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Preface

Organophosphorus chemistry continues to generate a very large volume of
literature, with no sign of any decline in activity. In this volume, we have
increased our period of coverage of the literature, bringing it up to June 2004,
in order to try to remedy the increasingly evident problem that our team of
writers has in putting together these volumes in a timely manner. Our coverage
of the above period is complete apart from the absence of the usual chapter on
ylide chemistry. This deficiency, and the fact that this volume will not appear
until early 2006, reflect the conflicting pressures which our authors are facing in
collecting the information and in finding the substantial time needed to write
these usually comprehensive reports. In consequence, it is probable that this
volume will be last in the current style. Future volumes are likely to offer a
more selective and critical coverage of the area, since the increasing availability
of computer-aided literature search facilities makes attempts to provide com-
prehensive coverage unnecessary.

The period under review has seen the publication of several important books
and general reviews. François Mathey has contributed a new book on hetero-
cyclic organophosphorus compounds (Phosphorus-Carbon Heterocyclic Chem-
istry: The Rise of a New Domain; Elsevier, 2001) and Louis Quin and Anthony
Williams have compiled a valuable new data resource on 31P NMR spectros-
copy (Practical Interpretation of P-31 NMR Spectra and Computer-Assisted
Structure Verification; Advanced Chemistry Development, Toronto, 2004). A
review of odd-electron bonds and biradicals in main group element chemistry
(H. Grutzmacher and F. Breher, Angew Chem. Int. Ed., 2002, 41, 4006)
contains much that is relevant to organophosphorus chemistry. A special
edition of the journal Phosphorus, Sulfur, Silicon and the Related Elements
(2004, 179, issue 4–5, 649) was devoted to the proceedings of the Tenth
International Symposium on Inorganic Ring Systems held in August 2003 in
Vermont, USA and this again contains much relevant material.

Once again, the drive for improved performance in transition metal ion-
catalysed processes has continued to stimulate the synthesis of new types of
organophosphine and tervalent phosphorus-ester and -amide ligands. Activity
in the chemistry of heteroaromatic phosphorus ring systems and low-coordi-
nation number pp-bonded systems has also remained at a high level. New
mechanistic insights into the Mitsunobu reaction have been reported, and
interest in synthetic applications of Staudinger/Mitsunobu procedures has
continued to develop.

The chemistry of phosphonium salts and phosphine chalcogenides has also
continued to develop, although no major advances have appeared, doubtless
reflecting the maturity of the area.

In the area of mononucleotide chemistry, extensive work has been reported
on the chemistry of polyphosphates, in particular that of dinucleoside and
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sugar nucleoside pyrophosphates. This reflects the reliability and flexibility of
phosphoramidate methods which have been developed over the past few years.
Similarly, a wide range of oligonucleotide building blocks, incorporating
extensive structural modifications when compared to the natural nucleoside
structures, have been described.

The review of polynucleotide chemistry focuses on oligonucleotide modifi-
cations, the largest group of which involves novel nucleobases that are used not
only for duplex stabilisation and tertiary structures, but find application in
understanding the mode of action of other biological molecules, conjugation
with small molecules as well as macromolecules, and in nanotechnology
devices. Advances also relate to sugar and backbone modifications. Notewor-
thy emerging areas include templated organic synthesis, and single molecule
detection.

The three years since SPR 33 have seen considerable activity in the field of
hypervalent phosphorus chemistry especially in the area of hexacoordinate and
pseudo-hexacoordinate phosphorus compounds. In this respect, the Holmes’
group has made further, substantial contributions to the subject of N, O and S
donor interactions at hypervalent phosphorus and the relevance of such inter-
actions to the mechanism of phosphoryl transfer enzymes. The utility of
proazaphosphatranes as catalysts (or co-catalysts) has been established by
Verkade et al. in an impressive range of synthetic procedures and both Kawa-
shima and Akiba have reported outstanding work on bicyclic phosphorane
systems, carbaphosphatranes and the relevance of anti-apicophilic phosphor-
ane systems to the mechanism of the Wittig reaction. The Lacour group has
detailed the use of C2-symmetric hexacoordinated phosphate anions for enan-
tiodifferentiation of organic and organometallic cations and last, but not least,
Gillespie et al. have produced a thought-provoking review on bonding in penta-
and hexacoordinated molecules. After 25 years Dennis Hall is retiring as an
author to this publication. We thank him for his invaluable contributions.

Over the two year period covered, there have been impressive advances in
several areas of P(V) chemistry. For example, biological aspects of quinqueva-
lent phosphorus acids chemistry continue to increase in importance. A wide
variety of natural and unnatural phosphates including inositols, lipids, some
carbohydrates and their phosphonates, phosphinates and fluorinated ana-
logues have been synthesized. Highlights include the asymmetric synthesis of
phosphates, access to enantiomerically pure a-fluorinated phosphonate mime-
tics and a fluorescent porphyrin conjugate. Special attention has been paid to
the synthesis of phosphorus analogues of all types of amino acids and some
peptides. Numerous investigations of phosphate ester hydrolysis and related
reactions continue to be reported. They include fluorescent monitoring probes
and control of stereoselectivity of enzymatic hydrolysis of phosphonates. There
have been interesting studies of phosphate complexation with lanthanide, zinc
and copper complexes, the latter involving host-guest concepts. Interest in
approaches to easier detoxification of insecticides continues. A number of new
and improved stereoselective synthetic procedures have been elaborated.
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Notable were highly enantioselective additions of N-phosphonyl imines with
dialkyl zinc or hydroxyketones and a one-pot reaction of alkynylzirconocenes
with alkynyl phosphazenes and zinc carbenoids to give single isomer
cyclopropylphosphonamides. The importance of enantioselective and dynamic
kinetic asymmetric transformations is illustrated in many publications. Other
interesting reports cover the use of phosphoramidates for the synthesis of allylic
amines as well as the first example of C–P cleavage of a-aminophosphono acids
using periodate.

Two books have appeared on phosphazene chemistry reflecting its continu-
ing wide development. There has been keen interest in acyclic phosphazenes
and the ever-useful Staudinger reaction has been employed to produce novel
tricyclic oxazoles, linear oligophosphazenes, as well as a series of aryloxypo-
lyphosphazenes with potential for producing dendrimeric structures. Phos-
phoranimines have been prepared in high yields and their use in aza-Wittig
reactions has paved the way for the preparation of a wide variety of natural
products. A novel N-trimethylsilylphosphoranimine cationic salt has been
prepared in which the NP bond approaches that of a triple bond. The basicity
of a number of phosphazene bases (P1-P4) in the gas phase has been calculated
and it was found that But-P4 was by far the strongest phosphazene base (even
stronger than Verkade’s superbase). It was used in UV-vis spectrophotometric
titrations of acids and in various synthetic procedures. Thus Et-P2 was utilised
in the asymmetric synthesis of disubstituted N-tosyl aziridines whereas But-P2
reacted with O-acyl hydroxamic acid derivatives to yield 2,3-dihydro-4-is-
oxazole carboxylic esters. But-P1, Et-P2 or BEMP has been used to solubilise
a- amino acids to facilitate the synthesis of peptides. Other applications include
dehydrochlorination, polymer modifiers, host-guest reactions and the tribology
of phosphorylated carbon-coated surfaces, enhanced conductivity and fuel cell
membranes. Various networks have been prepared by radical polymerization
using phosphazenes as crosslinking reagents and a polyphosphazene has been
utilised in bucky ball chemistry. Biomedical applications include membrane
separations, biodegradable polymers and controlled drug release experiments.

In conclusion, we would thank our team of contributors for their efforts in
writing for these volumes in recent years. As noted above, this volume may
represent the end of an era which has extended over more than 35 years, the
first volume having appeared in 1970 under the editorship of Professor Stuart
Trippett. It would be a serious omission in writing this preface if we failed to
note the passing of Professor Leopold Horner (1911–2005) who contributed so
much to the development of organophosphorus chemistry, particularly to the
development of routes to chiral phosphines and, of course, to the Horner
modification of the Wittig reaction.

D.W. Allen and J.C. Tebby
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Phosphines and Related Tervalent Phosphorus
Systems

BY D.W. ALLEN
Biomedical Research Centre, Sheffield Hallam University, City Campus,
Sheffield, S1 1WB, UK

1 Introduction

As this chapter covers two years of the literature relating to the above area, it
has been necessary to be somewhat selective in the choice of publications cited.
Nevertheless, it is hoped that most significant developments have been noted.
The period under review has seen the publication of a considerable number of
review articles, and most of these are cited in the relevant sections. In addition,
several reviews having a broad relevance to the chemistry of phosphines have
appeared, relating to the chemistry of silicon-based phosphines,1 and the
specific contribution of phosphorus in dendrimer chemistry2 and that of related
nanomaterials.3

2 Phosphines

2.1 Preparation. – 2.1.1 From Halogenophosphines and Organometallic
Reagents. This approach has been applied widely in the synthesis of a range
of sterically-crowded monophosphines, some of which have attracted consi-
derable interest in the development of new homogeneous transition metal
catalyst systems, the bulky phosphine facilitating the formation of catalyti-
cally-active low-coordinate species. Typical of these are tris(2,4,6-triisopropyl-
phenyl)phosphine (prepared by a modified Grignard procedure, together
with the corresponding arsine, stibine and bismuthine),4 tris(a-methyl-
benzyl)phosphine, also obtained by a Grignard procedure and isolated in both
racemic and enantiomerically pure forms,5 and an extensive range of o-alkyl-
substituted arylphosphines.6,7 Two groups have reported the synthesis of the
bowl-shaped tris(alkyl-substituted terphenyl)phosphines (1) using organo-
lithium reagents.8,9 Organolithium routes have also been used to prepare
phosphines bearing fluorenyl10 and indenyl11,12 substituents. The bulky, aryl-
functionalised trialkylphosphine (2) has been prepared in a stepwise manner
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from the Grignard reagent 2,6-Me2C6H3CH2CH2MgCl, t-butylphosphonous
dichloride, and t-butyllithium.13 Bulky ortho-methyl-substituted arylphosphines
bearing additional alkyl or alkoxy groups in the para-position have been
obtained by Grignard routes and subsequently made water-soluble by sulfona-
tion.14

