 
 (Dog)  

  28523 - 86 - 6  
  Nov. 1999/ 
 Abbott 

Laboratories  

  C 15 H 19 F 3 N 2 S    Anthelmintic    Oral tablet 
 (Dog)    31932 - 09 - 9  

  Prior to 1982/ 
 Elanco Animal 

Health, A 
Division of Eli 
Lilly  &  Co.  

  C 24 H 31 FO 6   

  Anti - infl ammatory 
agent 

 Glucocorticoid 
 Immunosuppressive 

agent  

  Injectable 
 Ointment 
 Oral tablet 

and 
suspension 

 Topical spray 
 (Dog, Cat, 

Horse)  

  76 - 25 - 5  

  Prior to 1982/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth 
Holdings Corp. 

 Bayer Healthcare 
LLC, Animal 
Health Division 

 Boehringer 
Ingelheim 
Vetmedica, Inc. 

 Med - Pharmex, Inc. 
 Altana, Inc. 
 Pfi zer, Inc. 
 Biocraft 

Laboratories, 
Inc. 

 RMS Laboratories, 
Inc.  

  C 21 H 27 FO 6   
  Anti - infl ammatory 

agent 
 Glucocorticoid  

  Oral tablet 
 Injectable    124 - 94 - 7  

  Prior to 1982/ 
 Bayer Healthcare 

LLC, Animal 
Health Division  

  C 19 H 21 F 3 N 2 S    ⋅    
C 4 H 4 O 4   

  Tranquilizer    Oral tablet    71609 - 19 - 3  

  Prior to 1982/ 
 Norden 

Laboratories, 
Inc.  
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  Active 
ingredient/ 
 trade name  

  Chemical name    Structure  

  Trifl upromazine 
Hydrochloride/ 

    Vetame  

   N,N  - dimethyl - 3 - [2 - (trifl uoromethyl)phe
nothiazin - 10 - yl]propan - 1 - amine 
hydrochloride  

  S

N CF3

N

• HCl

    

  Zolazepam 
Hydrochloride/ 

    Telazol  

  4 - (2 - fl uorophenyl) - 1,3,8 - trimethyl - 6H -
 pyrazolo[4,5 -  f  ][1,4]diazepin - 7 - one 
hydrochloride  

  
N

N

N
N

O

F

• HCl

    

     ∆     Withdrawn.            
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  Formula    Pharmaceutical 
action  

  Dosage form 
(species)  

  CAS No.    Approval date   / 
 drug sponsor  

  C 18 H 20 ClF 3 N 2 S  
  Antianxiety 
 Tranquilizer 
 Antiemetic  

  Injectable 
 Oral tablet
(Dog, Cat
Horse)  

  1098 - 60 - 8  

  Prior to 1982/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth 
Holdings Corp.  

  C 15 H 16 ClFN 4 O    Anesthetic    Injectable
(Dog, Cat)    33754 - 49 - 3  

  April 1982/ 
 Fort Dodge Animal 

Health, Division 
of Wyeth  
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A180 (danofl oxacin mesylate)  588
acetone, fl uorinated  3, 28–9
acetoxybromination  181
acetylcholine receptors (AChR)  424
acetylcholinesterase (AchE) inhibitors  30
[(8S,9S,10S,11S,13S,14S,17R)-17-acetyl-9-

fl uoro-11-hydroxy-13,14-dimethyl-3-oxo-
1,2,6,7,8,10,11,12,15,16-decahydrocyclope
nta[a]phenanthren-17-yl] acetate 
(fl urogestone acetate)  596

acyl-CoA dehydrogenase inhibitors  316
adenosine analogs

2′-deoxy-2′-α-fl uoroadenosine  169–71, 188
difl uorocyclopropanes  319
FddA  167, 177–83, 190–1

adenyl-PNA  276–7
Advair (fl uticasone propionate)  4, 8, 552
Aerobid (fl unisolide)  546
Aerospan (fl unisolide)  546
Aerrane (isofl urane)  596
alanine analogs  215, 229–30, 237–9

α-allylated  246–7
dipeptides  248
in 19F NMR spectroscopy  479, 482–3

alatrofl oxacin mesylate (Trovan)  528
alcohols

difl uorohomoallyl, in synthesis of 
difl uoromethylenated nucleosides  
202–7

straight-chain, CF3 substituted  11
tertiary, as solvents  380

alkaline protease (P. aeruginosa)  455
4-alkylidine cyclopentenone scaffold  350–1

alovudine  167, 190
α-helical coiled-coil proteins see coiled-coil 

proteins
Alphadrol (fl uprednisolone)  550
aluminum, as trialkylaluminum  267–9
amcinonide  528
amide bond isosteres see peptide bond isosteres
amino acids, fl uorinated  391–2, 417–18, 447–8

aromatic amino acids
19F-containing  464–5
π–cation interactions in ligand–receptor 

binding  418, 422–5
π–π interactions in protein folding  418, 

425–6
racemization  479–80

in coiled-coil protein models  392–3, 407
effect of F–F interactions on replicase 

activity  399–401
effect on stability of the antiparallel helix  

394–9, 429, 431
effect on stability of the parallel helix  

402–6, 430–1
membrane protein design and assembly  

432–4
self-sorting behaviour of helices  431–2
trifl uoromethyl amino acids  429–31

methionine  447–60
in peptides/proteins  434–8, 450–1

collagen containing 4-fl uoroproline  
426–9

synthesis of  418, 477–83
see also membrane peptides/proteins; 

NMR spectroscopy
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PET using 18F-labeled markers  372–4, 422
synthesis  418

diastereoselective  226–46
dipeptides  248–9
enantioselective  214–26
19F-containing  464–5, 477
fl uorous mixture synthesis  350–1
methionine analogs  448–9
racemic  246–9

7-[(1S,5R)-6-amino-3-azabicyclo[3.1.0]
hexan-3-yl]-1-(2,4-difl uorophenyl)-6-
fl uoro-4-oxo-1,8-naphthyridine-3-
carboxylic acid; methanesulfonic acid 
(trovafl oxacin mesylate)  580

(1S,2R,5R,6S)-2-aminobicyclo[3.1.0]hexane-
2,6-dicarboxylic acid (LY354740)  80, 92

fl uorinated analogs  69–71
γ-aminobutanoic acid (GABA) 

aminotransferase  222
(S)-aminobutyric acid (Abu), in coiled-coil 

proteins  395, 397, 398, 399–400, 404–5
γ-aminobutyric acid (GABA) receptor  424
cis-2-aminocarboxylate  239
4-amino-5-chloro-N-[1-[3-(4-

fl uorophenoxy)propyl]-3-
methoxypiperidin-4-yl]-2-
methoxybenzamide hydrate (cisapride 
monohydrate)  534

5-amino-1-cyclopropyl-7-[(3S,5R)-3,5-
dimethylpiperazin-1-yl]-6,8-difl uoro-4-
oxoquinoline-3-carboxylic acid 
(sparfl oxacin)  576

(1R,2R,3R,5R,6R)-2-amino-3-(3,4-dichloro-
benzyloxy)-6-fl uorobicyclo[3.1.0]hexane-
2,6-dicarboxylic acid (MGS0039)  68–9, 
82–7, 92

prodrugs of  71, 87–92, 92–3
3-amino-2,2-difl uorocarboxylates  235
β-amino-α,α-difl uorocarboxylic acid  220
1-amino-6,6-difl uorocyclohexane-1-carboxylic 

acid  229
(S)-3-amino-2,2-difl uoro-3-phenylpropanoic 

acid  229
amino esters  214, 216, 230, 240
(1S,2S,3S,5R,6S)-2-amino-3-fl uorobicyclo

[3.1.0]hexane-2,6-dicarboxylic acid 
(MGS0008)  69–70, 71–2, 77–9, 80, 92

(1R,2S,5R,6R)-2-amino-6-fl uorobicyclo[3.1.0]
hexane-2,6-dicarboxylic acid (MGS0022)  
69–70, 72–3, 79, 92

anti-3-amino-2-fl uoroesters  230
(1R,2S,5S,6S)-2-amino-6-fl uoro-4-

oxobicyclo[3.1.0]hexane-2,6-dicarboxylic 
acid monohydrate (MGS0028)  70, 73–7, 
79–82

(R,S)-7-[(4Z)-3-(aminomethyl)-4-
(methoxyimino)-1-pyrrolidinyl]-1-
cyclopropyl-6-fl uoro-1,4-dihydro-4-oxo-
1,8-naphthyridine-3-carboxylic acid 
(gemifl oxacin mesylate)  556

7-[(3R)-3-amino-1-oxo-4-(2,4,5-
trifl uorophenyl)butyl]-5,6,7,8-tetrahydro-
3-(trifl uoromethyl)-1,2,4-triazolo[4,3-
a]pyrazine phosphate (1 : 1) monohydrate 
(sitagliptin phosphate)  5, 574

7-[(1R,5S)-6-[[(2S)-2-[[(2S)-2-amino-
propanoyl]amino]propanoyl]amino]-3-
azabicyclo[3.1.0]hexan-3-yl]-1-(2,4-
difl uorophenyl)-6-fl uoro-4-oxo-1,8-
naphthyridine-3-carboxylic acid 
(alatrofl oxacin mesylate)  528

3-amino-4,4,4-trifl uorobutanoates  225, 229, 
240

2-amino-2-trifl uoromethylpentanoic acid  
230

Amitiza (lubiprostone)  564
AMPs see antimicrobial peptides
Anaprime (fl umethasone)  592
Ancobon (fl ucytosine)  544
angiotensin I/II  30–1, 434
Animax (triamcinolone acetonide)  600
Ansaid (fl urbiprofen)  552
anthracene–gem-difl uorocyclopropane 

derivatives  319, 326–8
antiandrogens  317
antibiotics  308

antimicrobial peptides (AMPs)  23–4, 286, 
421–2, 434–6, 465, 483–5

puromycin  171–2, 189–90
sitafl oxacin  514–15

antibodies, monoclonal  134–5
anticancer agents

(−)-dictyostatin  344
difl uorocyclopropanes  314–16, 319
drug resistance  119–20, 122, 123, 126, 131, 

314–15
fl uorinated nucleosides  166

5-FU  507–12, 548
tumor-targeting strategies  133–4
see also taxoids

antidepressants
fl uoxetine  512, 513, 548
glutamate analogs  68, 86–7, 92

antimalarial agents see artemisinins
antimicrobial peptides (AMPs)  465, 483

gramicidin S  23–4, 286, 434–5, 483–4
magainin(s)  421, 435–6, 484–5
protegrin-1  421–3

antiprotozoal agents  344–7
see also artemisinins
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antipsychotic agents
glutamate analogs  68, 79–80
haloperidol  513, 558

antithrombotic agents  297
antiviral agents  27, 166, 189

difl uorocyclopropanes  319
FddA  167, 177–83, 190–1
FddG  167, 183–8
mappicine  340–1

anxiolytics  68, 69, 87
aprepitant (Emend)  528
Aptivus (tipranavir)  578
Aquafl or (fl orfenicol)  592
Arava (lefl unomide)  562
arginine  21
Aristospan (triamcinolone hexacetonide)  

580
Aristova (triamcinolone)  600
aromatic compounds

18F analogs  368–71
fl uorinated amino acids  418, 422–6, 464–5, 

479–80
fl uorobenzenes  10, 17–18
see also heterocyclic compounds

artemether  142
CF3 analogs  146, 147–51

artemisinins  141–4
improving metabolism

CF3 analogs  146–51
fl uoralkyl ethers of dihydroartemisinin  

144–6
increasing water solubility

C-16 functionalization  153–8
CF3 artesunate  152
difl uoroenoxysilanes  152–3

artemisone  143
artesunate  142, 152
aryl methyl sulfoxide  236–9
[18F]aryl(2-thienyl)iodonium bromides  370
asymmetric reactions for introducing chirality

alkylation  216–17
dihydroxylation  215–16
hydrogenation  214–15
see also diastereoselective synthesis; 

enantioselective synthesis
atorvastatin calcium (Lipitor)  4, 21, 528
Atripla (emtricitabine)  542
Avelox (moxifl oxacin hydrochloride)  564
Avodart (dutasteride)  540
azanucleosides  207–9
azaperone (Stresnil)  586
Azium (dexamethasone)  588
Azmacort (triamcinolone acetonide)  578
Azuren (bromperidol)  532
azurin (P. aeruginosa)  455–8