R

R

R

R

P

CH2CH2PBut
2

3

(1) R = H, Me or Pri (2)

A wide range of phosphines bearing other functional groups has been
prepared via the reactions of organometallic reagents with halogenopho-
sphines. Phosphines bearing perfluoroalkyl-15 and perfluoroalkylsily-
laryl-16 substituents have been prepared, the latter by a combinatorial approach
which resulted in 108 different molecules. The tris(4-styrylphenyl)phosphine (3)
has been prepared and converted into a range of simple derivatives, the
luminescence properties of which have been of interest.17 A convenient route
to the styrylphosphine (4) is afforded by the simple Grignard reaction of 4-
bromostyrene with magnesium, followed by addition of chlorodiphenylpho-
sphine, giving the phosphine in 52% yield on a 30g scale. Direct
radical polymerisation of the latter has given a range of phosphinated poly-
styrenes.18

P

But
Ph2P

3

(3) (4)

Selective lithiation of alkyl- or aryl-pyridines is the key to the synthesis
of a range of new phosphinopyridine ligands, e.g., (5),19,20 (6),21 and a
fused phosphinomethylpyridinoferrocene.22 A similar approach has been used
in the synthesis of chelating phosphino-oxazoline ligands, e.g., (7),23,24

(8),25 (9),26 and (10),27 and also of related phosphino-imidazolines,28

phosphinoalkylimines, e.g., (11),29–31 and a phosphinodiimine system.32

Among a range of P,O-donor ligands prepared via organolithium reagents
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are the phenacyldiarylphosphines (12),33 further 2-phosphinophenols,34,35

and a bulky ortho-amidoarylphosphine.36 Metallation of diethyl benzyl-
phosphonate, followed by treatment with chlorodiphenylphosphine, has given
the b-phosphonato-phosphine (13).37 Three distinct groups of functionali-
sed phosphines, (14), (15), and the heteroarylphosphine (16), have been
developed as ligands for palladium-catalysed aryl aminations, each system
having been obtained by the reaction of aryllithium reagents with halogen-
ophosphines.38 Among other heteroarylphosphines prepared in this way are a
series of 2-phosphino-N-aryl-pyrroles39 and -indoles,40 the diphosphino-
pyrazole (17),41 and further examples of bis(phosphino)oligothiophenes.42 A
new approach to the 1-phosphabicyclo[3,3,0]octane system (18) starts from the
Grignard reaction of 4-chloro-hepta-1,6-diene with magnesium in THF, which
proceeds without rearrangement. Conversion to 1-allyl-3-butenylphosphonous
dichloride, followed by reduction with lithium aluminium hydride affords
1-allyl-3-butenylphosphine which undergoes radical-promoted cyclisation to
form the bicyclic system.43 Several reports of the synthesis of al-
kynylphosphines have appeared. Metallation at the terminal alkyne carbon
of an imine derived from 4-ethynylbenzaldehyde, using lithium diisopropyl-
amide, followed by treatment with chlorodimethylphosphine, affords the long
chain phosphine (19), of interest as a source of metallomesogens.44 The reaction
of a diethynylsilane with ethylmagnesium bromide, followed by an organ-
odichlorophosphine has given the cyclic ethynylphosphine system (20).45 A 1,
4-dilithiobutadiyne reagent has been used in the synthesis of 1,4-bis(dip-
henylphosphino)butadiyne.46 Sequential treatment of o-dibromobenzene with
butyllithium and chlorodiphenylphosphine, followed by a second lithiation step
and addition of dichloro(bis-isopropyl)silane, provides a practical route to the
o-chlorosilyl-functionalised phosphine (21).47 Lithiation of 4bromobenzonit-
rile, addition of chlorodiphenylphosphine, and subsequent reduction of the
nitrile group with lithium aluminium hydride, yields the phosphinobenzylamine
(22). A related procedure from 2-bromo-40-cyanobiphenyl gives (23). The
reactivity of the aminobenzylic groups of (22) and (23) was subsequently
utilised to give a range of hydrophilic phosphines bearing carbohydrate side
chains.48 A triarylphosphine having dimethylaminomethyl groups in every
available meta-position has also been reported.49 Interest in the chemistry of
phosphines bearing 1,2-dicarboranyl substituents has continued. A Grignard
procedure has been used to prepare the tris(dicarboranylmethyl) analogue (24)
of tribenzylphosphine from 1-bromomethyl-o-dicarba-closo-dodecaborane in
82% yield. The phosphine has a 31P n.m.r. chemical shift of �13.6 ppm, and
forms the related phosphine oxide on prolongued treatment with hydrogen
peroxide. Although it forms a complex with gold(I), the bulkiness of the
molecule prevents alkylation at phosphorus, even with methyl triflate.50 Fur-
ther studies of the chemistry of 1,2-bis(phosphino)-1,2-dicarba-closo-
carboranes have been reported,51 as have full details of the synthesis of
(phosphino-o-carboranyl)silanes.52
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PAr2
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PPh2

O

N
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Ph2P

(7) R = Me, Pri or But;
X = H, F, Cl, NMe2 or OMe

(6)(5) R = H, Me or Pri

Ar = Ph, o-tol or Mes
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S
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O N
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(8) (9) (10) R = H or Me
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N PR2 Ar2P O

Ph

Ph2P P

Ph

OEt

OEtO

(11) (12) Ar = Ph or bulky aryl (13)

PR2
2

S
OO

R1 R1

Cy2P

N

N
PR2

CPh3

(14) R1 = H or Me
R2 = Cy, Pri or But

(15) (16) R = Cy or Pri

N

N
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N
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P

(17) (18)
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Me2P

N O C

O

OC8H17

R1
2Si PR2

R2P SiR1
2

(19)
(20)

R1 = R2 = Ph;
R1 = Ph, R2 = But;
R1 = Pri, R2 = Ph

PPh2

SiPri2

Cl

PPh2

H2N NH2

PCy2

(21) (22) (23)

The ferrocene system remains a favourite building block for the synthesis of
new phosphines. Among new ferrocenylmonophosphines prepared via reac-
tions of lithioferrocenes with halogenophosphines are the chiral systems (25)
and (26),53 a series of chiral aryl(phosphino)ferrocenes (27),54,55 the chiral
bis(ferrocenyl)monophosphines (28),56 and the bulky phosphines (29)57 and
(30).58 Also reported is a wide range of monophosphinoferrocenes bearing a
donor group either ortho to phosphorus (31)59,60 or in the remote ring (32),
involving alkoxy,61 thioether,62,63 or sulfinyl64 groups. Progress has also been
made on the synthesis of ferrocenylphosphines bearing two or more phosphine
groups. Among new systems reported are the diphosphinoferrocenophane
(33),65 the diphosphines (34)66 and (35),67 and the tetraphosphine ‘manphos’
(36).68 New ferrocenyldiphosphines incorporating additional donor groups
have been described, including the chiral C2-symmetrical system (37)69 and a
ferrocenyldiphosphine involving a chiral oxazoline group.70 New phosphines
based on other metallocene scaffolds have also been reported, including
osmocene,71 benzenechromium tricarbonyl,72,73 and the related cyclopentadi-
enylrhenium(I) tricarbonyl system.74,75

Me

PR2

P

MeB10C2

CH2 P
Fe Fe

3

(24) (25) R = Ph, Cy or But

3

(26)
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Ar

PR2 OMe

PAr PBut
2

Ph

Ph

Ph

Ph

PhFe Fe
Fe

(27) R = Ph or Cy
Ar = o-MeOC6H4,
p-MeOC6H4,
3,5-(CF3)2 C6H3 or Ph

2

(28) Ar = p -CF3C6H4,
p -MeOC6H4,
3,5- (CF3)2C6H3 or Ph

(29)

Cy2P

PR2

X

R

PPh2

R

X
Fe

Fe Fe

(30) (31) X = SR, SAr, S(O)But,
or CONR2

(32)  R = H or alkyl;
X = OMe, SMe or S(O)Ar

H Me

PPh2H
Ph2P

Ph2P

PPh2

PPh2

PPh2

R

Fe
Fe Fe

(33) (34) (35) R = Me or Et

P

Ph2P

N
Me

PPh2
Fe Fe Fe3

(36) (37)

Organolithium reagents have been widely employed in the synthesis of new
diphosphines, including chiral 2,2 0-bis(phosphino)biphenyls,76,77 a series of new
diphosphine ligands based on bisphenol A backbones, e.g., (38),78,79 various
2,20-bis(phosphino)diphenylamines,80,81 and the C2-symmetric trans-coordinat-
ing ligand ‘SPANphos’ (39).82 The norbornene-based diphosphine (40) has
been obtained and shown to undergo a ruthenium-catalysed metathesis poly-
merisation of the norbornene moiety to give the polymeric diphosphine (41).83

Dendrimer systems incorporating diphosphinoethane moieties have also been
prepared.84 The synthesis of phosphines based on the [2,2]paracyclophane
skeleton has continued to develop and several new systems have been described.
Studies of the electrophilic substitution of 4,12-dibromo[2,2]paracyclophane
have enabled the introduction of a range of functional groups into the basic
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structure, these intermediates being easily converted into the desired function-
alised phosphines (42) by lithiation and treatment with a halogenophosphine.85

Phosphinoparacyclophanes involving oxazoline86 and imidazolium moieties87

have also been described. Further development of the ‘xantphos’ system (43)
has been reported, new diphosphines including those in which perfluoroalkyl-
or perfluoroalkylaryl- substituents are present at phosphorus,88,89 and a range
of related molecules in which the diarylphosphino unit is the heterocyclic
phenoxaphosphine system, e.g., (44).90,91 A related dicationic phenoxapho-
sphine-based diphosphine ligand has also been prepared via the introduction of
imidazolium units into the xanthene skeleton.92 Among other heterocyclic
phosphines prepared via the reactions of organometallic reagents with halo-
genophosphines are the chiral pentacyclic dodecahydrophenoxaphosphine
(45),93,94 the 1,2-diphosphaacenaphthene (46), the naphtho[1,8-b,c]phosphete
(47),95 and the benzophosphepine (48).96 Routes to halogenophosphines of
type (49) have been developed, these being key intermediates for the synthesis
of a range of monodentate and bidentate ligands involving the bin-
aphthylphosphepin system.97,98 A simple route to the phospholanes (50) is
afforded by the reactions of dihalophosphines with an aluminacyclopentane
intermediate derived from an alkene and a simple organoaluminium reagent in
the presence of a zirconium catalyst.99

X

MeO
Ph2P PPh2

OMe O

O

Ph2P

PPh2

(38)  X = CMe2, 1,2-C6H10, o-C6H4, 
C(Me)Ph or SiMe2

(39)

O

O

PPh2

PPh2

O O
PPh2Ph2P

PPh2

R

PPh2

(40)

n

(41)

(42) R = OMe, CH2OH,
CH2OTIPS or
CH2OCPh3
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R2P PR2

O

P P

OO

ButBut

P

O

Ph

(43)

R = CF3 or p-C6H4C6F13 (44) (45)

PhP PPh P

NPri
2

PPh

(46) (47) (48)

P

R

R

Cl

P

Ph

R R

(49) R = H or Ph (50) R = Bu or hexyl

2.1.2 Preparation of Phosphines from Metallated Phosphines. Lithio-organo-
phosphide reagents continue to dominate this approach to phosphine synthesis,
although related sodium-, potassium-, and even caesium- organophosphide
reagents also find use. Further work has been reported on the stabilisation of
the (CF3)2P

� anion with weak Lewis acids, enabling the structural character-
isation of a salt with the (18-crown-6)potassium complex cation. The X-ray
study reveals almost discrete phosphide anions, with an unusually short P–C
distance of 184 pm, indicating a negative hyperconjugation effect. The
(CF3)2P

� anion, and also the related (C6F5)2P
� anion, have also been stabilised

by coordination to pentacarbonyltungsten, which has little effect on the elec-
tronic and geometric properties of the organophosphide ions.100 The proton
affinities of the anions PhPH� and 2,6-(CF3)2C6H3PH

� have been compared
by a theoretical treatment, shedding light on the substituent effect of the 2,
6-bis(trifluoromethyl)phenyl group.101 The reactions of secondary phosphines
with alkyl halides in DMF in the presence of caesium hydroxide and molecular
sieves afford a convenient and highly efficient general synthesis of tertiary
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phosphines and diphosphines.102,103 These conditions have also been shown to
promote ring-opening of epoxides in the presence of primary- or secondary-
phosphines, with the formation of 2-hydroxyalkylphosphines.104 Epoxide ring-
opening has also been achieved using potassium diphenylphosphide, providing
a route to the enantiopure phosphine (51, X¼OH).105 Related reactions of
thiiranes with lithium-and potassium-diphenylphosphides have given chiral
2-mercaptoalkylphosphines, e.g., (51, X¼SH)106 and 1-(diphenylphosphino)
butane-2-thiol.107 The reactions of lithiophosphide reagents with alkyl-halides
or -tosylates have been used to prepare chelating ligand systems, e.g., the
phosphinoalkylpyrazole (52)108 and the rigid phosphino-amide donor (53).109

Related reactions of sodio-organophosphide reagents have also given phosphi-
no-amides, e.g., (54),110 heteroalkynes, e.g., (55),111 the chiral naphthyl-
(ethyl)phosphine (56),112 and (3-dimethylphosphino)propanethiol.113 The
secondary phosphine (57), obtained by treatment of a carbonyl-protected
bromoalkyl derivative of camphor with lithium phenylphosphide, undergoes
a proton-catalysed hydrolysis, followed by a stereoselective, base-catalysed
addition of P–H to the carbonyl group to give the phospholane (58). This is
stable under polar protic conditions, but reverts to the phosphinoketone (59) in
a non-polar solvent.114 Direct displacement of halogen from aromatic systems
by organophosphide reagents has also continued to find use in phosphine
synthesis. Displacement of fluorine by potassium diarylphosphide reagents is
the key step in the synthesis of N-aryl substituted ortho-diphenylphosphinoani-
lines, of interest for the formation of anionic phosphino-amido metal com-
plexes,115 and the ortho-diphenylphosphinohydrazones (60).116 A range of
metallophosphide reagents and ortho-haloaryl imidazolines has been utilised
in the synthesis of the phosphinoarylimidazolines (61), capable of being elec-
tronically tuned in three different regions of the molecule.117 Displacement of
chlorine from an 8-chloroquinoline by lithium diphenylphosphide has enabled
the preparation of the related 8-(diphenylphosphino)quinoline.118 Other routes
to phosphines involving attack of metallophosphide reagents at carbon have
also been reported. Treatment of spiro[2,4]hepta-4,6-dienes with either lithium-
or potassium-diorganophosphide reagents proceeds with opening of the spiro-
cyclopropane ring to give phosphinoalkylcyclopentadienyl ligands, e.g., (62),
from which a range of ruthenium119,120 and rhodium121 metallocene complexes
has been prepared. Metallophosphides have also been shown to displace a
variety of groups bound to the arene rings of arene-chromium and -manganese
complexes to form the related phosphinoarene systems.122 Acylphosphines are
among the products of the reactions of lithium dialkylphosphides with ben-
zocyclobutenone chromium complexes.123 Lithium mono(organo)phosphide
reagents have been shown to add to fulvenes to give the phosphinoalkyl-
substituted cyclopentadienides (63), subsequently used in the synthesis of
catalytically-active constrained geometry titanium-and zirconium- metallocene
complexes.124 Treatment of dialkylcarbodiimides with lithium diphenylphos-
phide, followed by protonation of the intermediate anion, yields the
phosphinoguanidines (64).125 Phosphino[2,2]paracyclophanes (65) have been
obtained by treatment of cyclopalladated oxazolinyl[2,2]paracyclophanes with
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potassium diphenylphosphide.126 An efficient strategy for the synthesis of
diphenylphosphino(trialkyl)stannanes in almost quantitative yield is afforded
by the reaction of sodium diphenylphosphide (from the cleavage of trip-
henylphosphine in liquid ammonia) with chlorotrialkylstannanes.127 Whereas
displacement of chlorine from chlorosilanes by lithium mono(organo)phos-
phide reagents proceeds normally to give a series of silyl-substituted secondary
phosphines,128,129 the reaction of lithium bis(trimethylsilyl)phosphide with
sterically crowded aryltrifluorosilanes results in the elimination of fluor-
otrimethylsilane and formation of the lithiophosphides (66).130 The cyclic
phosphine (67) has been obtained by treatment of a tris(2-iodoethyl)silane
with dilithium phenylphosphide, and subsequently transformed in a series of
steps to give the bicyclic system (68), having Me3P-like steric and electronic
properties.131 Good yields of perfluoroalkyldiphenylphosphines have been
obtained via an SRN1 mechanism in the reactions of sodium diphenylphosphide
with iodoperfluoroalkanes under irradiation in HMPA and DMPU as solvents.
Related reactions in liquid ammonia or tetraglyme are dominated by halogen-
metal exchange, and only poor yields of phosphines are achieved.132 Applica-
tions of borane-protected metallophosphide reagents continue to appear. The
alkylation of secondary phosphine-borane adducts with a variety of elec-
trophiles has been achieved with good to excellent yields in a two-phase system,
using aqueous potassium hydroxide as the base, and tetrabutylammonium
bromide as a phase-transfer catalyst.133 Alkylation of the P-lithiated borane
adduct of diphenylphosphine with ethyl chloroacetate affords an easy route to
the related borane-protected phosphinoacetate ester, which is easily trans-
formed into a series of chiral amides, subsequently involved in a study of
diastereoselective alkylation at the carbon adjacent to phosphorus.134 In related
work, diastereoselective Michael-addition of borane-protected lithium diphe-
nylphosphide to chiral amides derived from crotonic acid has also been studied,
enabling a synthesis of the chiral phosphinocarboxylic acids (69), useful syn-
thetic intermediates.135 Borane-protected lithium diphenylphosphide has also
found application in the synthesis of phosphino derivatives of C60.

136 Linear
hybrid aminoborane/phosphinoborane chains have been prepared from the
reactions of P- or C-lithiated phosphinoborane adducts with dimethylamine-
chloroborane.137 The reaction of a borane-protected P-lithiated phospholane
reagent with 1,2-ethylene ditosylate is the key to a simple route to the new
bis(phospholanyl)ethane ligand (70).138 Phosphido-borane reagents have
also been used in the synthesis of a wide range of chiral P,N-chelating
ligands with pseudo-C2 and pseudo-Cs symmetry based on chiral pyrrolidine
and phospholane rings, or on dinaphthodihydroazepine and din-
aphthodihydrophosphepine moieties.139 The reactions of chiral cyclic sulfate
esters with dilithio(organo)phosphide reagents continue to be widely exploited
for the synthesis of new phospholanes. An improved route to the simple
secondary phospholane (71) has been developed, enabling the introduction of
the chiral phospholane ring as a substituent in ferrocene and arenechromium
complexes, e.g., (72).140 The cyclic sulfate route has been applied in
the synthesis of other ferrocenylphospholanes, e.g., (73)141 and (74),142 an
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ortho-phenylenebis(phospholane),143 the bis(phospholanyl)maleic anhydride
(75),144 and a series of P-arylphospholanes bearing either chiral amine145 or
chiral dioxolanyl substituents in the ortho-position to phosphorus.146 This
route has also been used in the synthesis of sterically crowded phospholanes,
e.g., (76).147,148

Pri
PPh2

X

N

N
PPh2 N

PPh2

R

O

(51) (52) (53) R = Me or But

N

ArAr

But O
PPh2

PPh2

NMe2

PPh2

(54) Ar = 2,4,6-Me3C6H2
or 2,4,6-Pri

3C6H2

(55) (56)

PHPh

O

O

OH

PPh PHPh

O

(57) (58) (59)