B18 peptide (of bindin)  486
Banamine (fl unixin meglumine)  592
barbiturates  107–10
Baycol (cerivastatin sodium)  532
Baytril (enrofl oxacin)  592
bendrofl umethiazide (Corzide)  528
benzenes, fl uorinated

hydrogen bonding  17–18
lipophilicity  10

benzodiazepine-fused heterocyclic scaffolds  
353, 354–5

(3S,4R)-3-(1,3-benzodioxol-5-yloxymethyl)-4-
(4-fl uorophenyl)piperidine hydrochloride 
(paroxetine hydrochloride)  568

(3S,4R)-3-(1,3-benzodioxol-5-yloxymethyl)-4-
(4-fl uorophenyl)piperidine 
methanesulfonic acid (paroxetine 
mesylate)  568

3-benzyl-5,5-dioxo-9-(trifl uoromethyl)-5λ6-
thia-2,4-diaza-bicyclo[4.4.0]deca-7,9,11-
triene-8-sulfonamide 
(bendrofl umethiazide)  528

Betagen (betamethasone valerate)  586
betamethasone (Celestone)  530
betamethasone acetate  586
betamethasone benzoate (Uticort)  530
betamethasone dipropionate  530, 586
betamethasone sodium phosphate  530, 586
betamethasone valerate  530, 586
Betasone (betamethasone dipropionate/sodium 

phosphate)  586
β-turn peptides  284–6
Beta-Val (betamethasone valerate)  530
Betavet Soluspan (betamethasone acetate/

sodium phosphate)  586
bicalutamide (Casodex)  532
bicyclic amino acids  245–6, 482
bimatoprost  54
bindin  486
biosynthetic methods for 19F labeling of 

peptides  478
[1,1′-biphenyl]-4-acetic acid, 2-fl uoro-

alphamethyl-, (±)-(fl urbiprofen)  552
block effect of C–F bond  7
(2R)-bornane-10,2-sultam  230–3
bromination of artemisinin analogs  148, 

154–5
2-bromo-2-chloro-1,1,1-trifl uoroethane 

(halothane)  560, 596
bromofl uoromethylene  269–70
N-(2-bromo-6-fl uorophenyl)-4,5-dihydro-1H-

imidazol-2-amine hydrochloride 
(romifi dine hydrochloride)  598

1-bromo-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
heptadecafl uorooctane (perfl ubron)  570
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4-[4-(4-bromo-phenyl)-4-hydroxy-1-piperidyl]-
1-(4-fl uorophenyl)butan-1-one 
(bromperidol)  532

bromperidol (Impromen)  532
buforin II  435–6
but-2-enedioic acid (constituent of fl uvoxamine 

maleate)  554

Caduet (atorvastatin calcium)  4, 21, 528
camphorsultam derivatives  266
cancer, treatment of see anticancer agents
capecitabine (Xeloda)  34, 510, 532
Capstar (lufenuron)  596
Carac (5-fl uorouracil)  507–12, 548
carbene-addition reactions  321–4
carbocyclic nucleosides  209–10
carbohydrate microarrays  415
2-(2-carbohydroxy-3,3-difl uorocyclopropyl)-

glycines (F2CCGs)  318–19, 321
carbon–fl uorine bond  6, 7, 12–13, 15–16, 

18–21, 412
Casodex (bicalutamide)  532
cathepsin K inhibitors  25
celecoxib (Celebrex)  532
Celestone (betamethasone)  530
Celestone Soluspan (betamethasone sodium 

phosphate)  530
Celexa (citalopram hydrobromide)  

536
cell-penetrating peptides  465–6, 

485–6
cerivastatin sodium (Baycol)  532
cesium ion, in protic solvents  380, 381
chemical shielding anisotropy (CSA)  499
chemical shift imaging (CSI)  497–8, 509
chemotherapeutic drugs see anticancer agents
chirality see diastereoselective synthesis; 

enantioselective synthesis
chloramphenicol acetyltransferase  436–7
(S)-6-chloro-4-(cyclopropylethynyl)-1,4-

dihydro-4-(trifl uoromethyl)-2H-3,1-
benzoxazin-2-one (efavirenz)  5, 540

2-chloro-9-(2-deoxy-2-fl uoro-β-d-
arabinofuranosyl)-9H-purin-6-amine 
(clofarabine)  538

9-chloro-2-(2-diethylaminoethyl)-6-(2-
fl uorophenyl)-2,5-diazabicyclo[5.4.0]
undeca-5,8,10,12-tetraen-3-one 
dihydrochloride (fl urazepam 
hydrochloride)  552

2-chloro-2-(difl uoromethoxy)-1,1,1-
trifl uoroethane (isofl urane)  560, 596

9-chloro-6α-fl uoro-11β,21-dihydroxy-16α-
methylpregna-1,4-diene-3,20-dione-21-
pivalate (clocortolone pivalate)  536

(11β,16α)-21-chloro-9-fl uoro-11-hydroxy-
16,17-[(1-methylethylidene)bis(oxy)]-
pregn-4-ene-3,20-dione (halcinonide)  
556

(11β,16α)-21-chloro-9-fl uoro-11-hydroxy-16-
methyl-17-(1-oxopropoxy)pregna-1,4-
diene-3,20-dione (halobetasol propionate)  
556

(11β,16β)-21-chloro-9-fl uoro-11-hydroxy-16-
methyl-17-(1-oxopropoxy)-pregna-1,4-
diene-3,20-dione (clobetasol propionate)  
536

N-(3-chloro-4-fl uorophenyl)-7-methoxy-6-[3-4-
morpholin)propoxy](4-quinazolinamine) 
(gefi tinib)  554

N-[3-chloro-4-[(3-fl uorophenyl)methoxy]phenyl]
-6-[5-[(2-methylsulfonylethylamino)methyl]
furan-2-yl]quinazolin-4-amine; hydrate 
(constituent of lapatinib ditosylate)  560

8-chloro-6-(2-fl uorophenyl)-1-methyl-4H-
imidazo[1,5a][1,4]benzodiazepine 
hydrochloride (midazolam hydrochloride)  
564

7-chloro-5-(2-fl uorophenyl)-1-(2,2,2-
trifl uoroethyl)-3H-1,4-benzodiazepine-2-
thione (quazepam)  572

6-chloro-2-methyl-1,1-dioxo-3-(2,2,2-
trifl uoroethylsulfanylmethyl)-3,4-
dihydrobenzo[e][1,2,4]thiadiazine-7-
sulfonamide (polythiazide)  572

[4-(4-chlorophenyl)-1-[4-(4-fl uorophenyl)-4-
oxo-butyl]-4-piperidyl] decanoate 
(haloperidol decanoate)  558

4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]-
1-(4-fl uorophenyl)butan-1-one 
(haloperidol)  558

4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]-
1-(4-fl uorophenyl)butan-1-one; 2-
hydroxypropanoic acid (haloperidol 
lactate)  558

7-chloro-5-phenyl-1-(2,2,2-trifl uoroethyl)-
3H-1,4-benzodiazepin-2-one (halazepam)  
556

6-chloropurine 3′-deoxyribosides  180–1, 
185

6-chloropurine ribosides  179
2-chloro-1,1,2-trifl uoroethyldifl uoromethyl 

ether (enfl urane)  542
4-[4-[[4-chloro-3-(trifl uoromethyl)phenyl]

carbamoylamino]phenoxy]-N-
methylpyridine-2-carboxamide 4-
methylbenzenesulfonate (sorafenbin 
tosylate)  576

Ciloxan (ciprofl oxacin hydrochloride)  534
cinacalcet hydrochloride (Sensipar)  532
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ciprofl oxacin (Cipro)  534
ciprofl oxacin hydrochloride (Ciloxan)  534
circular dichroism (CD)  468, 469
cisapride monohydrate (Propulsid)  534
citalopram hydrobromide (Celexa)  536
citric acid cycle  6
clevudine  167, 191
“click” chemistry  374–6

18F labelling  376–9
Clinoril (sulindac)  576
clobetasol propionate (Olux/Clobex)  536
clocortolone pivalate (Cloderm)  536
clofarabine  538
clotting factor inhibitors  297
coiled-coil proteins  392–3, 407

effect of F–F interactions on replicase 
activity  399–401

effect on stability of the antiparallel helix  
394–9, 429, 431

effect on stability of the parallel helix  
402–6, 430–1

membrane protein design and assembly  
432–4

self-sorting behaviour of helices  431–2
trifl uoromethyl amino acids  429–31

Colgate Total (sodium fl uoride)  574
collagen  426–9
copper(I) in Huisgen 1,3-dipolar cycloaddition 

reaction  375–6
copper metalloproteins (azurin)  455–8
Cordran (fl urandrenolide)  550
core scaffolds in drug discovery  293–5

perfl uorinated heterocyclic compounds  
295–308

Cormax (clobetasol propionate)  536
coronamic acids, trifl uoromethylated  247
Corzide (bendrofl umethiazide)  528
Crestor (rosuvastatin calcium)  574
cryptands  364
(3S,4R)-1-[4-cyano-4-(4-

fl uorophenyl)cyclohexyl]-3-methyl-4-
phenylpiperidine-4-carboxylic acid 
hydrochloride (levocabastine 
hydrocholoride)  562

4-cyanotetrafl uoropyridine  306
N-[4-cyano-3-(trifl uoromethyl)phenyl]-3-[(4-

fl uorophenyl)sulfonyl]-2-hydroxy-2-
methyl-, (+/−) (bicalutamide)  532

N-[3-[(1R)-1-[(6R)-6-(2-cyclohexylethyl)-2-
hydroxy-4-oxo-6-propyl-5H-pyran-3-
yl]propyl]phenyl]-5-(trifl uoromethyl)
pyridine-2-sulfonamide (tipranavir)  578

cyclonucleosides  167–8, 169
cyclopropanes see difl uorocyclopropanes
cycloproparadicicol analogs  317

1-cyclopropyl-7-[(3R,5S)-3,5-
dimethylpiperazin-1-yl]-5,6,8-trifl uoro-4-
oxoquinoline-3-carboxylic acid 
(orbifl oxacin)  598

1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-
fl uoro-4-oxoquinoline-3-carboxylic acid 
(enrofl oxacin)  592

1-cyclopropyl-6-fl uoro-1,4-dihydro-4-oxo-7-(1-
piperazinyl)-3-quinolinecarboxylic acid 
(ciprofl oxacin)  534

1-cyclopropyl-6-fl uoro-1,4-dihydro-4-oxo-7-(1-
piperazinyl)-3-quinolinecarboxylic acid, 
monohydrochloride monohydrate 
(ciprofl oxacin hydrochloride)  534

1-cyclopropyl-6-fl uoro-8-methoxy-7-(3-
methylpiperazin-1-yl)-4-oxo-quinoline-3-
carboxylic acid (gatifl oxacin)  554

1-cyclopropyl-6-fl uoro-7-[(1S,4S)-3-methyl-
3,6-diazabicyclo[2.2.1]heptan-6-yl]-4-
oxoquinoline-3-carboxylic acid; 
methanesulfonic acid (danofl oxacin 
mesylate)  588