1. H3O+

2. OH
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2
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R3 R2
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PR2
2
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(62) R1 = H, Me, Ph, Cy,
CH2 OTBS; R2 = Ph or Mes

(63) (64) R = Cy or Pri
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Metallophosphide reagents have been applied widely in the synthesis of new
chelating ligands involving two or more phosphorus atoms, and sometimes
other additional donor centres. A convenient general procedure has
been developed for the synthesis of a range of long chain a,o-bis(dip-
henylphosphino)alkanes involving 18-32 methylene bridges.149 Also reported
are the linear tetraphosphine (77),150 a series of new linear arene-bridged
bis(1,4-diphenylphosphinoethoxy) systems, e.g., (78),151 unsymmetrical bis
(diarylphosphino)propanes having partly fluorinated aryl substituents,152 and
various unsymmetrical arsino(phosphino)ethanes having bulky groups at phos-
phorus and arsenic, together with new chiral diphosphino-ethane153 and –
propane154,155 systems, e.g., (79). Further reports have appeared of the syn-
thesis of carbohydrate-based diphosphines, e.g., the rigid isomannide-based
system (80),156 the water-soluble a,a-trehalose-based phosphinophosphinite
(81)157 and both a diphosphino- and a tetraphosphino-a-cyclodextrin sys-
tem.158,159 A new 1,3-alternate- bis(diphosphinoethyl)calix[4]arene system has
also been prepared.160 A new water-soluble arene-sulfonated 2,20-bis
(diphenylphosphino)biphenyl and other diphosphines involving a sulfonated
dibenzophosphole system have also been described.161 Metallophosphide
routes have been applied to the preparation of a wide range of di-, tri- and
tetra-phosphines bearing additional donor or other reactive functional groups.
Findeis and Gade have described the synthesis of a series of di-and tri-
phosphines bearing alkenyl, alkynyl162,163 and hydroxyalkyl groups,164 e.g.,
(82), these acting as linkers for the synthesis of phosphino-functional dendrim-
ers and related catalyst systems. Various chiral oxo- and oxy-functional dip-
hosphines, e.g., (83), have been prepared from the camphor system.165,166

Chiral C2-symmetric 1,4-dioxanyldiphosphines, e.g., (84), have been prepared
from tartrate esters.167 Routes to a number of P,P,N-donor systems have been
developed, including a trans-chelating 1,5-bis(di-t-butylphosphino)-2-(S)-dime-
thylaminopentane,168 2,20-bis(diphenylphosphino)diphenylamine,169 and a se-
ries of tripod ligands (85) involving phosphine and dialkylamine or N-pyrazolyl
donors.170,171 A phosphide route has also been used to prepare 2-(dip-
henylphosphinoethyl)-3,5-dimethylpyrazole.172 The diphosphinodiazadienes
(86) have been prepared by treatment of a bis(imidoyl chloride) with so-
dium diphenylphosphide.173,174 Diphosphines,175,176 e.g., (87) and a tetra-
phosphine,177 which also incorporate pyridine moieties, have been described.
New ferrocenylphosphines involving Si–P linkages (88) have been prepared
from the reactions of a bis(chlorosilyl)ferrocene with lithium diorganophos-
phide reagents.178

Ph2P P P PPh2

Ph Ph

Ph2P O O PPh2 Ar2P PAr2

R R

(77) (78) (79)
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The structural characterisation of metallophosphide species (and their com-
plexes with other ligands) continues to attract interest. New polyphosphide
anions, (together with a variety of other products, including halogen-
ophosphines, diphosphenes and diphosphines), are formed in the reactions of
phosphorus trichloride with alkyl-sodium,-potassium and -zinc reagents.179 A
range of sodium oligophosphane-a,o-diide systems has been characterised
from the reactions of phenyldichlorophosphine with sodium.180 The reaction
of lithium phenylphosphide with MeAlCl2 results in the selective formation of
the anion [PhP(H)–PPh]�, isolated as a tetrameric lithium salt.181 The reactions
of lithium- or sodium-cyclohexylphosphide with tris(dimethylamino)arsine in
the presence of various ligands lead to the formation of the five-membered,
heterocyclic phosphinoarsenide [(CyP)4AsLi], isolated as a series of com-
plexes.182 The ability of mono(borane-protected)diorganophosphide ions to
form complexes with lithium and aluminium acceptors has been investigated
and a range of complexes structurally characterised.183 Various alkali metal
silylphosphides have also been prepared and characterised.184,185 Lithium-,
potassium- and tin-salts of monoanionic P,N-centred (iminophosphorano)
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1-phosphaallyl ligands, e.g., (89), have been obtained from the initial reaction
of an N-(trimethylsilyl)phosphoranimine of an alkynyldiphenylphosphine with
potassium phenylphosphide.186 Magnesium organophosphides have been ob-
tained from the reactions of dibutylmagnesium with primary or secondary
phosphines, and structurally characterised. Related calcium, strontium and
barium organophosphides have also been prepared.187,188 A zinc organophos-
phide has been obtained and structurally characterised.189 Phosphido deriva-
tives of the main group 13 elements continue to generate much interest. New
systems include a tetraanionic alumino(mesityl)phosphide cage complex,190

and new gallium191,192 and indium193 organophosphides. The reactivity of
aluminophosphides towards group 13 trialkyls has also been investigated.194,195

Novel routes to quantum dots of InP and GaP have been developed via the
thermolysis of the corresponding metal diorganophosphides in 4-ethylpyri-
dine.196 New main group element organophosphide cluster species involving tin
and germanium have also been prepared and structurally characterised.197,198 A
range of cyclic, oligomeric gold organophosphides has been prepared by
treatment of gold(I) complexes of secondary phosphines with aqueous ammo-
nia.199,200 The previously established alkali metal cleavage of the P–P bond of
tetraphenyl-1,2-dihydrodiphosphetenes to give the diphosphide anion (90) has
been used to prepare anionic cyclic organophosphidoplatinum complexes.201

Ph2P

N PPh
Me3Si PP

Ph

PhPh

Ph

Ph2P

OSiR3

N

(89) (90) (91)

Interest has also continued in the use of phosphines metallated at atoms other
than phosphorus as reagents in synthesis. Reagents of the type R2PCH2 Li,
easily accessible by metallation of methylphosphines with alkyllithium reagents,
have found use in the synthesis of a range of sterically crowded diphosphino-
methane ligands,202,203 the unsymmetrical di(N-pyrrolyl)phosphino-func-
tionalised diphosphinomethane Ph2PCH2P(NC4H4)2,

204 and various chiral
b-aminoethyldiphenylphosphines.205,206 Related lithiomethylphosphines, pro-
tected at phosphorus with borane, have also found wide application in the
synthesis of new diphosphines, e.g., a series of P-chirogenic bis(phosphi-
no)ethanes,207,208 a P-chirogenic 1,2-bis(phospholanyl)ethane,209 and a P-chiro-
genic 1,2-bis(ferrocenyl)diphosphinoethane.210 Derivatives of the alkaloid
(-)-cytisine have advantages over the commonly used (-)-sparteine when
used in combination with sec-butyllithium to desymmetrise prochiral organ-
odimethylphosphine-borane complexes, giving access to the less accessible
enantiomer of the chiral lithiomethylphosphine-borane reagent, and hence
to a wide range of new chiral systems.211 Among other applications of C-
lithiated alkylphosphine reagents are routes to a series of C-functionalised
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o-diphenylphosphinoalkylpyridines, e.g., (91),212 various anionic phosphino-
borate ligands, e.g., [PhB(CH2P

iPr2)3]
�,213,214 and the neutral diphosphine

Ph2Si(CH2PPh2)2.
215 Borane-protected Ph2PCH(Li)CH3 has been shown to

react with electron-withdrawing aromatic systems via an SNAr mechanism to
give functionalised aralkylphosphines, e.g., (92).216,217 Lithiation of bromoar-
ylphosphines, followed by reactions with conventional electrophilic reagents,
provides a route to functionalised arylphosphines, e.g., the phosphino-
tetraarylborates (93),218 the phosphinobenzhydrol (94), (an intermediate for
the synthesis of helically chiral polymers),219 a series of ortho-silylated ben-
zylphosphines,220 and the phosphinoarylcycloheptatriene (95).221 Phenacylpho-
sphines of type (12) have been shown to undergo metallation with potassium
hydride to form the related enolate ions, which have been trapped to give the
phosphino-phosphates (96).222 The diphosphinocyclopentadienide reagent (97)
has been used to prepare a tetraphosphinoferrocene.223 Phosphinoferrocenes
have also been prepared from the phosphinoindenyl reagent (98).224 Metallation
of diphosphinomethanes at the bridging carbon is a key step in a new route to
vinylidene phosphines, e.g., (99).225 Compounds of this type undergo a Schlenk
dimerisation on treatment with either lithium or sodium in THF to give the
diphosphinomethanide complexes (100).226 Similar behaviour occurs with bor-
ane-protected 1-phosphino(1-silyl)-alkenes.227
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2.1.3 Preparation of Phosphines by Addition of P–H to Unsaturated
Compounds. This method continues to find use in phosphine synthesis, al-
though the number of applications noted in the period under review is relatively
small. Conventional thermal- or free radical-initiated conditions have been
used for the addition reactions of the (R)-(þ)-limonene-based secondary
phosphine (101, R¼H) to alkenes to give a series of new bicyclic tertiary
phosphines (101, R¼alkyl),228 the addition of (þ)-8-phenyldeltacyclene to 1,2-
bis(phosphino)benzene to give the crowded chiral diphosphine (102) as a
mixture of two diastereoisomers,229 addition of secondary phosphines to N-
vinylpyrroles to give a series of 2-(1-pyrrolyl)ethylphosphines,230 addition of
phenylphosphine to iminium salts to give the linear NPN-ligands (103),231 and
for the addition of diphenylphosphine (in excess) with vinyl-functionalised
polyhedral oligomeric silsesquioxane dendrimers.232 Base-catalysed conditions
have been employed in the addition of secondary phosphines to functionalised
alkenes, leading to polyfunctional tertiary phosphines in high yield,233 and also
for the regio-and stereo-specific addition of primary and secondary phosphines
to aryl(cyano)alkynes, giving functionalised secondary and tertiary phosphines
of Z-configuration.234 Borane complexes of secondary phosphines also undergo
addition reactions with alkenes and alkynes. A simple route to al-
kylarylphosphines on a gram scale is offered by the addition of secondary
phosphine-boranes to unactivated alkenes under mild thermal activation, the
reaction proceeding in an anti-Markownikov mode. The new chiral phosphines
(104) have been obtained by such additions to (�)-b-pinene.235 Related addi-
tions to alkynes have been achieved under thermal and metal-catalysed condi-
tions. Under thermal conditions, additions to terminal alkynes proceed in an
anti-Markownikov mode to form largely Z-alkenylphosphine-boranes, whereas
reactions promoted by a palladium(0) catalyst give the Markownikov prod-
ucts.236 Markownikov products have also been isolated from the addition of
diphenylphosphine to alkenylalkyl ethers, catalysed by palladium or nickel
complexes.237 Organoytterbium complexes have also been shown to catalyse
the addition of secondary phosphines to alkynes, and other carbon-carbon
multiple bonds. The regio-and stereo-selectivity of these reactions clearly differ
from those of the corresponding radical-promoted additions, the reactions
proceeding via insertion of alkynes into a Yb-PPh2 species, followed by
protonation.238 Further studies have been reported of the intramolecular
hydrophosphination/cyclisation of primary phosphino-alkynes and -alkenes
to form cyclic phosphines in the presence of organolanthanide complexes.239

Diphenylphosphine has been shown to add diastereoselectively to benzaldi-
mines coordinated to a chromium tricarbonyl acceptor, to form complexed
chiral aminoalkylphosphines.240 The synthesis of P-chiral functionalised sec-
ondary phosphines by addition of iron-complexed primary phosphines to
alkenes and alkynes has been reviewed.241 The tricyclic trislactone-
phosphine (105) has been obtained from the reaction of PH3 with pyruvic
acid.242 Addition of diphenylphosphine to the isocyanate group of
dimethylthiocarbamoyl isothiocyanate leads to the new ambidentate ligand
(106).243
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2.1.4 Preparation of Phosphines by Reduction. Although trichlorosilane re-
mains the reagent of choice for many reduction procedures in phosphorus
chemistry, other reagents also continue to find use. Trimethyltin hydride
and tributyltin hydride, respectively, have been used to reduce dior-
ganophosphinous chlorides in a large scale, high yield route to the secondary
phosphines (CF3)2PH and (C6H5)2PH.244 Lithium aluminium hydride has also
been used for the reduction of halogenophosphines, in the synthesis of crowded
diphosphines, e.g., (107),245 and (108).246 Various reducing agents have been
compared for their effectiveness in the reduction of chlorophosphine-boranes
to the related secondary phosphine-boranes, the main point to emerge being
that there needs to be a judicious match between the steric and electronic
requirements of both reagent and substrate.247 The desulfurisation of arylpho-
sphine sulfides with tributylphosphine has been applied in a new route to a
series of C-substituted phosphatriptycenes (109), (and, in turn, the related
P¼Se derivatives).248 Raney nickel has also been used for the desulfurisation of
phosphine sulfides in the synthesis of the phospholane-oxazoline ligands
(110).249 However, a very common strategy in phosphine synthesis continues
to be a final stage reduction of phosphine oxides with silane reagents, of which
trichlorosilane is the most popular. Among a considerable range of new
monophosphines obtained by trichlorosilane reduction, usually in the final
step of the synthesis, are the phosphorus core conjugated triaryl-dendrimer unit
(111),250 a range of triarylphosphines bearing branched fluoroalkyl moieties
(‘split pony tails’), e.g., (112),251 and a variety of chiral monophosphines,
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including the phosphinocarboxylic acid (113),252 phosphinoaryloxathianes,
e.g., (114),253 a series of axially chiral ortho-aminoarylphosphines, e.g.,
(115)254,255 and (116),256 the axially chiral binaphthylphosphine (117),257

and the chiral arylferrocenylphosphines (118).258 Trichlorosilane reduction
has also been used in the synthesis of phosphino-[6]- and -[7]-helicenes,
e.g., (119), which are also chiral systems,259,260 and a variety of other
chiral diphosphines, including the spiro system (120),261 the C2-symmetric
cyclobutane system (121),262 and the tetraphenylene (122).263 In addition,
many new chiral 2,20-diphosphinobiphenyls have been described, includ-
ing ‘SYNPHOS’ (123, X¼CH2CH2)

264,265 and ‘DIFLUORPHOS’ (123,
X¼CF2),

266,267 the related system (124),268 and others involving simple
alkoxy substituents in the biphenyl system269 and bulky aryl groups at phos-
phorus.270 Interest has also continued in the synthesis of ‘BINAP’ systems
(125), with particular reference to the introduction of substituents in the
naphthalene system which modify the effectiveness of the molecule as a
ligand in catalyst systems271 or render it water soluble272 or soluble in super-
critical carbon dioxide.273 BINAP-based phosphines and diphosphines
bearing fluorous substituents in the diarylphosphino groups have also
been isolated following trichlorosilane reduction.274 Trichlorosilane reduction
is a key step in a route to the new atropisomeric diphosphine ligand ‘BINAPFu’
(126), resolved into its enantiomeric forms, and shown to be more effective
than BINAP in one Heck arylation system.275 Trichlorosilane has also been
employed in the synthesis of fluorous-tagged bis(diarylphosphino)propanes,276

a range of new bis(diarylphosphinoethyl)amines,277 and a series of 1,10-
bis(diphenylphosphinoaryl)ferrocenes.278 Several other reagent systems have
been used for the reduction of phosphine oxides, including polymethylhydrosi-
lane/titanium isopropoxide (for the new diphosphinoferrocenes (127)),279

LiAlH4 (for reduction of chiral 2,5-diphenylphospholane oxides via the related
triflate salts),280 and various transition metal tri(t-butyl)siloxides.281 Hex-
achlorodisilane has been used for the reduction of phosphine sulfides in the
synthesis of the chiral bis(phosphepine) (128).282 The combination Me3SiCl–
LiAlH4 has been used for the reduction of 2-(ferrocenyl)alkylphosphonic
acid derivatives to give the related primary phosphines, surprisingly air-
stable compounds.283 Reduction of alkylphosphonates has also been achieved
with LiAlH4 in the synthesis of the primary phosphine PhSeCH2CH2PH2.

284

P
(Me3Si)2CH

P
CH(SiMe3)2

NMe2Me2N
SMe

P
H

CH(SiMe3)2

P

OH
OMeMeO

OMe

(109)(108)(107)
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3
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(113) (114) Ar = Ph or 3,5-xylyl

n

(115) R1,R2 = (CH)4; n = 1;
R1,R2 = H or MeO, n = 1 or 2

PPh2

X

PAr2

N
R

Ph

Ph PR2

OMe
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(116) Ar = Ph or p-tol;
R = Me or Et

(117) R = cyclopentyl (118) R = OH, NH2, NHCOR

Ph2P

PAr2

PAr2

CO2EtEtO2C

PAr2 Ar2P

(119) (120) (121)
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PPh2

PPh2

R1 R2

R1 R2

O

Ph2P

O
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(125) R1 = H; R2 = e.g., Me3Si, CPh2OH or CH2NH2;

R1 = CH2NH2 or RF; R2 = H
(126)

R1
2P

R2
2P

Fe

P

PBut

But

H

H

(127) R1 = Ar; R2 = Cy, But or Ar (128)

2.1.5 Miscellaneous Methods of Preparing Phosphines. Useful general reviews
of phosphine chemistry which have appeared in the past two years include
coverage of the synthesis and applications of primary phosphines,285 recent
developments in the synthesis of chiral phosphetanes,286 the synthesis of
P-modular homochiral bis(phosphines) having a 1,2-disubstituted cyclopentane
backbone287 and new chiral phosphorus ligands for enantioselective hydrogen-
ation.288 Reviews of the design of chiral ligands for asymmetric catalysis,
covering C2-symmetric P,P-ligands to sterically and electronically non-sym-
metrical P,N-ligands,289 chiral P,N-ligands involving pyridine and phosphorus
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donor centres,290 mixed donor phosphine-phosphine oxide ligands,291 and
combinatorial libraries of chiral ligands292 have also appeared.

The reaction of vinylmagnesium bromide with triphenylphosphite provides
an improved route to trivinylphosphine, which can be stored for several months
at �321C without polymerisation. Its reactivity towards a range of reagents,
e.g., alkyl halides, chalcogens, borane and boron trihalides, has also been
explored.293 Copper-catalysed cross-coupling of terminal alkynes with chlor-
ophosphines provides a convenient route to phosphinoalkynes.294 Related
nickel- and palladium-catalysed procedures have also been described.295

Benzynezirconocene has been shown to promote the intramolecular coup-
ling of bis(alkynyl)phosphines with silanes, providing a route to new mono-
and tri-cyclic heterocyclic systems, e.g., (129),296 and a zirconocene-mediated
cross-coupling of alkynylphosphines provides a route to 1,3-butadi-
enylphosphines.297 Olefin metathesis catalysts have been used to achieve the
cyclisation of diallyl(phenyl)phosphines to 1-phenyl-3-phospholenes298 and
further studies have been reported on the macrocyclisation of phosphines
bearing o-alkenyl(polymethylene) substituents, coordinated to platinum.299,300

The synthesis of phosphorus (and sulfur) heterocycles via ring-closing olefin
metathesis has also been reviewed.301 An improved synthesis of di(1-adamant-
yl)alkylphosphines by alkylation of di(1-adamantyl)phosphine, followed by
deprotonation of the intermediate phosphonium salt with triethylamine, has
been described.302 This approach has also been used independently in related
reactions of di(1-adamantyl)phosphine with para-di(bromomethyl)benzene, to
yield the cationic, phase-tagged phosphine (130), and related compounds
derived from the intermediate salt by treatment with triphenylphosphine.303