1-cyclopropyl-6-fl uoro-5-methyl-7-(3-
methylpiperazin-1-yl)-4-oxo-2,3-
dihydroquinoline-3-carboxylic acid 
hydrochloride (grepafl oxacin 
hydrocholoride)  556

danofl oxacin mesylate (A180)  588
DAST (diethylaminosulfur trifl uoride)  180, 

181–2, 185
DDT-pyrethroid derivatives  313–14
Decadron-LA (dexamethasone acetate)  538
Defi nity (perfl utren)  570
defl uorination reactions in synthesis of 

dipeptides  248–9, 264–9
3′-deoxy-3′,3′-difl uoro-d-arabino-furanose  

202
2′-deoxy-2′,2′-difl uorocytidine 

monohydrochloride (gemcitabine 
hydrochloride)  554

β-3′-deoxy-3′,3′-difl uoromethylenated 
nucleosides  201–5

azanucleosides  207–9
carbocyclic  207–9
thionucleosides  205–7

3-deoxy-3,3-difl uoro-d-ribohexose  204–5
15-deoxy-15,15-difl uoro-17,18,19,20-tetranor-

16-phenoxy-PGF2α isopropyl ester 
(tafl uprost)  55–62

1′-deoxy-1′-(2,4-dihalo-5-methylphenyl)-β-d-
ribouranose (rN)  281, 282–3

2′-deoxy-2′-α-fl uoronucleosides
adenosine  169–71, 188
biological activity  188–90
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guanosine  169
2′FGpG  172–3

puromycin  171–2, 189–90
uridine  167–8, 173–4, 188

2′-deoxy-2′-β-fl uoronucleosides  174–7
5′-deoxy-5-fl uoro-N-[(pentyloxy)carbonyl]

cytidine (capecitabine)  34, 510, 532
deracoxib (Dermaxx)  588
Derma 4 (triamcinolone acetonide)  600
Dermabet (betamethasone valerate)  530
Derma-Smoothe (fl uocinolone acetonide)  546
Derma-Vet (triamcinolone acetonide)  600
Dermaxx (deracoxib)  588
Derm-Otic (triamcinolone acetonide)  600
desfl urane  538
desoximetasone (Topicort)  538
destannylation  374
Dexachel (dexamethasone)  588
dexamethasone  538, 588
dexamethasone acetate (Decadron-LA)  538
dexamethasone-21-isonicotinate (Voren)  590
dexamethasone sodium phosphate  538, 588
Dexameth-A-Vet (dexamethasone)  588
Dex-a-Vet (dexamethasone sodium phosphate)  

588
dexfenfl uramine  512
Dexium (dexamethasone)  588
Dexium-SP (dexamethasone sodium phosphate)  

588
DFM see difl uoromethionine
DHA see dihydroartemisinin
diabetes mellitus, type II  273
diacylglycerol kinase (DAGK)  421
5,5-diaryl-2-amino-4-pentenoate  230–1
diaryliodonium salts  369–71
diastereoselective synthesis  244–6

chiral auxiliaries  226–40
fl uorination of chiral building blocks  241–4
fl uorous mixture synthesis  341–7
see also enantioselective synthesis

dibromofl uoroacetate  260
1,3-dichloro-α-[2-(dibutylamino)ethyl]-6-

(trifl uoromethyl)-9-phenanthrene-methanol 
hydrochloride (halofantrine hydrochloride)  
558

2,2-dichloro-1,1-difl uoro-1-methoxyethane 
(methoxyfl urane)  598

2,2-dichloro-N-[(1R,2S)-3-fl uoro-1-hydroxy-1-
(4-methylsulfonylphenyl)propan-2-
yl]acetamide (fl orfenicol)  592

N-[[2,5-dichloro-4-(1,1,2,3,3,3-
hexafl uoropropoxy)phenyl]carbamoyl]-
2,6-difl uorobenzamide (lufenuron)  596

(–)-dictyostatin  344
Dicural (difl oxacin hydrochloride)  590

didanosine (ddI)  178
2′,3′-dideoxy-2′-difl uoromethylazanucleosides  

207–8
1′,2′-dideoxy-1′-(2,4-difl uoro-5-methylphenyl)-

β-d-ribofuranoside (dF)  277–8
2′,3′-dideoxy-6′,6′-difl uoro-3′-thionucleosides  

205–7
2′,3′-dideoxy-6′,6′-difl uorouracils (racemic)  

209–10
1′,2′-dideoxy-1′-(2,4-dihalo-5-methylphenyl)-

β-d-ribofuranose  281
2′,3′-dideoxy-3′-α-fl uoroguanosine (FddG)  

167, 183–8
1′,2′-dideoxy-1′-(4-fl uoro-6-

methylbenzoimidazolyl)-β-d-ribofuranose 
(dH)  280–1

9-(2,3-dideoxy-2-fl uoro-β-d-threo-
pentofuranosyl)adenine (FddA) 
(lodenosine)  167, 177–83, 190–1

2′,3′-dideoxyuridine  190
N-(2-diethylaminoethyl)-5-[(Z)-(5-fl uoro-2-

oxo-1H-indol-3-ylidene)methyl]-2,4-
dimethyl-1H-pyrrole-3-carboxamide 
(constituent of sunitinib malate)  576

diethylaminosulfur trifl uoride (DAST)  180, 
181–2, 185

difl orasone diacetate (Psorcon)  540
difl oxacin hydrochloride (Dicural)  590
Difl ucan (fl uconazole)  544
difl unisal (Dolobid)  540
difl uorinated methylenecyclopropane (F2MCP)  

316
difl uoroalanine  238–9
difl uoroalkyl ketones  29–31
4,4-difl uoro-3-aminocyclopentane carboxylic 

acid  222
2,4-difl uoro-α,α1-bis(1H-1,2,4-triazol-1-

ylmethyl) (fl uconazole)  544
difl uorocarbene  321–4
difl uorocyclopropanes  313–20, 328–30

photosensitive DNA cleavage agents  319, 
326–8

synthetic methods  225, 321–5
(6S,8S,9R,10S,11S,13S,14S,16R,17R)-6,9-

difl uoro-11,17-dihydroxy-17-(2-
hydroxyacetyl)-10,13,16-trimethyl-
6,7,8,11,12,14,15,16-octahydrocyclopenta
[a]phenanthren-3-one (fl umethasone)  592

6α,9α-difl uoro-11β,21-dihydroxy-16α,17α-
isopropylidenedioxypregna-1,4-diene-
3,20-dione 21-acetate (fl uocinonide)  546

(6α,11β,16α)-6,9-difl uoro-11,21-dihydroxy-
16,17-[(1-methylethylidene)bis(oxy)]-
pregna-1,4-diene-3,20-dione (fl uocinolone 
acetonide)  546, 594
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[2-[(6S,9R,11S,14S,16R,17R)-6,9-difl uoro-
11,17-dihydroxy-10,13,16-trimethyl-
3-oxo-6,7,8,11,12,14,15,16-
octahydrocyclopenta[a]phenanthren-
17-yl]-2-oxoethyl]2,2-dimethylpropanoate 
(fl umethasone pivalate)  546

γ,γ-difl uoro-α,β-enoate derivatives  264–8
difl uoroenoxysilanes  152–3
(S)-difl uoroethylglycine (DfeGly), in coiled-

coil proteins  395, 398, 400, 404
(6α,11β,16α,17α)-6,9-difl uoro-17-[[(fl uoro-

methyl)thio]carbonyl]-11-hydroxy-16-
methyl-3-oxoandrosta-1,4-dien-17-yl2-
furancarboxylate (fl uticasone furoate)  
552

4,4-difl uoroglutamic acid  221, 222
3,3-difl uoroglutamine  233
4,4-difl uoroglutamine  220–1, 241
difl uorohomoallyl alcohols  202–7
[(6S,9R,11S,14S,16R,17R)-6,9-difl uoro-11-

hydroxy-17-(2-hydroxyacetyl)-10,13,16-
trimethyl-3-oxo-6,7,8,11,12,14,15,16-
octahydrocyclopenta[a]phenanthren-17-yl] 
acetate (fl umethasone acetate)  592

(6α,11β,16α,17α)-6,9,-difl uoro-11-hydroxy-16-
methyl-3-oxo-17-(1-oxopropoxy)androsta-
1,4-diene-17-carbothioic acid, S-
fl uoromethylester (fl uticasone propionate)  
4, 8, 552

difl uoromethionine (DFM)  448
enzymes binding  458–60
incorporation into peptides/proteins  450–1

lysozyme (phage)  453
metalloenzymes  455–8

platinum and  454
synthesis of  449

5-(difl uoromethoxy)-2-[[(3,4-dimethoxy-2-
pyridinyl)methyl]sulfi nyl]-1H-
benzimidazole sesquihydrate, sodium salt 
(pantoprazole sodium)  568

difl uoromethylenated nucleosides  202–5
azanucleosides  207–9
carbocyclic  209–10
thionucleosides  205–7

difl uoromethylene  26–8
4-[3-(difl uoromethyl)-5-(3-fl uoro-4-

methoxyphenyl)pyrazol-1-
yl]benzenesulfonamide (deracoxib)  588

(+)-2-(difl uoromethyl) ornithine 
monohydrochloride monohydrate 
(efl ornithine hydrochloride)  540

C-3′-difl uoromethyl taxoids  121–3, 132
7-[(1R,4R,6R,9S)-4-(1,1-difl uoropentyl)-4-

hydroxy-8-oxo-5-oxabicyclo[4.3.0]non-9-
yl]heptanoic acid (lubiprostone)  564

3,3-difl uorophenylalanine  228
(2R,3S)-2-(2,4-difl uorophenyl)-3-(5-

fl uoropyrimidin-4-yl)-1-(1,2,4-triazol-1-
yl)butan-2-ol (voriconazole)  582

5-(2,4-difl uorophenyl)-2-hydroxy-benzoic acid 
(difl unisal)  540

4-[4-[4-[4-[[(5R)-5-(2,4-difl uorophenyl)-5-
(1,2,4-triazol-1-ylmethyl)oxolan-3-yl]
methoxy]phenyl]piperazin-1-yl]phenyl]-2-
[(2S,3S)-2-hydroxypentan-3-yl]-1,2,4-
triazol-3-one (posaconazole)  572

difl uoroproline benzyl ester  214
difl uoroproline dipeptides  249
(S)-difl uoropropylglycine (DfpGly), in coiled-

coil proteins  395, 397, 398, 403–4, 405
3,5-difl uoropyridines  297–9
9,9-difl uoro-1,2,9,9a-tetrahydrocyclopropyl[c]

benzo[e]indol-4-one (F2CBI)  315–16
(2S,3R)-difl uorothreonine  214
2,3-difl uorotoluene  25–6
6α9-difl uoro-11β,17,21-trihydroxy-16β-

methylpregna-1,4-diene-3,20-dione 17,21-
diacetate (difl orasone diacetate)  540

C-3′-difl uorovinyl-taxoids  128–31, 132–3
dihydroartemisinin (DHA)  142

CF3 analogs  146–7, 150, 151
difl uoroenoxysilanes  152–3
fl uoroalkyl ethers  144–6

dihydrotetrabenazine (DTBZ), 18F analog  
366–8

l-3,4-dihydroxy-6-[18F]fl uorophenylalanine 
([18F]FDOPA)  372–4, 422

(E/Z)-7-[(1S,3S,5R)-3,5-dihydroxy-2-[(E,3S)-
3-hydroxy-4-[3-(trifl uoromethyl)phenoxy]
but-1-enyl]cyclopentyl]hept-5-enoate, 
sodium salt (fl uprostenol sodium)  52, 594

N,N-diisopropylethylamine (DIPEA)  376
1-[3-(dimethylamino)-propyl]-1-(p-

fl uorophenyl)-5-phthalancarbonitrile 
monohydrobromide (citalopram 
hydrobromide)  536