A simple route to the fused phosphirane, dibenzophosphasemibullvalene, (131),
has been developed.304 Further work has been reported on the reactions of the
bicyclic system (132) with diGrignard reagents derived from a,o-
dibromoalkanes. It has now been shown that treatment of the initial Grignard
reagent adduct of (132) with water yields the secondary cyclic phosphines (133)
in 70-80% yield. The biproduct (134) can also be isolated cleanly from the
aqueous phase in 90% yield, and recycled back to (132) by treatment with
phosphorus trichloride.305 The established ring-opening of aziridines on treat-
ment with diphenylphosphine has been used to prepare further examples of
chiral b-aminophosphines.306 The regiospecificity of the reaction of dip-
henylchlorophosphine with enamines derived from b-aminocrotonic acid has
been studied, providing routes to enamino-vinyl- and -allyl-phosphines.307 A
similar study of the reactions of propyneiminium salts with diorgano(trim-
ethylsilyl)phosphines has provided access to enamino-allenyl-, -alkynyl- and
-butadienyl-phosphines.308 A convenient route to acylphosphines (‘phosphom-
ides’) is afforded by the reaction of secondary phosphines with acyl- and aroyl-
chlorides, in the presence of a base.309 The o-phosphinoaryl-ylide (135), bearing
a chiral sulfinyl moiety, has been prepared by the reaction of the re-
lated phosphinoaryl-methylide with (S)-menthyl p-tolylsulfinate.310 Further
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examples have been reported of the synthesis of chiral C-functionalised
phosphanorbornenes by the cycloaddition of functionalised alkenes to 1-phe-
nyl-3,4- dimethylphosphole, coordinated to a chiral palladium complex as
the chiral auxilliary.311,312 A related achiral cycloaddition of phenyl-
ethynyltriethoxysilane has given the triethoxysilyl-functionalised phosphanor-
bornadiene (136), capable of being anchored, as a rhodium complex, to
mesoporous silica.313 New thiophene-, benzothiophene- and benzofuran-
oxazoline ligands, e.g., (137), bearing a diphenylphosphino group at different
positions of the heterocyclic skeleton, have been prepared and studied
as ligands in homogeneous metal-catalysed processes.314,315 Applications in
homogeneous catalysis have also driven the synthesis of a series of N-(ortho-
diphenylphosphinoaryl)-pyrroles and -pyrazoles.316 Various established proto-
cols have been explored for the synthesis of diphosphine ligands bearing highly
symmetric, bulky substituents at a stereogenic phosphorus atom317 Full details
of routes to the di- and tri-(phosphinomethyl)methanols (138) have been
disclosed, these compounds giving rise to multidentate phosphinoalkoxides,
of interest as ligands to main group as well as transition metals.318 Cyclo-
addition of the azide ion to the bis(phosphino)alkynyl diselenide,
Ph2P(Se)CRCP(Se)Ph2, followed by removal of selenium with triethylphos-
phite, results in the bis(phosphino)-1,2,3 triazole (139), capable of deprotona-
tion at nitrogen to give an anionic diphosphine ligand.319 Alternative approaches
to biaryldiphosphines of type (123, X¼CF2) have also been described.320

The synthesis of resorcinarene derivatives having four or eight al-
kynyldiphenylphosphino (or diphenylphosphinito) functional groups has been
reported.321 Routes to fluoro(phosphino)- and diphosphino-stannanes,
R2Sn(X)PH2 (X¼F or PH2),

322 and triphosphinofluorosilanes, RSi(PH2)3,
323

of interest as reagents for PH2 transfer under mild conditions, have been developed.

P

SiMe2

Ph

Ph
Ph

P(1-Ad)2

Et3N
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P

(129) (130) (131)
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MeMe
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H
P MeMe

SH HS
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n

(133) n = 1 or 2 (134)
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(Me2PCH2)nCH3-nOH

(138) (139)(n = 2 or 3)

A wide range of new phosphines based on the ferrocene system has been
prepared, using a variety of synthetic methods. Their use in homogeneous
catalyst systems has also been reviewed.324,325 The ephedrine-based ox-
azaphospholidine-borane route has been applied to the synthesis of eight
P-chiral monodentate ferrocenylphosphines of the general structure FcP(Ph)R,
(R¼aryl or alkyl).326 The reactivity of ferrocenylmethyl alcohols, esters, ethers
and amines towards nucleophiles (often secondary phosphines) has been utilised
in the synthesis of new phosphines, including a tridentate system, (140), combin-
ing planar-, P- and C-chirality,327,328 bulky phosphines, e.g., (141) and (142),329 a
ferrocenylmethylphosphine-containing polymer,330 rac-[2-(diphenylphosphino)
ferrocenyl]acetic acid and related compounds,331 and ferrocenylphosphines bear-
ing imidazolium groups, precursors of phosphino-carbene ligands.332,333 The
same approach has been used in the synthesis of new P,N-ferrocenyl ligands, e.g.,
(143)334 and (144).335 The established ring-opening of 1-phenyl-1-phospha[1]-
ferrocenophane with phenyllithium has been applied in the synthesis of the new
enantiopure phosphino-phosphinito ligand (145).336

PPh2

P PPh2

PhMe

R1

PR2
2

Ar

P

Ph
PhPh

Fe Fe
Fe Fe

(140) (141) R1 = H or Ar;
R2 = Ph or But;
Ar = Ph, o-anisyl or 1-naphthyl

(142)
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P(OMenthyl)2

Fe Fe
Fe

(143)  Ar1 = o-tolyl or
3,5-xylyl; Ar2 = 2-pyrimidyl,
2-pyridyl or 2-quinolyl

(144)  R1 = H or alkyl;
          R2 = Ph or Cy

(145)

Methods for the synthesis of C-functionalised arylphosphines based on the
direct introduction of phosphino groups into aryl halides or tosylates, catalysed
by a variety of metals, have continued to develop. The reactions of secondary
phosphines (and secondary phosphine oxides) with bromo- or iodo-arenes,
catalysed by palladium acetate or other palladium complexes, have been used
to prepare a range of ortho-substituted arylphosphines,337,338 including enan-
tioselective syntheses of chiral systems, e.g., (146),339,340 and a series of dip-
hosphine ligands having a barbiturate-binding receptor, e.g., (147).341 Related
palladium- and nickel-catalysed reactions of primary phosphines with para-
dihalobenzenes have given a series of poly(arylene)phosphines.342 A palla-
dium[0]-catalyst was used in the synthesis of para-diphenylphosphinophenol,
subsequently attached to a polyethylene glycol ether support.343 Related pal-
ladium-catalysed reactions of aryl triflates with secondary arylphosphine
oxides yield the corresponding tertiary phosphine oxides, subsequently reduced
to the phosphines. This approach has been applied in the synthesis of
new chirogenic binaphthylmonophosphines,344 the monoxide of 2,20-bis(dip-
henylphosphino)-1,10-binaphthalene345 and the chiral P,N-system (148).346

Palladium-catalysed phosphination of bromoarenes and aryl triflates bearing
a wide variety of functional groups has also been achieved by the use of
triarylphosphines as the phosphinating reagent.347,348 A microwave-assisted
procedure for the palladium-or nickel-catalysed phosphination of aryl halides
and triflates by diphenylphosphine has also been reported.349 Nickel-catalysed
direct phosphination reactions of aryl triflates with secondary phos-
phines have also been achieved in the synthesis of hexamethyl-2,2 0-bis
(diarylphosphino)biphenyls,350 1-(2-diphenylphosphino-10-naphthyl)isoquino-
line,351and the new atropisomeric system (149).352 Functionalised triarylpho-
sphines have also been prepared by a nickel-catalysed reaction of aryl bromides
with chlorodiphenylphosphine, in the presence of zinc dust.353 This approach
has also been used to prepare the unusual 2,80-disubstituted-1,10- binaphthyl
(150).354 Copper(I) iodide, in the presence of a base, is an effective and
inexpensive reagent for the phosphination of aryl- and vinyl-halides by sec-
ondary phosphines, the conditions tolerating the presence of a wide variety of
functional groups.355,356
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The reactions of other functional groups present in organophosphines have
been widely applied in the synthesis of new phosphines, usually of interest as
ligands for use in homogeneous catalyst systems. A series of unsymmetrical
PCP0 pincer ligands, e.g., (151), has been obtained via reactions of meta-
phosphinomethyl-phenols and -benzyl alcohols with di(isopropyl)chloro-
phosphine in the presence of base.357 Unsymmetrical diphosphines of the type
Ph2P(CH2)nNHPPri2 (n¼2 or 3) have been obtained by related reactions of
o-aminoalkylphosphines.358 The reaction of 2-aminoethyldiphenylphosphine
with a fluoronitrobenzoxadiazole yields phosphine (152), of interest as a new
reagent for the detection of hydroperoxides, the resulting phosphine oxide
fluorescing strongly.359 N-acylation of phosphinoalkylamines, derived from
valinol and proline, with picolinic and quinaldic acids has given a new series of
N,P-ligands.360 N-acylation and -alkylation of 2-(diphenylphosphino)methyl-
pyrroline has been used to provide a series of unsymmetrical terdentate PNN
ligands, e.g., (153).361 Twenty new chiral aminoalkylphosphines of type (154)
have been prepared by transformations of related chiral phosphinoalkanoic
acids.362 An eight stage route to the diphosphine (155) has been developed,
starting from 5-amino-isophthalic acid dimethyl ester, involving Arbuzov and
trichlorosilane reduction stages, and subsequent elaboration of the arylamino
group. Covalent binding to silica is then possible via the succinimide ester
group.363 The succinimidyl ester of diphenylphosphinopropionic acid has
been used as an intermediate in the synthesis of the phosphino-amino acid
system (156).364
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Phosphino-amino acid components have also been used in a parallel ap-
proach in conjunction with natural amino acids to develop b-turn phosphino-
peptide ligands.365 A series of polyphosphorus ligands, of interest for the
construction of metallodendrimer systems, has been prepared from the reac-
tions of 3-hydroxypropyldiphenylphosphine with P(O)Cl3 and phenyl-
dichlorophosphine.366 Dendritic phosphines have also been obtained by
N-acylation reactions of 3,4-bis(diphenylphosphino)pyrroline367,368 and 5,50-
diamino-BINAP,369 and the synthesis of phosphorus-containing dendrimers
has been reviewed.370 The reactions of thiolate anions with o-chloroalkylpho-
sphines have given a range of new P,S-donor ligands, including the bis(pho-
sphinoalkyl-thioether)arene (157),371 the aminoarylthioalkylphosphine
4-H2NC6H4SCH2CH2PPh2, from which the phenolic imine (158) was subse-
quently obtained,372 and a 3-(diphenylphosphino)propylthio-substituted
tetrathiafulvalene.373 Addition of a trifunctional arenethiol to diphenylviny-
lphosphine has given the threefold symmetric phosphino-alkylthioether ligand
(159), capable of forming macrocyclic metallo complexes.374 Phosphadithia-
macrocycles have also been assembled by the reactions of the isomeric
bis(chloromethyl)benzenes with the thiolate anions derived from bis(2-merca-
ptoethyl)phenylphosphine.375 Very many new phosphines have been prepared
utilising the reactivity of functional groups in the ortho- or para-positions to
phosphorus in an arylphosphine. Thus, e.g., the spiro-phosphino-oxazine (160)
has been obtained by the reaction of ortho-diphenylphosphinobenzonitrile with
a spiro-aminoalcohol,376 new chiral arylphosphino-phosphito ligands have
been prepared from the reactions of chiral ortho-phosphinophenols with
chlorophosphites,377 and treatment of o-(diphenylphosphino)benzyl chloride
with various 1-substituted imidazoles has given a series of phosphino-imida-
zolium salts (161), potential precursors of nucleophilic carbene ligands.378

However, most reports of this nature centre on the reactions of
phosphinoarylaldehydes, -carboxylic acids, and -amines. Imine formation from
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the commercially available o-(diphenylphosphino)benzaldehyde continues
to be exploited. Among new phosphinoarylimines reported are those from
2-aminomethylpyridine,379 1-phenylazo-2-naphthylamine,380 chiral sulfinam-
ides,381,382 chiral monosulfonamido derivatives of trans-1,2-diamino-
cyclohexane,383 and the primary amines H2N(CH2)nSePh (n¼3,4).384 Imine
formation with o-diphenylphosphinobenzaldehyde has also been used for the
surface functionalisation of dendritic primary alkylamines, giving dendrimeric
P,N ligands.385 Aminal- and thioacetal-like cyclocondensations of o-dip-
henylphosphinobenzaldehyde with chiral amino-amides, disecondary amines,
and 3-hydroxypropanethiols has afforded new chiral phosphines, e.g.,
(162),386,387 and (163).388,389 Imine formation from enantiopure 2-formyl-1-
phosphanorbornadiene has been utilised to give the new chiral phosphino-
imines (164).390 Phosphino-aldehydes based on ferrocene and cymantrene have
also been used in imine formation for the design of new planar chiral ligands.391

New ferrocenyl phosphino-imine ligands have also been prepared via the con-
densation reactions of primary aminoalkylferrocenylphosphines with alde-
hydes.392,393 Related condensation reactions of aminoalkylferrocenes with
N,N-dimethylformamide dimethylacetal have given phosphinoferrocenyl-ami-
dine ligands.394 New phosphino-imines have also been obtained from
o-aminophenyldiphenylphosphine395,396 and also from o-aminomethylpheny-
ldiphenylphosphine.397 New water-soluble phosphine systems have been ob-
tained from the N-poly-ethoxylation of o-aminophenyldiphenylphosphine.398

New chiral 2,20-biphenylyl-P,N-ligands have been prepared by N-acylation of
2-amino-20-diphenylphosphino-biphenyls.399 Amide and ester formation from
o- and p-diphenylphosphinobenzoic acids has also been exploited in synthesis.
Among new phosphines prepared in this way are a series of simple amido
derivatives of non-chiral400 and chiral401 primary amines, a series of glucosa-
mine-based monophosphines,402,403 various tripeptide-linked phosphines,404

and various polystyrene-linked phosphines.405 Further examples of dip-
hosphines linked via amide formation to vicinal-diamines have appeared,406,407

including a polymer-bound system.408 A diamidodiphosphine has also been
prepared from 1,8-diaminonaphthalene, and the same report describes the
synthesis of the thiol-ester linked system (165).409 Crown ether-tagged phos-
phines have been prepared by amide formation with 2-aminomethyl-18-crown-
6, and also by ether-formation involving para-diphenylphosphinophenol and
mesylated hydroxymethyl-15-crown-5.410

Ph2P S S PPh2

F F

F F

N S PPh2

OH

(157) (158)
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The chemistry of hydroxymethylphosphines continues to develop and this
has also led to the synthesis of new phosphines. Full details of the synthesis of
ferrocenylhydroxymethylphosphines from the reactions of ferrocenyl primary
phosphines with aqueous formaldehyde have appeared.411 Mannich reactions
between hydroxymethylphosphines and amines have been applied in the syn-
thesis of a variety of new aminomethylphosphines. Included among these
are aminomethylphosphine derivatives of adenine,412 the new unsymmetrical
phosphine Ph2PCH2NHC6H4PPh2,

413 a polymer-bound (N-phosphinoethyl)-
aminomethylphosphine,414 and water-soluble aminomethyl(ferrocenylmethyl)-
phosphines.415 Bis(phosphinomethyl)amino systems have also been described,
e.g., (166),416 the amphiphilic and water-soluble systems (167),417 and a bis(ami-
nomethylphosphine) derived from 3,4-diaminotoluene.418 The related reactions
of bis(hydroxymethyl)organophosphines with primary amines have led to
the isolation of new cyclic- and macrocyclic-aminomethylphosphines, e.g.,
(168).419,420 A new macrocyclic tetraphosphine has also been isolated from the
reaction of a disecondary bis(phosphino)propane with formaldehyde and ben-
zylamine.421 The new cage-molecule (169) has been obtained from the reaction
of tris(hydroxymethyl)phosphine with hexamethylenetetraamine in the presence
of sulfamide and formaldehyde.422 The established reaction of PH3 with pen-
tane-2,4-dione, giving the phospha-adamantane (170), has been re-examined,
and procedures developed for alkylation and arylation at phosphorus.423 The
one-pot reaction of the azine of 2-carboxybenzaldehyde, phenylphosphine and
phthaloyl chloride provides a large-scale route to the chiral diazaphospholane
system (171), capable of further elaboration via the carboxylic acid group to give
a series of amidophenyldiazaphospholanes.424
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2.2 Reactions of Phosphines. – 2.2.1 Nucleophilic Attack at Carbon. The
formation of dipolar adducts from the reactions of tertiary phosphines with
alkenes and alkynes bearing electron-withdrawing groups attached to the
multiple bond, and their subsequent use in synthesis and catalysis, has again
proved to be a very active area. A new crystalline adduct, (172), has been
isolated from the reaction of tributylphosphine and dimethyl acetylenedicar-
boxylate, the mechanism involving an unusual rearrangement.425 A common
theme in many of the subsequent reactions of the dipolar adducts is protona-
tion by a third reagent, typically an amine or phenol, to generate a vinyl-
phosphonium salt, which then suffers nucleophilic addition to generate a new
ylide (173). In some cases, subsequent intramolecular Wittig reactions then
ensue, or an elimination reaction occurs in which the original phosphine is
regenerated, to give the final products. Thus, e.g., new phosphorus ylides have
been obtained in excellent yield from the reactions of triphenylphosphine,
dimethyl acetylenedicarboxylate and strong NH acids, including pyrroles and
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indoles,426 hydantoins,427 benzimidazoles,428 saccharin,429 trifluoroacet-
amide,430 phthalimide and succinimide.431,432 New ylides have also been
isolated from the related reactions of triphenylphosphine, dimethyl acetylenedi-
carboxylate and primary aromatic amines,433 including various amino-
phenols,434 2-aminothiophenol,435 and o-phenylenediamine.436 Other NH
compounds used to trap the initial dipolar adduct in the triphenylphosphine-
dimethyl acetylenedicarboxylate system include perimidines,437 and various
amides derived from aromatic amines, the latter reactions providing routes to
5-oxo-4,5-dihydro-1H-pyrroles.438,439 Further examples of the trapping of the
initial adduct with phenols have also been reported,440 together with the use of
this approach for the synthesis of coumarins,441,442 including examples of
procedures involving catalysis by silica gel,443 and the use of microwave
heating.444 Vinylphosphonium salts have been obtained from the reactions of
the initial adducts of tertiary phosphines and acetylene dicarboxylate esters
with hydroxycyclopentenones445 and hydroxy-4H-pyranones.446 Related work
with b-diketones has given a range of new ylides,447,448 and provided a route to
highly functionalised trifluoromethylated cyclobutenes.449 Reactions with other
carbonyl compounds have also been reported, including those with arylalde-
hydes,450 and isatin derivatives, which lead to new g-spirolactones.451 In
addition to the reactions of tertiary phosphines with acetylene dicarboxylate
esters, the related reactions of a variety of other alkynes have also continued to
attract attention. These include the reactions of terminal alkynes, usually alkyl
propiolates452,453 and ethynyl ketones,454,455 dibenzoylacetylene456,457 (which,
in the presence of arylisocyanates yield b-lactam derivatives),458 and a miscel-
lany of other disubstituted alkynes, in which the tertiary phosphine catalyses
reactions of the alkyne with other substrates. Thus, e.g., tertiary phosphines
catalyse the zipper cyclisation of aliphatic diyne-dione and yne-dione
systems,459 the formation of furans from g-acyloxy butynoates,460 [3þ2]-cyclo-
additions of alkynes with 5-methylenehydantoins461 and methylenecy-
clohexanones,462 the formation of a-vinylfurans from enynes and aldehydes,463