S-(+)-1-[3-(dimethylamino)propyl]-1-(p-
fl uorophenyl)-5-phthalancarbonitrile 
oxalate (escitalopram oxalate)  542

dimethyl copper lithium (Me2CuLi)  264–6, 
267

N,N-dimethylcyclohexylamine (DMCHA)  183
5,5-dimethyl-3-[4-nitro-3-(trifl uoromethyl)

phenyl]imidazolidine-2,4-dione 
(nilutamide)  566

(11β,16α)-21-(3,3-dimethyl-1-oxobutoxy)-
9-fl uoro-11-hydroxy-16,17-[(1-
methylethylidene)bis(oxy)]-pregna-1,4-
diene-3,20-dione (triamcinolone 
hexacetonide)  580
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N,N-dimethyl-3-[2-(trifl uoromethyl)
phenothiazin-10-yl]propan-1-amine 
(trifl upromazine)  580

N,N-dimethyl-3-[2-(trifl uoromethyl)
phenothiazin-10-yl]propan-1-amine 
hydrochloride, (trifl upromazine 
hydrochloride)  602

2,6-dimethyl-N-[3-(trifl uoromethyl)phenyl]
piperidine-1-carbothioamide (ticarbodine)  
600

1,1-dioxo-6-(trifl uoromethyl)-3,4-dihydro-2H-
benzo[e][1,2,4]thiadiazine-7-sulfonamide 
(hydrofl umethiazide)  560

2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC)  417

dipeptidyl peptidase IV (DPP IV) inhibitors  
272–5

1,3-dipolar cycloaddition reaction  375–9
Diprolene (betamethasone dipropionate)  530
dirlotapide (Slentrol)  590
(+)-discodermolide, truncated analogs  347
disodium fl uoro-dioxido-oxophosphorane  574
disulfi de linkers for MAb-taxoid conjugates  

134–5
Diucardin (hydrofl umethiazide)  560
diversity-oriented synthesis (DOS)  353–5
DMCHA (N,N-dimethylcyclohexylamine)  183
DNA

isosteres in
base pairing  25–6
stacking  280–1

photosensitive cleavage using 
difl uorocyclopropanes  319, 326–8

see also nucleosides
DNA polymerase  281–2
docetaxel  118–19
Dolobid (difl unisal)  540
dopamine, (DOPA, dihydroxyphenylalanine)  

372–4, 422
dopamine D2 receptors  34
Doral (quazepam)  572
DOS (diversity-oriented synthesis)  353–5
DPP IV (dipeptidyl peptidase IV) inhibitors  

272–5
DPPC (2-dipalmitoyl-sn-glycero-3-

phosphocholine)  417
droperidol (Inaspine/Innovar-Vet)  540, 590
drug design/development  117, 291–5, 335–6, 

495–6
see also MR spectroscopy

drug resistance
reversal by difl uorocyclopropanes  314–15
taxoids and  119–20, 122, 123, 126, 131
to antimalarial drugs  141

duocarmycin SA/A analogs  315–16

Durafi lm (betamethasone acetate)  586
dutasteride (Avodart)  540

efavirenz (Sustiva)  5, 540
efl ornithine hydrochloride (Vaniqa)  540
Efudex (5-fl uorouracil)  507–12, 548
electronegativity of fl uorine  6, 11–16, 417, 479
Embeline (clobetasol propionate)  536
Emend (aprepitant)  528
emtricitabine (Atripla/Emtriva/Truvada)  542
enantioselective synthesis

chiral transposition  218–19
difl uorocyclopropanes  324–5
enzymatic resolution of racemic mixtures  

224–6, 324–5
FMS  339–40

quasi-racemic  337, 339–41, 347
introduction of chiral center into fl uorinated 

building blocks  214–17
introduction of F into chiral building blocks  

219–24
modifi cation of chiral fl uorinated building 

blocks  224
see also diastereoselective synthesis

enfl urane (Entrane)  542
enoxacin (Penetrex)  542
enrofl oxacin (Baytril)  592
Entrane (enfl urane)  542
enzymatic resolution of racemic mixtures  

224–6, 324–5
Equimate (fl uprostenol sodium)  52, 594
escitalopram oxalate (Lexapro)  542
etherifi cation of dihydroartemisinin  145
1-ethyl-6,8-difl uoro-7-(3-methyl-1-piperazinyl)-

4-oxo-3-quinolinecarboxylic acid 
hydrochloride (lomefl oxacin 
hydrochloride)  562

ethyl 8-fl uoro-5,6-dihydro-5-methyl-6-oxo-4H-
imidazo[1,5-a](1,4) benzodiazepine-3-
carboxylate (fl umazenil)  546

1-ethyl-6-fl uoro-4-oxo-7-piperazin-1-yl-1,8-
naphthyridine-3-carboxylic acid 
(enoxacin)  542

1-ethyl-6-fl uoro-4-oxo-7-piperazin-1-yl-
quinoline-3-carboxylic acid (norfl oxacin)  
566

Extra Strength AIM (sodium 
monofl uorophosphate)  574

ezetimibe (Zetia/Vytorin)  542

Factive (gemifl oxacin mesylate)  556
Faslodex (fulvestrant)  554
FddA (9-(2,3-dideoxy-2-fl uoro-β-d-threo-

pentofuranosyl)adenine) (lodenosine)  167, 
177–83, 190–1
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FddG (2′, 3′-dideoxy-3′-α-fl uoroguanosine)  
167, 183–8

FK506 binding protein 12 (FKBP12) rotamase 
inhibitors  27–8

Flarex (fl uorometholone acetate)  546
fl ecainide acetate (Tambocor)  542
fl eroxacin  512
Flonase (fl uticasone furoate)  552
fl orfenicol (Nufl or/Aquafl or)  592
Flornef (fl udrocortisone acetate)  544
Florone (difl orasone diacetate)  540
Floropyrl (isofl urophate)  560
Floxin (ofl oxacin)  566
fl oxuridine (Fudr)  542
fl uconazole (Difl ucan)  544
Flucort (fl umethasone)  592
fl ucytosine (Ancobon)  544
fl udarabine phosphate (Fludara)  544
fl udeoxyglucose F-18  365–6, 544
fl udrocortisone acetate (Flornef)  544
fl umazenil (Romazicon)  546
fl umethasone  592
fl umethasone acetate (Fluosmin)  592
fl umethasone pivalate (Locorten)  546
Flunazine (fl unixin meglumine)  592
fl unisolide (Aerospan)  546
fl unixin meglumine (Banamine/Flunazine)  

592
fl uocinolone acetonide (Synalar)  546, 594
fl uocinonide (Lidex)  546
fl uorarenes  277–83
fl uorine

fl uorine-18 see radiopharmaceuticals
fl uorine-19  32, 418–19, 469–70, 

496–7
gaseous (F2)  371
physicochemical properties  6–21, 412

fl uoroacetic acid  6
fl uoroacetone  3, 28–9
fl uoroalanine see alanine analogs
β-fl uoroalkyl-β-sulfonylhydroxamic acids 

(MMP inhibitors)  110–12
4-fl uoro-3-aminocyclopentane carboxylic acid  

222
3-[2-[4-(6-fl uorobenzo[d]isoxazol-3-yl)-1-

piperidyl]ethyl]-7-hydroxy-4-methyl-1,5-
diazabicyclo[4.4.0]deca-3,5-dien-2-one 
(paliperidone)  566

3-[2-[4-(6-fl uoro-1,2-benzoxazol-3-
yl)piperidin-1-yl]ethyl]-2-methyl-6,7,8,9-
tetrahydropyrido[2,1-b]pyrimidin-4-one 
(risperidone)  4, 574

4-[18F]fl uorobenzoyl hexadecanoate ([18F]HFB)  
368

fl uorobenzoyl-C-seco-taxoids  123–8

(±)-2-(2-fl uoro-4-biphenylyl)-propionate 
dihydrate 2-(3-fl uoro-4-phenyl-
phenyl)propanoate, sodium salt 
(fl urbiprofen sodium)  552

5-fl uorocytosine  544
2-[18F]fl uoro-2-deoxy-d-glucose ([18F]FDG)  

365–6, 544
9-fl uoro-2,3-dihydro-3-methyl-10-(4-methyl-

piperazino)-7-oxo-7H-pyrido[1,2,3-
ij][1,2,4]benzoxadiazine-6-carboxylic acid 
(marbofl oxacin)  598

(-)-(S)-9-fl uoro-2,3-dihydro-3-methyl-10-(4-
methyl-1-piperazinyl)-7-oxo-7H-
pyrido(1,2,3-de)-1,4-benzoxazine-6-
carboxylic acid (levofl oxacin/ofl oxacin)  
562, 566

[2-[(8S,9S,10S,11S,13S,14S,17R)-9-fl uoro-
11,17-dihydroxy-10,13-dimethyl-3-
oxo-1,2,6,7,8,11,12,14,15,16-
decahydrocyclopenta[a]phenanthren-
17-yl]-2-oxoethyl]acetate (fl udrocortisone 
acetate)  544

[2-[(8S,9R,10S,11S,13S,14S,17R)-9-
fl uoro-11,17-dihydroxy-10,13-
dimethyl-3-oxo-6,7,8,11,12,14,15,16-octah
ydrocyclopenta[a]phenanthren-17-yl]-2-
oxoethyl] acetate (isofl upredone acetate)  
596

(6S,8S,9S,10R,11S,13S,14S,17R)-6-
fl uoro-11,17-dihydroxy-17-(2-
hydroxyacetyl)-10,13-dimethyl-
7,8,9,11,12,14,15,16-octahydro-6H-
cyclopenta[a]phenanthren-3-one 
(fl uprednisolone)  550

9-fl uoro-11,17-dihydroxy-17-(2-
hydroxyacetyl)-10,13,16-trimethyl-
6,7,8,9,10,11,12 13,14,15,16,17-
dodecahydrocyclopenta[a]phenanthren-3-
one (betamethasone)  530

(8S,9R,10S,11S,13S,14S,16R,17R)-9-
fl uoro-11,17-dihydroxy-17-(2-
hydroxyacetyl)-10,13,16-trimethyl-
6,7,8,11,12,14,15,16-octahydrocyclopenta
[a]phenanthren-3-one (dexamethasone)  
538, 588

 (6α,11β,16α)-6-fl uoro-11,21-dihydroxy-16,17-
[(1-methylethylidene)bis(oxy)]pregna-1,4-
diene-3,20-dione (fl unisolide)  546

(11β,16α)-9-fl uoro-11,21-dihydroxy-16,17-[(1-
methylethylidene)bis(oxy)]-pregna-1,4-
diene-3,20-dione (triamcinolone 
acetonide)  578, 600

(6α,11β,16α)-6-fl uoro-11,21-dihydroxy-16,17-
[(1-methylethylidene)bis(oxy)]pregn-4-
ene-3,20-dione (fl urandrenolide)  550
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9-fl uoro-11β, 7-dihydroxy-6α-methylpregna-
1,4-diene-3,20-dione (fl uorometholone)  
548

9-fl uoro-11β, 17-dihydroxy-6α-methylpregna-
1,4-diene-3,20-dione 17-acetate 
(fl uorometholone acetate)  546

9-fl uoro-11,17-dihydroxy-10,13,17-trimethyl-
1,2,6,7,8,11,12,14,15,16-
decahydrocyclopenta[a]phenanthren-3-one 
(fl uoxymesterone)  548

[2-[(6S,8S,9S,10R,11S,13S,14S,16R,17R)-6-
fl uoro-11,17-dihydroxy-10,13,16-
trimethyl-3-oxo-7,8,9,11,12,14,15,16-
octahydro-6H-cyclopenta[a]phenanthren-
17-yl]-2-oxoethyl] acetate (paramethasone 
acetate)  568

[2-[(8S,9R,10S,11S,13S,14S,16S,17R)-9-
fl uoro-11,17-dihydroxy-10,13,16-
trimethyl-3-oxo-6,7,8,11,12,14,15,16-
octahydrocyclopenta[a]phenanthren-17-
yl]-2-oxoethyl] acetate (betamethasone 
acetate)  586

[2-[(8S,9R,10S,11S,13S,14S,16S,17R)-9-
fl uoro-11,17-dihydroxy-10,13,16-
trimethyl-3-oxo-6,7,8,11,12,14,15,16-
octahydrocyclopenta[a]phenanthren-17-
yl]-2-oxoethyl] phosphate (betamethasone 
sodium phosphate)  530, 586

 [2-[(8S,9R,10S,11S,13S,14S,16R,17R)-9-
fl uoro-11,17-dihydroxy-10,13,16-
trimethyl-3-oxo-6,7,8,11,12,14,15,16-
octahydrocyclopenta[a]phenanthren-17-
yl]-2-oxoethyl]phosphate, sodium salt 
(dexamethasone sodium phosphate)  538, 
588

 [2-[(8S,9R,10S,11S,13S,14S,16R,17R)-9-
fl uoro-11,17-dihydroxy-10,13,16-
trimethyl-3-oxo-6,7,8,11,12,14,15,16-
octahydrocyclopenta[a]phenanthren-17-
yl]-2-oxoethyl] pyridine-4-carboxylate 
(dexamethasone-21-isonicotinate)  
590

(Z)-α-fl uoroenal  261–2
α-fl uoroenones  270
[18F]fl uoroethylazide  377–8
FluoroFlash  336
6-fl uoro-1-(4-fl uorophenyl)-7-(4-

methylpiperazin-1-yl)-4-oxoquinoline-3-
carboxylic acid hydrochloride (difl oxacin 
hydrochloride)  590

6-fl uoro-1-(4-fl uorophenyl)-4-oxo-7-piperazin-
1-ylquinoline-3-carboxylic acid 
hydrochloride (sarafl oxacin hydrochloride)  
598

α-fl uoroglycine  464

[(8S,9R,10S,11S,13S,14S,16R,17R)-9-fl uoro-
11-hydroxy-17-(2-hydroxyacetyl)-
10,13,16-trimethyl-3-oxo-
6,7,8,11,12,14,15,16-octahydrocyclopenta
[a]phenanthren-17-yl] acetate hydrate 
(dexamethasone acetate)  538

[(8S,9R,10S,11S,13S,14S,16S,17R)-9-fl uoro-
11-hydroxy-17-(2-hydroxyacetyl)-
10,13,16-trimethyl-3-oxo-
6,7,8,11,12,14,15,16-octahydrocyclopenta
[a]phenanthren-17-yl] benzoate 
(betamethasone benzoate)  530

5-fl uoro-1-[4-hydroxy-5-(hydroxymethyl)
tetrahydrofuran-2-yl]-1H-pyrimidine-2,4-
dione (fl oxuridine)  542

(2S,3R,4S,5S,6R)-3-fl uoro-6-
(hydroxymethyl)oxane-2,4,5-triol 
(fl udeoxyglucose F-18)  365–6, 544

5-fl uoro-1-(2R,5S)-[2-(hydroxymethyl)-1,3-
oxathiolan-5-yl]cytosine ((−) enantiomer) 
(emtricitabine)  542

[(8S,9R,10S,11S,13S,14S,16S,17R)-9-fl uoro-
11-hydroxy-10,13,16-trimethyl-3-oxo-17-
(2-propanoyloxyacetyl)-
6,7,8,11,12,14,15,16-octahydrocyclopenta
[a]phenanthren-17-yl] propanoate 
(betamethasone dipropionate)  530, 586

4-fl uorolysine  241
fl uorometholone (FML/Fluor-Op)  548
fl uorometholone acetate (Flarex/Tobrasone)  

546
2-[(3Z)-6-fl uoro-2-methyl-3-[(4-

methylsulfi nylphenyl)methylidene]
inden-1-yl]acetic acid (sulindac)  576

N-[[3-(3-fl uoro-4-morpholinylphenyl)-2-
oxooxazolidin-5-yl]methyl]acetamide 
(linezolid)  562

fl uoro-olefi ns as peptide bond isosteres 
(ψ[CF=CH])

DPP IV inhibitors  272–5
fl uorarenes as nucleoside mimics  277–83
peptide-nucleic acid  275–7
Substance P  23, 262, 271
synthesis  22, 23, 258–70
thermolysin inhibitors  271–2

fl uorooxaloacetate aldolization  264
Fluor-Op (fl uorometholone)  548
3-[1-[4,4-bis(4-fl uorophenyl)butyl]piperidin-4-

yl]-1H-benzimidazol-2-one (pimozide)  
570

[R-(R*,R*)]-2-(4-fl uorophenyl)-β,δ-dihydroxy-
5-(1-methylethyl)-3-phenyl-4-[(phenyl-
amino)carbonyl]-1H-pyrrole-1-
heptanoicacid, calcium salt (2 : 1) trihydrate 
(atorvastatin calcium)  4, 21, 528
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1-(4-fl uorophenyl)-3(R)-[3-(4-fl uorophenyl)-
3(S)-hydroxypropyl]-4(S)-(4-
hydroxyphenyl)-2-azetidinone (ezetimibe)  
542

4-fl uoro-phenylglycine  481
[S-[R*,S*-(E)]]-7-[4-(4-fl uorophenyl)-5-

(methoxymethyl)-2,6-bis(1-methylethyl)-
3-pyridinyl]-3,5-dihydroxy-6-heptenoate, 
sodium salt (cerivastatin sodium)  532

(E,3R,5R)-7-[4-(4-fl uorophenyl)-2-
(methylmethylsulfonyl-amino)-6-propan-
2-yl-pyrimidin-5-yl]-3,5-dihydroxy-hept-
6-enoate, calcium salt (rosuvastatin 
calcium)  574

1-(4-fl uorophenyl)-4-(4-methyl-1-
piperidyl)butan-1-one (melperone)  564

3-[1-[4-(4-fl uorophenyl)-4-oxobutyl]-3,6-
dihydro-2H-pyridin-4-yl]-3H-
benzoimidazol-2-one (droperidol)  540

(E,3S,5R)-7-[3-(4-fl uorophenyl)-1-propan-2-yl-
indol-2-yl]-3,5-dihydroxyhept-6-enoate, 
sodium salt (fl uvastatin sodium)  554

1-(4-fl uorophenyl)-4-(4-pyridin-2-ylpiperazin-
1-yl)butan-1-one (azaperone)  586

α-fl uoro-α-phenylsulfi nylacetate  264
4-(2-fl uorophenyl)-1,3,8-trimethyl-6H-

pyrazolo[4,5-f][1,4]diazepin-7-one 
hydrochloride (zolazepam hydrochloride)  
602

α-fl uoro-α-phosphonoacetate  259, 260
Fluoroplex (5-fl uorouracil)  507–12, 548
4(R)-fl uoroproline (Flp)/4(S)-fl uoroproline (fl p)  

14, 219, 427–8
2-(fl uoro-propan-2-yloxyphosphoryl)

oxypropane (isofl urophate)  560
[18F]fl uoropropyldihydrotetrabenazine (FP-

DTBZ)  366–8
5-fl uoro-2,4(1H,3H)-pyrimdinedione (5-

fl uorouracil)  507–12, 548
fl uoroquinolones  308
fl uorosulfonyldifl uoroacetate (TFDA)  321, 324
9-fl uoro-11,16,17-trihydroxy-17-(2-

hydroxyacetyl)-10,13-dimethyl-6,7,8,9,10,
11,12,13,14,15,16,17-
dodecahydrocyclopenta[a]phenanthren-3-
one (triamcinolone)  600

9-fl uoro-11β,17,21-trihydroxy-16α-
methylpregna-1,4-diene-3,20-dione 
(dexamethasone)  538, 588

9-fl uoro-11β,17,21-trihydroxy-16β-
methylpregna-1,4-diene-3,20-dione 17 
valerate (betamethasone valerate)  530, 
586

α-fl uoro-α-trimethylsilyl acetate  260
fl uorotryptophan  248, 483

5-fl uorouracil (5-FU)  507–12, 548
fl uorous affi nity separation of peptides  413–15
fl uorous biphasic catalysis  412
fl uorous mixture synthesis (FMS)  336–7, 

355–6
examples of  339–55
tags (protecting groups)  337–9, 346, 351

fl uorous small-molecule microarrays  415–16
fl uorous tags

in FMS  337–9, 346, 351
in SPPS  413–15

Fluosim (fl umethasone/fl umethasone acetate)  
592

Fluothane (halothane)  560, 596
fl uoxetine  512, 513
fl uoxetine hydrochloride (Prozac/Reconcile)  

548, 594
fl uoxymesterone (Halotestin)  548
fl uphenazine decanoate  550
fl uphenazine enanthate (Prolixin Enanthate)  

550
fl uphenazine hydrochloride  550
fl uprednisolone (Alphadrol)  550
fl uprostenol sodium (Equimate)  52, 594
fl urandrenolide (Cordran)  550
fl urazepam hydrochloride  552
fl urbiprofen (Ansaid)  552
fl urbiprofen sodium (Ocufen)  552
fl urogestone acetate (Synchro-Mate)  596
fl utamide  552
fl uticasone furoate (Flonase)  552
fl uticasone propionate (Advair)  4, 8, 552
fl uvastatin sodium (Lescol)  554
fl uvoxamine maleate  554
FML (fl uorometholone)  548
FMS see fl uorous mixture synthesis
forane (isofl uorane)  560
FP23 peptide (of gp41)  486–7
FS Shampoo (fl uocinolone acetonide)  546
5-FU (5-fl uorouracil)  507–12, 548
Fudr (fl oxuridine)  542
fulvestrant (Faslodex)  554
fusogenic peptides  466, 486–7

GABA (γ-aminobutanoic acid) 
aminotransferase  222

GABA (γ-aminobutyric acid) receptor  424
Garner’s aldehyde  220, 241
gatifl oxacin (Zymar)  554
gauche effect  13–16, 190, 427–8
GBC (betamethasone valerate)  586
GCN4 coiled-coil dimer  405–6, 430–1, 432
gefi tinib (Iressa)  554
gelatinase B (MMP-9)  107
gemcitabine hydrochloride (Gemzar)  554
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gemifl oxacin mesylate (Factive)  556
Gemzar (gemcitabine hydrochloride)  554
Genesis (triamcinolone acetonide)  600
gene therapy  275
Gentavet (betamethasone valerate)  586
Gentocin (betamethasone acetate)  586
Gentocin Otic (betamethasone valerate)  586
glaucoma, prostenoids for treatment of  53–62
glucose, [18F]FDG  365–6, 544
glucuronidation  146
glutamate analogs  67, 317–18

agonists  68, 69–70, 71–82, 92, 318–19, 321
antagonists  68–9, 70–1, 82–92
comparison of fl uorinated and non-

fl uorinated compounds  92–3
glutamate-induced cytotoxicity, tafl uprost and  

60
glutamate receptors  68
glutamic acid analogs  214, 221, 222, 228
glutamine analogs  220–1, 233, 241
glutathione  134
glycine  464
glycine reuptake transport system  231
glycolipids, fl uorinated  417
gp41 protein  486–7
gramicidin S  23–4, 286, 434–5, 483–4
green fl uorescent protein (GFP)  437–8
grepafl oxacin hydrochloride (Raxaar)  556
guanidine  302
guanidinium ion of arginine  21
guanosine