and the conjugate addition of alcohols to methyl propiolate.464 Metal-pro-
moted reactions of tertiary phosphine-alkyne systems include a highly
selective cross [2þ2þ2] cycloaddition of two different monoynes.465 Two
consecutive [3þ2]-cycloadditions of the diphosphinoketenimine (174) with
acetylenic esters give rise to the bicyclic 1l5,3l5-diphospholes (175).466 The
reactivity of tertiary phosphines towards alkenes bearing electron-withdrawing
groups has also continued to attract attention. Triphenylphosphine in refluxing
methanol reduces maleimides to succinimides in good yield.467 Further studies
have been made of charge-transfer complexes between tervalent phosphorus
donors and tetracyanoethylene,468 and of the reactions with aryl isocyanates of
the 1,3-zwitterion derived from triisopropylphosphine and ethyl 2-cyanoacry-
late.469 However, most new work relates to systems in which initial nucleophilic
attack by phosphorus at electron-deficient carbon is involved in the catalysis by
tertiary phosphines of new bond-forming processes. Included among these are
the cyclisation of enones to cyclopentenes and cyclohexenes by tributylpho-
sphine,470 and a related procedure involving co-catalysis by a palladium
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complex,471 a phosphine-catalysed a-arylation of enones and enals using
hypervalent bismuth reagents,472 a phosphine-mediated [4þ2]-annulation of
bis(enones) to form decalins,473 the formation of tetrahydropyridines from a
phosphine-catalysed [4þ2]-annulation of ethyl 2-methyl-2,3-butadienoate and
N-tosylaldimines,474 the phosphine-catalysed hydration and hydroalkoxylation
of activated alkenes,475 and a phosphine-catalysed Knoevenagel condensation
of aldehydes with active methylene compounds to form a-cyanoacrylates and
a-cyanoacrylonitriles.476 Phosphine-catalysed procedures have also been de-
scribed for the regiospecific allylic amination and dynamic kinetic resolution of
Morita-Baylis-Hillman acetates,477 the conversion of maleic anhydride into
acrylate esters,478 the Michael addition of oximes to activated alkenes,479 and
aza-Michael reactions of ab-unsaturated compounds with carbamates in the
presence of trimethylsilyl chloride.480 Tributylphosphine has been shown to be
an effective catalyst for the ring-opening of aziridines and epoxides,481,482 (even
under aqueous conditions),483 enabling the development of procedures for the
conversion of these substrates to conjugated dienes.484 Further synthetic
applications of the tributylphosphine-carbon disulfide adduct have appeared,
providing routes to 4-phosphonyl-1,3-dithioles, 1,3-dithiolanes,485 and 1,3,
4-thiazolidine-2-thiones.486 The reactions of tributylphosphine with trifluoro-
vinyl(perfluoroalkyl) ethers lead to displacement of fluorine from the trifluoro-
vinyl group with the formation of phosphonium salts, the subsequent reactions
of which were studied.487 A detailed study of the quaternisation of phosphines
and amines with iodoethane in aliphatic alcohols has also been described.488
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2.2.2 Nucleophilic Attack at Halogen. This field of activity continues to be
dominated by applications of well-known phosphine-positive halogen combi-
nations. Alcohols can be oxidised to the related aldehydes and ketones under
mild conditions by the DMSO-Ph3PX2 system, which provides an alternative
to the Swern oxidation.489 The triphenylphosphine-iodine system has been
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shown to be an efficient reagent for the regioselective dehydration of tertiary
alcohols.490 The Ph3P-CCl4-Et3N system has been used for the SN2-cyclisation
of N-Boc-b-aminoalcohols to anti-2-oxazolidinones491 and in a new approach
for the synthesis of ureas from primary amines.492 Triphenylphosphine-CX4

reagents, (X¼Cl or Br), have been shown to promote the cyclisation of
N-acylated a-aminonitriles to 2,4-disubstituted 5-halo-1H-imidazoles in
good yield.493 Combination of a perfluoroalkoxy-substituted triarylpho-
sphine with CBr4 provides a reagent system which converts alcohols to the
related bromoalkanes in good yield, the fluorous phosphine oxide being
readily separated by liquid-liquid extraction, and subsequently reduced and
recycled.494 The reaction of the Ph3P-CBr4 system with 2-O-benzyl-1-hydroxy
sugars generates a glycosyl bromide in situ, which couples with an
acceptor alcohol in the presence of N,N-tetramethylurea or DMF to give an
a-glycosyl product in excellent yield. It is suggested that the reagent system
plays a multiple role in the reaction sequence, facilitating generation of the
glycosyl donor, activation of glycosylation and removal of water.495,496

Addition of diethylzinc to the triphenylphosphine-tribromofluoromethane
system leads to improvements in the generation of the ylide Ph3P¼CBrF,
and its subsequent Wittig reactions with carbonyl compounds in the syn-
thesis of bromofluoroalkenes.497 The triphenylphosphine-trichloroacetonitrile
system has been used as a reagent for the N-acylation of polymer-supported
benzylamines498 and in a general procedure for the preparation of esters from
carboxylic acids.499 The reaction of triphenylphosphine with bis(trichlo-
romethyl) carbonate provides a reagent system that converts thiols into the
related disulfides.500 Triphenylphosphine-N-halosuccinimide systems have
found use in the synthesis of a-diazoketones from acyloxyphosphonium salts
and diazomethane501 and for highly regioselective deoxyhalogenations at the
C-6 positions of N-phthaloylchitosan.502 Tertiary phosphine-DDQ systems,
(DDQ¼2,3-dichloro-5,6-dicyano-1,4-benzoquinone), have also generated
some interest. A series of ferrocenylphosphines has been shown to form 1:1
adducts with DDQ which appear to be radical cation-radical anion salts in
which oxidation has occurred at phosphorus, the electron being transferred
to DDQ to form the radical anion DDQd�.503 The triphenylphosphine-
DDQ combination, in the presence of halide, cyanide or azide ions, has been
shown to be a new, selective and neutral system for the facile conversion
of alcohols, thiols, selenols and trimethylsilyl ethers to alkyl-halides, -cya-
nides,504,505 and -azides.506 This system, in the presence of appropriate tetra-
alkylammonium salts, has also been used for the conversion of diethyl
a-hydroxyphosphonates to the related a-halo-, a-azido- and a-thiocyanato-
phosphonates.507,508

2.2.3 Nucleophilic Attack at Other Atoms. A highly efficient general synthesis
of secondary- and tertiary- phosphine-borane adducts is afforded by treat-
ment of the phosphine with sodium borohydride in the presence of acetic acid
in THF. Any carbonyl groups present in the phosphine undergo concomitant
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reduction.509 Treatment of the trimethylamine-carbomethoxyborane
adduct with triphenylphosphine in monoglyme gave the corresponding phos-
phine-carbomethoxyborane adduct in good yield, a structural study showing
unambiguously that the phosphorus atom coordinates to boron, the ester
group being unaffected.510 Various tertiary phosphine-cyanoborane adducts
have been prepared by ligand exchange from trimethylamine-cyanoborane,
and also by treatment of the phosphine hydrochloride with sodium
cyanoborohydride.511 A trimethylphosphine adduct of a fluorous organo-
borane has been characterised, and shown to suffer displacement of the
phosphine on treatment with dimethylaminopyridine or piperidine at room
temperature. The adduct is stable to trimethylamine.512 Trimethylphos-
phine has also been shown to form P–B adducts with methyl(methyli-
dene)boranes, MeB¼CR2.

513 Phosphine-borane adducts have been used as
P-protecting systems in the synthesis of the chiral diphosphetanyl (176).514

The use of borane-protection in the synthesis of P-chiral phosphines has
been reviewed,515 and two groups have reported the enzymatic resolution of
hydroxyalkylphosphine-borane adducts.516,517 The efficiency of a range of
amines, and other reagents, for the deprotection of phosphine-borane
adducts has been compared, with specific reference to the use of mon-
oethanolamine, diethanolamine and tetrabutylammonium cyanide.518 The
intramolecular hydroboration of borane adducts of unsaturated phosphines
has been studied.519 Heterodehydrocoupling of borane adducts of primary
and secondary phosphines leads to the formation of new P–B bonds and offers
a route to phosphinoborane rings, chains, and high molecular weight poly-
mers. Further studies of the catalysis of these reactions by rhodium
complexes have now been reported520 and tris(pentafluorophenyl)borane
has been shown to catalyse the dehydrocoupling of the PhPH2-BH3

adduct to form a P–B polymeric system.521 The reactivity of closo- and
nido-carboranylmonophosphines towards BH3 �THF (and also to oxygen
and sulfur) has been compared, the nido-carboranyl substituent conferring a
greater electron donor character on the phosphino group.522 The chemistry of
the phosphacarboranes, in which one (or more) phosphorus atoms are mem-
bers of the cage structure, together with boron and carbon, has also continued
to attract attention. Further studies of the reactivity of the cage-phosphorus
atoms in such systems have been reported, including reactions with
BH3 �THF, O2, and S8, and also with transition metal acceptors.523,524 The
crystal structure of the low temperature polymorph of the tetra-
methyldiphosphine-bis(monoborane) adduct has been determined, providing
an insight into the stabilisation of different rotational isomers in the solid
state.525 The structure of the trimethylphosphine-gallane adduct has been
determined by a gas-phase electron-diffraction study526 and the structures of a
series of tertiary -phosphine, -arsine and -stibine adducts of trialkylgallium
acceptors have been compared.527 The reactivity of secondary phosphines
towards gallium(I) iodide has also been studied.528
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A relatively stable phosphadioxirane (177), having d31P¼�48.3 ppm, has
been obtained from the reaction of the sterically hindered tris
(o-methoxyphenyl)phosphine with singlet oxygen at �801C. Olefin-trapping
experiments show that the phosphadioxirane can undergo non-radical oxygen
atom-transfer reactions to form epoxides and the phosphine oxide. With
protic solvents, the phosphine oxide is again formed, via a hydroxyphospho-
rane intermediate. At room temperature, the phosphadioxirane rearranges to
form the phosphinate ester (178).529 