2′-deoxy-2′-α-fl uoroguanosine  169
2′FGpG  172–3

dH isostere of  280–1
FddG  167, 183–8

halazepam (Paxipam)  556
halcinonide (Halog)  556
Haldol (haloperidol decanoate/lactate)  558
Haldrone (paramethasone acetate)  568
Halfan (halofantrine hydrochloride)  558
halobetasol propionate (Ultravate)  556
halofantrine hydrochloride (Halfan)  558
Halog (halcinonide)  556
haloperidol  513, 558
haloperidol decanoate (Haldol)  558
haloperidol lactate (Haldol)  558
Halotestin (fl uoxymesterone)  548
halothane (Fluothane)  560, 596
Hansch hydrophobicity parameters  10, 418
hepatitis B, drugs for  183–4
heterocyclic compounds

as core scaffolds in drug discovery  293–6
bicyclic perfl uorinated compounds  300–8
pentafl uoropyridine  296–9, 302–3, 306

perbromofl uoropyridine  299
tetrafl uoropyrimidine  299

FMS  353–5
1,1,1,3,3,3-hexafl uoro-2-

(fl uoromethoxy)propane (sevofl urane)  
574, 600

1,1,1,3,3,3-hexafl uoroisopropanol (HFIP)  149
hexafl uoroleucine  220, 221, 431, 432, 435–6
high performance liquid chromatography 

(HPLC)  336–7
Hilderbrand–Scatchard solubility parameter (δ)  

412–13
histone deacetylase inhibitors  416
HIV

drugs for  190–1
FddA (lodenosine)  167, 177–83, 190–1
FddG  167, 183–8
norcarbovir triphosphate  27

peptide structures
FP23  486–7
TAT  486

reverse transcriptase  188–9, 282–3
HMG-CoA reductase  21
Honor–Wadsworth–Emmons (HWE) reaction  

259–60
HPLC (high performance liquid 

chromatography)  336–7
Huisgen 1,3-dipolar cycloaddition reaction  

375–9
hydantoins, fused-tricyclic  351–4
hydrofl umethiazide (Salutensin)  560
hydrogen bonds  16–18, 278–9, 412
hydrolytic enzyme inhibitors  29–30
hydrophobicity of fl uorine  10–11

protein folding/stability and  394–406, 418, 
429–31

hydroxamic acid analogs (MMP inhibitors)
α-CF3-α-amino-β-sulfone hydroxamates  

104–7
α-CF3-malic hydroxamates  100–4
β-fl uoroalkyl-β-sulfonylhydroxamic acids  

110–12
syn-2-hydroxy-3-aminobutanoates  227
(2S)-2-hydroxybutanedioic acid (constituent of 

sunitinib malate)  576
1-[4-hydroxy-5-(hydroxymethyl)oxolan-2-yl]-

5-(trifl uoromethyl)pyrimidine-2,4-dione 
(trifl uridine)  580

2-hydroxy-3-pinanone  233
5-hydroxytryptamine-3A (5HT3A) receptor  424
hypnotic agents  173–4
hypoglycemic agents  350–1

IFABP (intestinal fatty acid binding protein)  
419–20
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Imagent (perfl ubron)  570
imidate [3,3]-sigmatropic rearrangement  262–4
imidazopyrazine scaffolds  303
imidazopyridine  301–2
immunotherapy  134
Impromen (bromperidol)  532
Inaspine (droperidol)  540
inductive effects  11–13, 425
industrial synthetic requirements  178–9
infl uenza A virus  32
Innovar-Vet (droperidol)  590
insect control agents

DDT-pyrethroid  313–14
pinesaw fl y sex pheromone  342–4

interleukin-2  436
intestinal fatty acid binding protein (IFABP)  

419–20
intraocular pressure (IOP), reduction of  53–4, 

58–60
Invega (paliperidone)  566
iodonium salts  369–71
Iquix (levofl oxacin)  562
Iressa (gefi tinib)  554
IsoFlo (isofl urane)  596
isofl upredone acetate (Predaf/Neo-Predaf)  596
isofl urane (Forane/Aerrane/IsoFlo)  560, 596
isofl urophate (Floropryl)  560
isoleucine analogs  244, 431, 436
(R)-2,3-O-isopropylideneglyceraldehyde  220, 

242–4
isosteres see peptide bond isosteres

Januvia/Janumet (sitagliptin phosphate)  5, 574
juvenile hormone-epoxide hydrolase inhibitors  

319

Kenalog (triamcinolone acetonide)  578
ketones, fl uorinated  28–31
KNP 215 analogs  317
Krebs cycle  6

β-lactam synthon method  121–2, 128, 226
lagunapyrone B  347
lansoprazole (Prevacid)  4, 560
lapatinib ditosylate (Tykerb)  560
Lariam (mefl oquine hydrochloride)  564
Larmor frequency of 19F  497, 498, 503
latanoprost  54, 58, 59
lefl unomide (Arava)  562
Lescol (fl uvastatin sodium)  554
leucine analogs  220, 221, 429–31, 435–6, 

436–7
Levaquin (levofl oxacin)  562
levocabastine hydrochloride (Livostin)  562
levofl oxacin (Levaquin)  562

Lexapro (escitalopram oxalate)  542
Lidex (fl uocinonide)  546
linezolid (Zyvox)  562
lipase, in resolution of racemic mixtures  

224–6, 324–5
lipids, fl uorinated  417
Lipitor (atorvastatin calcium)  4, 21, 528
lipophilicity of fl uorine  10–11, 400

see also hydrophobicity of fl uorine
Livostin (levocabastine hydrochloride)  562
Locorten (fl umethasone pivalate)  546
lodenosine (FddA)  167, 177–83, 190–1
lomefl oxacin hydrochloride (Maxaquin)  562
Lotrisone (betamethasone dipropionate)  530
lubiprostone (Amitiza)  564
lufenuron (Program/Sentinal/Capstar)  596
Luxiq (betamethasone valerate)  530
LY354740 ((1S,2R,5R,6S)-2-aminobicyclo

[3.1.0]hexane-2,6-dicarboxylic acid)  80, 
92

fl uorinated analogs  69–71
lysine analogss  241, 245
lysozyme (bacteriophage lambda)  451–3

Macugen (pegaptanib sodium)  570
magainin(s)  421, 435–6, 484–5
magnetic resonance spectroscopy see MR 

spectroscopy
malaria, treatment of see artemisinins
mappicine  340–1

libraries  347–50
marbofl oxacin (Zeniquin)  598
Marquis (ponazuril)  598
matrix metalloproteinases (MMPs)  99–100, 

107
α-CF3-α-amino-β-sulfone hydroxamate 

inhibitors  104–7
CF3-barbiturate inhibitors  107–10
α-CF3-malic hydroxamate inhibitors  100–4
β-fl uoroalkyl-β-sulfonylhydroxamic acid 

inhibitors  110–12
Maxaquin (lomefl oxacin hydrocholoride)  562
MDR see multidrug resistance
Medalon (triamcinolone acetonide)  600
mefl oquine hydrochloride (Lariam)  564
melanogenesis  60–1
melperone  564
membrane peptides/proteins

antimicrobial peptides  23–4, 286, 421–2, 
435, 465, 483–5

cell-penetrating peptides  465–6, 485–6
designed  432–4
fusogenic peptides  466, 486–7
structure and orientation  421, 467–9, 471–6, 

481–3
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menthyl group  239–40
mesylate fl uorination in protic solvents  380
metalloproteins

di/trifl uorinated methionine and  455–8
see also matrix metalloproteinases

methanol, in the synthesis of CF3 artemether  
148–50

methionine aminopeptidase (MAP)  458–60
methionine, fl uorinated  458

enzymes binding to  458–60
in peptides/proteins  450–1

lysozyme  451–3
metalloenzymes  455–8

physicochemical properties  449–50
platinum and  454
synthetic methods  448–9

methoxyfl urane (Metofane)  598
2-methoxy-1-phenylethylamine  228
2-[[5-methoxy-1-[4-(trifl uoromethyl)phenyl]

pentylidene]amino]oxyethanamine 
(constituent of fl uvoxamine maleate)  554

(2R,3R,4R,5S)-6-methylaminohexane-
1,2,3,4,5-pentol; 2-[[2-methyl-3-
(trifl uoromethyl)phenyl]amino]pyridine-3-
carboxylic acid (fl unixin meglumine)  592

methyl 3-amino-4-polyfl uorophenylbutanoate  
215

4-methylbenzenesulfonic acid (constituent of 
lapatinib ditosylate)  560

methylene-gem-difl uorocyclopropylglycines  
319

1-methyl-N-[(1S)-2-(methyl-
(phenylmethyl)amino)-2-oxo-1-
phenylethyl]-5-[[2-[4-(trifl uoromethyl)
phenyl]benzoy]amino]indole-2-
carboxamide (dirlotapide)  590

1-methyl-3-[3-methyl-4-[4-
(trifl uoromethylsulfonyl)phenoxy]phenyl]-
1,3,5-triazinane-2,4,6-trione (ponazuril)  
598

2-methyl-N-[4-nitro-3-(trifl uoromethyl)phenyl] 
propanamide (fl utamide)  552

N-methyl-3-phenyl-3-[4-(trifl uoromethyl)
phenoxy]propan-1-amine hydrochloride 
(fl uoxetine hydrochloride)  548, 594

4-[5-(4-methylphenyl)-3-(trifl uoromethyl)-1H-
pyrazol-1-yl] benzenesulfonamide 
(celecoxib)  532

10-[3-(4-methylpiperazin-1-yl)propyl]-2-
(trifl uoromethyl)phenothiazine 
dihydrochloride (trifl uoperazine 
hydrochloride)  580

2-[[3-methyl-4-(2,2,2-trifl uoroethoxy)pyridin-2-
yl]methylsulfi nyl]-1H-benzoimidazole 
(lansoprazole)  4, 560

5-methyl-N-[4-(trifl uoromethyl)phenyl]-1,2-
oxazole-4-carboxamide (lefl unomide)  
562

Metofane (methoxyfl urane)  598
Met-tRNA synthetase  458
mGluRs (metabotropic glutamate receptors)  

68–9
MGS0008 ((1S,2S,3S,5R,6S)-2-amino-3-

fl uorobicyclo[3.1.0]hexane-2,6-
dicarboxylic acid)  69–70, 71–2, 77–9, 80, 
92

MGS0022 ((1R,2S,5R,6R)-2-amino-6-fl uorobic
yclo[3.1.0]hexane-2,6-dicarboxylic acid)  
69–70, 72–3, 79, 92

MGS0028 ((1R,2S,5S,6S)-2-amino-6-fl uoro-4-
oxobicyclo[3.1.0]hexane-2,6-dicarboxylic 
acid monohydrate)  70, 73–7, 79–82

MGS0039 ((1R,2R,3R,5R,6R)-2-amino-3-(3,4-
dichloro-benzyloxy)-6-fl uorobicyclo[3.1.0]
hexane-2,6-dicarboxylic acid)  68–9, 82–7, 
92

prodrugs of  71, 87–92, 92–3
MGS0210 (prodrug of MGS0039)  71, 90, 

92
microtubules, effect of taxoids on  118, 

119
midazolam hydrochloride  564
mimic effects  6–7, 26–8

see also peptide bond isosteres
Minizide (polythiazide)  572
miscibility of fl uorocarbons  412–13
Mitsunobu reaction  145
MMP see matrix metalloproteinases
model amphipathic peptide  485–6
“molecular rulers” 281–2
monoamine oxidase inhibitors  319
monoclonal antibodies  134–5
monofl uoromethionine  448
moxifl oxacin hydrochloride (Avelox/Vigamox)  

564
MR spectroscopy (magnetic resonance) using 

19F  32–4, 495–503, 517–18
of the brain  503, 512–13
comparison of in vitro, in vivo and ex vivo 

results  503–7, 513, 516–17
data analysis  515–17
5-fl uorouracil  507–12
long-term biodistribution studies  513–15

MS-073 analogs (MDR reversal agents)  
314–15

MSI-103 antimicrobial peptide  485
multidrug resistance (MDR)

reversal by difl uorocyclopropanes  314–15
taxoids and  119–20, 122, 123, 126, 131
to antimalarial drugs  141
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murisolin  341–2
Mykacet (triamcinolone acetonide)  578
Mymethasone (dexamethasone)  538

N-[1-(R)-(-)-(1-naphthyl)ethyl]-3-[3-
(trifl uoromethyl)phenyl]-1-aminopropane 
hydrochloride (cinacalcet hydrochloride)  
532

Naquasone (dexamethasone)  588
Nararel (fl unisolide)  546
natural fl uorinated compounds  3
negative hyperconjugation  16
Neo-Aristovet (triamcinolone acetonide)  600
Neo-Predaf (isofl upredone acetate)  596
Neo-Synalar (fl uocinolone acetonide)  594
Nexavar (sorafenbin tosylate)  576
nicotinic acetylcholine receptor (nAChR)  424
nifl umic acid  500, 513–14
nilutamide (Nilandron)  566
nitisinone (Orfadin)  566
nitroreductase  420
2-[2-nitro-4-(trifl uoromethyl)benzoyl]

cyclohexane-1,3-dione (nitisinone)  566
NMR spectroscopy (nuclear magnetic 

resonance) using 19F  32, 418–19, 463–4, 
469–76

synthesis of markers
19F-labeled amino acids  464–5, 477
peptides  477–83

systems studied
antimicrobial peptides  421–2, 483–5
DAGK  421
IFABP  419–20
lysozyme (phage)  451–3
nitroreductase  420
taxoid–tubulin binding  131–3

NOE spectroscopy (nuclear Overhauser effect)  
500, 509–10

norcarbovir triphosphate  27
norfl oxacin (Noroxin)  566
Nortran (trifl uomeprazine maleate)  600
Noxafi l (posaconazole)  572
nucleocidin  166
nucleosides  165, 166

azanucleosides  207–9
biological activity  188–91
carbocyclic  209–10
difl uorocyclopropane isosteres  319–20
difl uoromethylenated  201–10
difl uorotoluene isostere  25–6
fl uoroarene isosteres  277–83
purines

2′-deoxy-2′-α-fl uoro analogs  168–73, 
188–90

2′-deoxy-2′-β-fl uoro analogs  174–7

FddA  167, 177–83, 190–1
FddG  167, 183–8

pyrimidines
2′-deoxy-2′-α-fl uoro analogs  167–8, 

173–4, 188
2′-deoxy-2′-β-fl uoro analogs  174
MR spectroscopy of 5-FU  507–12

thionucleosides  205–7
Nufl or (fl orfenicol)  592

1,1,1,2,2,3,3,3-octafl uoropropane (perfl utren)  
570

7-[(4aS,7aS)-1,2,3,4,4a,5,7,7a-
octahydropyrrolo[3,4-b]pyridin-6-yl]-1-
cyclopropyl-6-fl uoro-8-methoxy-4-
oxoquinoline-3-carboxylic acid 
hydrochloride (moxifl oxacin 
hydrochloride)  564

Ocufen (fl urbiprofen sodium)  552
ofl oxacin (Ocufl ox)  566
Olux (clobetasol propionate)  536
Oracort (triamcinolone acetonide)  578
Oralone (triamcinolone acetonide)  578
Orap (pimoxide)  570
orbifl oxacin (Orbax)  598
Orfadin (nitisinone)  566
organometals

Me2CuLi  264–6, 267
in synthesis of [18F]FDOPA  372–3
trimethyltin  374

organophosphorus reagents  259–60
organosilyl reagents  260
Otomax (betamethasone valerate)  

586
Overmann rearrangement  262–4
oxazolidines  229–30
oxazolidinones  234
[2-oxo-2-[(2S,4S)-2,5,12-trihydroxy-4-[5-

hydroxy-6-methyl-4-[(2,2,2-
trifl uoroacetyl)amino]oxan-2-yl]oxy-7-
methoxy-6,11-dioxo-3,4-dihydro-1H-
tetracen-2-yl]ethyl] pentanoate 
(valrubicin)  582

p38 kinase inhibitors  298–9
paclitaxel  118–19, 123, 131–2
paliperidone (Invega)  566
Panavet (triamcinolone acetonide)  600
Panolog (triamcinolone acetonide)  600
pantoprazole sodium (Protonix)  568
paramethasone acetate (Haldrone)  568
paroxetine hydrochloride (Paxil)  568
paroxetine mesylate (Pexeva)  568
passifl oricins  344–7
Paxil (paroxetine hydrochloride)  568
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Paxipam (halazepam)  556
pegaptanib sodium (Macugen)  570
Penetrex (enoxacin)  542
7α-[9-(4,4,5,5,5-pentafl uoropentylsulfi nyl)

nonyl]estra-1,3,5-(10)-triene-3,17β-diol 
(fulvestrant)  554

pentafl uorophenylalanine (f5-Phe)  426, 
434

pentafl uoropyridine  296–9, 302–3, 306
pepstatin  267
peptide bond isosteres  22, 257–8, 287

fl uoro-olefi ns (ψ[CF=CH])  23–4
DPP IV inhibitors  272–5
fl uoroarenes as nucleoside base mimics  

277–83
peptide-nucleic acid  275–7
Substance P  23, 262, 271
synthesis  22, 23, 258–70
thermolysin inhibitors  271–2

trifl uoroethylamines (ψ[NHCH(CF3)])  
24–5

trifl uoromethylated alkenes 
(ψ[CH(CF3)=CH])  283–6

peptide-nucleic acid (PNA)  275–7
peptidyl-glycylleucine-carboxyl-amide (PGLa)  

421, 484–5
perbromofl uoropyridine  299
perfl exane  570
perfl ubron  570
perfl uorinated heterocyclic compounds  

295–6
bicyclic compounds  300–8
pentafl uoropyridine  296–9, 302–3, 306
perbromofl uoropyridine  299
tetrafl uoropyrimidine  299

perfl uoroalkanesulfonyl fl uorides  182–3
perfl uoroalkylated amino acids  231
perfl uoroalkyl chains in FMS  336
perfl uorobenzene  425–6
perfl uoropolymethylisopropyl ether  570
perfl utren (Defi nity)  570
Pet Derm (dexamethasone)  588
Peterson reaction  260
PET (positron emission tomography) using 18F  

34–6, 361, 422, 500
Pexeva (paroxetine mesylate)  568
PGLa (peptidyl-glycylleucine-carboxyl-amide)  

421, 484–5
pharmacokinetics

artemisinins  142, 151, 157–8
fl uoxetine  512, 513
5-FU  508–12
long-term biodistribution studies  513–15
MGS0028  80–2
MGS0039  87

MGS0039 prodrugs  87–92
MR spectroscopy and  32–4, 503
tafl uprost  61–2
taxoids  128

phenylalanine analogs  217, 228, 426, 434
see also dopamine

(S)/(R)-1-phenylethylamines  226–9
phosphate, difl uoromethylene isostere  26–7
phosphorane  260
photoirradiation, DNA cleavage using 

difl uorocyclopropanes  319, 326–8
physicochemical properties

of drug candidates  292
of fl uorine  6–21, 412–13, 496–7

pimozide (Orap)  570
pinesaw fl y sex pheromone  342–4
piperazinedione-fused heterocyclic scaffold  

353
N-(2-piperidylmethyl)-2,5-bis(2,2,2-

trifl uoroethoxy) benzamide (fl ecainide 
acetate)  542

pKa, effect of F on  11–12
platinum, complexed with methionine  454
PNA (peptide-nucleic acid)  275–7
polar C–F bond–protein interactions  

18–21
polar hydrophobicity  399, 407
polytetrafl uoroethylene  570
polythiazide (Renese/Minizide)  572
ponazuril (Marquis)  598
posaconazole (Noxafi l)  572
positron emission tomography (PET) using 18F  

34–6, 361, 422, 500
Predaf (isofl upredone acetate)  596
pregna-1,4-diene-3,20-dione,21-(acetyloxy)-

16,17-[cyclopentylidenebis (oxy)]-9-
fl uoro-11-hydroxy-,(11β,16α) 
(amcinonide)  528

pregna-1,4-diene-3,20-dione,9-fl uoro-11,21-
dihydroxy-16-methyl-, (11β, 16α)- 
(desoximetasone)  538

pregna-1,4-diene-3,20-dione,9-fl uoro-11,21-
dihydroxy-16-methyl-17-[(1-
oxopentyl)oxy]-,(11β,16β) (betamethasone 
valerate)  530, 586

Prevacid (lansoprazole)  4, 560
privileged structures in drug discovery  

293–5
Program (lufenuron)  596
proline analogs

azanucleoside synthesis and  207–9
collagen stability and  426–9
difl uoroproline dipeptides  249
gauche effect and  14, 427–8
synthesis of  214, 219, 241, 244, 245
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Prolixin Enanthate (fl uphenazine enanthate)  
550

propan-2-yl (Z)-7-[(1R,2R,3R,5S)-3,5-
dihydroxy-2-[(E,3R)-3-hydroxy-4-[3-
(trifl uoromethyl)phenoxy]but-1-
enyl]cyclopentyl]hept-5-enoate 
(travoprost)  54, 578

Propulsid (cisapride monohydrate)  534
Proquin XR (ciprofl oxacin hydrochloride)  534
prostanoids  49

glaucoma therapy and  53–4, 58–62
increased stability of fl uorinated analogs  

52–3
receptors  49–51, 57
tafl uprost  55–62

protegrin-1 (PG-1)  421–2
proteomics  415
protic solvents in nucleophilic 18F-fl uorinations  

379–82
Protonix (pantoprazole sodium)  568
Prozac (fl uoxetine hydrochloride)  548
Psorcon (difl orasone diacetate)  540
psychiatric conditions, drugs for

brain MR spectroscopy  512–13
glutamate analogs  68–9, 79–80, 86–7

purifi cation methods using fl uorous tags  
336–7, 413–15

9H-purin-6-amine, 2-fl uoro-9-(5-0-phosphono-
β-d-arabinofuranosyl)(2-fl uoro-ara-AMP) 
(fl udarabine phosphate)  544

purine nucleosides
2′-deoxy-2′-α-fl uoro analogs  168–73, 

188–90
2′-deoxy-2′-β-fl uoro analogs  174–7
FddA  167, 177–83, 190–1
FddG  167, 183–8

puromycin  171–2, 189–90
pyridine derivatives in perfl uorinated 

heterocyclic systems  296–308
pyrido[2,3-b]pyrazine scaffolds  303–6
pyrido[3,4-b]pyrazine scaffolds  303
pyridovericin  339–40
pyrimidine nucleosides

2′-deoxy-2′-α-fl uoro analogs  167–8, 173–4, 
188

2′-deoxy-2′-β-fl uoro analogs  174
MR spectroscopy of 5-FU  507–12
see also tetrafl uoropyrimidine

pyroglutamic acid  244
pyroglutaminol  222

quasi-racemic FMS  337
examples of  339–41, 347

quazepam (Doral)  572
Quixin (levofl oxacin)  562

racemic mixtures
enzymatic resolution of  224–6, 324–5
synthesis of racemic amino acids  246–9

radiofrequency (RF) coils  502–3, 516
radiopharmaceuticals, (18F)  34–6, 361–2

“click” chemistry  376–9
electrophilic fl uorinations  369, 371–3, 374
isotope production  362, 371
nucleophilic fl uorinations  364–9, 373–4

in protic solvents  379–82
prosthetic groups  369, 371
radiolytic decomposition  363
specifi c activities  362–3, 364, 367–8, 371
yields  363–4, 366, 370, 371, 379, 382

rapid analogue synthesis (RAS)  293
Raxaar (grepafl oxacin hydrochloride)  556
Reconcile (fl uoxetine hydrochloride)  594
REDOR (rotational echo double-resonance) 

analysis of taxoid–tubulin binding  
131–3

relaxation times in MR spectroscopy  499–500, 
505, 516

Renese (polythiazide)  572
renin inhibitors  30–1, 434
replicase activity of coiled-coil polypeptides  

399–401
resistance to drugs see multidrug resistance
respiration compensation in MR spectroscopy  

497–8
Retisert (fl uocinolone acetonide)  546
reverse transcriptase  27, 188–9, 282–3
RF (radiofrequency) coils  502–3, 516
ribonucleotide reductase  424
ribosomal protein L9  429–30
riluzole (Rilutek)  572
risperidone (Risperdal/Risperdal Consta)  4, 

574
RNA

containing 2′-deoxy-2′-α-fl uoronucleosides  
188–9

duplexes containing fl uoroarene isosteres  
279–80

RNases  172
Romazicon (fl umazenil)  546
romifi dine hydrochloride (Sedivet)  598
rosuvastatin calcium (Crestor)  574
Rules of 5 (RO5)  292

safety considerations
MR spectroscopy  498
in synthetic methods  108, 178–9, 188

Saluron (hydrofl umethiazide)  560
Salutensin (hydrofl umethiazide)  560
Sarafem (fl uoxetine hydrochloride)  548
sarafl oxacin hydrochloride (SaraFlox)  598
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schizophrenia, drugs for see antipsychotic 
agents

Sedivet (romifi dine hydrochloride)  598
Sensipar (cinacalcet hydrochloride)  532
Sentinal (lufenuron)  596
serine  221–2
serine protease inhibitors  29–30, 272–5
serotonin  424
sevofl urane (Ultane/Sojourn/SevoFlo)  574, 

600
Seyferth’s reagent  322, 324
signal-to-noise ratio (SNR) (in MR 

spectroscopy)  498–9, 500, 509–10, 517
silver ions in substitution reactions with 

methanol  148–9
sitafl oxacin  514–15
sitagliptin phosphate (Januvia/Janumet)  5, 574
Slentrol (dirlotapide)  590
small-molecule microarrays (SMMs)  415–16
sodium fl uoride  574
sodium monofl uorophosphate  574
Sojourn (sevofl urane)  574
solid-phase synthesis  336

SPPS  392, 413–15, 478–80
Soltara (tecastemizole)  503–7, 513
solubility of fl uorocarbons  412–13
sorafenbin tosylate (Nexavar)  576
sparfl oxacin (Zagam)  576
spatial localization (MR spectroscopy)  500–3
sphingomyelinase (SMase) inhibitors  27
SPPS (solid-phase peptide synthesis)  392, 

413–15, 478–80
SR-4554 (tissue hypoxia probe)  515
statine  31
Stelazine (trifl uoperazine hydrochloride)  580
stereospecifi c nucleophilic substitution in 

amino acid synthesis  219–20, 239, 247
steric effects  8–10, 395, 418, 429, 431
Stresnil (azaperone)  586
Substance P  23, 262, 271
sulfi namides  234–6
sulfonium ions  186–8
β-sulfonylhydroxamic acids, fl uorinated (MMP 

inhibitors)  110–12
sulfoxide-elimination reaction  264
sulfur inversion with methionine–platinum 

complexes  454
sulfur tetrafl uoride (SF4)  108, 188
sulindac (Clinoril)  576
sunitinib malate (Sutent)  576
Sustiva (efavirenz)  5, 540
Sutent (sunitinib malate)  576
Symbax (fl uoxetine hydrochloride)  548
Synalar (fl uocinolone acetonide)  546, 594
Synchro-Mate (fl urogestone acetate)  596

Synotic (fl uocinolone acetonide)  594
Synsac (fl uocinolone acetonide)  594

Taclonex (betamethasone dipropionate)  530
tafl uprost  55–62
tags see fl uorous tags
Tambocor (fl ecainide acetate)  542
taxoids  32, 118–20

antibody conjugates  134–5
C-3′-CHF2/CF3 taxoids  121–3, 132
C-3′-difl uorovinyl-taxoids  128–31, 132–3
C-2-(3-fl uorobenzoyl)-C-seco-taxoids  123–8
tubulin binding studies  131–3

TCA cycle  6
tecastemizole  503–7, 513
tecomanine analogs  350–1
Telazol (zolazepam hydrochloride)  602
Temovate (clobetasol propionate)  536
tensors in NMR spectroscopy  470–1
Tesoprel (bromperidol)  532
1,1,1,2,2,3,3,4,4,5,5,6,6,6-tetradecafl uorohexane 

(perfl exane)  570
(±)1,2,2,2-tetrafl uoroethyl difl uoromethyl ether 

(desfl urane)  538
tetrafl uoropyrimidine  299
tetraisopropyldisiloxan-1,3-diyl (TIDS) diol-

protecting group  170
TFM see trifl uoromethionine
thermolysin inhibitors  271–2
thermostable enzymes  436–7
thionucleosides  205–7
threonine analogs  214, 215
thrombin inhibitors  18–21
thymidine isosteres  25–6, 277, 281
thymidyl-PNA  276–7
ticarbodine (Tribodine)  600
TIDS (tetraisopropyldisiloxan-1,3-diyl) diol-

protecting group  170
tin (destannylation)  374
tipranavir (Aptivus)  578
Tobrasone (fl uorometholone acetate)  546
Topagen (betamethasone valerate)  586
Topicort (desoximetasone)  538
Toptic (fl umethasone)  592
tosylate fl uorination in protic solvents  380
transcription  189
travoprost (Travatan/Travatan Z)  54, 578
Tresaderm (dexamethasone)  588
Triacet (triamcinolone acetonide)  578
trialkylaluminum  267–9
triamcinolone (Aristova)  600
triamcinolone acetonide  578, 600
triamcinolone hexacetonide (Aristospan)  580
triazole in Huisgen 1,3-dipolar cycloaddition 

reaction  375–6, 377
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Tribodine (ticarbodine)  600
2,4,6-tribromo-3,5-difl uoropyridine  299
Triclosan (sodium fl uoride)  574
tricyclic 2-pyridone scaffold  306, 308
Triderm (triamcinolone acetonide)  578
triethylamine trihydrogenfl uoride  180, 182
trifl uomeprazine maleate (Nortran)  600
trifl uoperazine hydrochloride (Stelazine)  580
trifl uoroacetic acid  478–9
trifl uoroalanine  215, 238

α-allylated  246–7
dipeptides  248
in 19F NMR spectroscopy  479

trifl uoroalkyl ketones  29–30
trifl uoroethylamine (peptide bond isostere)  

24–5
(S)-trifl uoroethylglycine (TfeGly), in coiled-

coil proteins  395, 397–8, 400, 404, 405
6-trifl uoroethyl-l-lysine  245
trifl uoroisoleucine  244, 431, 436
trifl uoroleucine  429–31, 435, 436–7
trifl uoromethionine (TFM)  448

enzymes binding  458–60
incorporation into peptides/proteins  450–1

lysozyme (phage)  451–3
metalloenzymes  455–8

physicochemical properties  449–50
platinum and  454
synthesis  449

6-(trifl uoromethoxy)-1,3-benzothiazol-2-amine 
(riluzole)  572

trifl uoromethyl (CF3–)  100
hydrogen bonding  16–17
hydrophobicity  10–11, 418, 429–31
in 19F NMR spectroscopy  470–1
steric effects  8–9, 395, 418, 429, 431

2-trifl uoromethylalanine  229–30, 237–8, 
482–3

trifl uoromethylalkenes  215, 283–4
α-trifl uoromethyl-α-amino-β-sulfone 

hydroxamates (MMP inhibitors)  104–7
trifl uoromethyl artemisinin analogs

artemether  146, 147–51
artesunate  152
dihydroartemisinin  146–7, 150, 151
with polar groups at C-16  153–8

trifl uoromethyl-barbiturate inhibitors of MMPs  
107–10

3-trifl uoromethylbicyclopentylglycine  482
trifl uoromethylcoronamic acid  247
α-trifl uoromethyl-malic hydroxamates (MMP 

inhibitors)  100–4
4-[3-[2-(trifl uoromethyl)10H-phenothiazin-10-

yl]propyl]-1-piperazineethanol decanoate 
(fl uphenazine decanoate)  550

2-[4-[3-[2-(trifl uoromethyl)phenothiazin-10-
yl]propyl]piperazin-1-yl]ethanol 
dihydrochloride (fl uphenazine 
hydrochloride)  550

2-[4-[3-[2-(trifl uoromethyl)phenothiazin-10-
yl]propyl]piperazin-1-yl]ethyl heptanoate 
(fl uphenazine enanthate)  550

5-[[(2R,3S)-2-[(1R)-1-[3,5-bis-(trifl uoromethyl)
phenyl]ethoxy]-3-(4-fl uorophenyl)-4-
morpholinyl]methyl]-1,2-dihydro-3H-
1,2,4-triazol-3-one (aprepitant)  
528

4-trifl uoromethylphenylglycine  481
(5α,17β)-N-(2,5 bis(trifl uoromethyl)phenyl)-3-

oxo-4-azaandrost-1-ene-17-carboxamide 
(dutasteride)  540

trifl uoromethylproline  244, 245
2,8-[bis(trifl uoromethyl)quinolin-4-yl]-[(2R)-2-

piperidyl]methanol hydrochloride 
(mefl oquine hydrochloride)  564

C-3′-trifl uoromethyl taxoids  121–3, 132
trifl uoromethyltryptophan  248
(S)-trifl uoropropene oxide  224
4,4,4-trifl uorothreonine  215
trifl uorovaline  244, 429–31
trifl upromazine (Vesprin)  580
trifl upromazine hydrochloride (Vetame)  602
trifl uridine (Viroptic)  580
Tri-Luma (fl uocinolone acetonide)  546
trimethyltin  374
N,N,β-trimethyl-2-(trifl uoromethyl)-10H-

phenothiazine-10-propiamine maleate 
(trifl uomeprazine maleate)  600

Tri-Otic (betamethasone valerate)  586
trovafl oxacin mesylate (Trovan)  580
Trovan (alatrofl oxacin/trovafl oxacin mesylate)  

528, 580
Truvada (emtricitabine)  542
trypsin, resistance to cleavage by  436
tryptophan analogs  248, 483

in ligand–receptor binding studies  424
tubulin  118, 119, 123, 131–3
Tykerb (lapatinib ditosylate)  560
tyrosine analogs  424
tyrosine kinase inhibitors  339–40

ubiquitin  429
Ultane (sevofl urane)  574
Ultravate (halobetasol propionate)  556
unoprostone  53
uracil analogs  209–10

5-fl uorouracil  507–12, 548
uridine analogs  167–8, 173–4, 188, 281, 

282–3
Uticort (betamethasone benzoate)  530
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valine analogs  244, 429–31, 434, 435
Valnac (betamethasone valerate)  530
valrubicin (Valstar)  582
Vaniqa (efl ornithine hydrochloride)  540
vesicular monoamine transporter type 2 

(VMAT2)  366
Vesprin (trifl upromazine)  580
Vetalog (triamcinolone acetonide)  600
Vetame (trifl upromazine hydrochloride)  

602
Vetro-Max(betamethasone valerate)  586
Vfend (voriconazole)  582
Vigamox (moxifl oxacin hydrochloride)  564
Viroptic (trifl uridine)  580
vitamin D3  7

Voren (dexamethasone-21-isonicotinate)  590
voriconazole (Vfend)  582
Vytorin (ezetimibe)  542

Xeloda (capecitabine)  34, 510, 532

Zagam (sparfl oxacin)  576
Zeniquin (marbofl oxacin)  598
Zetia (ezetimibe)  542
zinc metalloproteases  455

see also matrix metalloproteinases (MMPs)
zolazepam hydrochloride (Telazol)  602
Zonometh (dexamethasone)  588
Zymar (gatifl oxacin)  554
Zyvox (linezolid)  562




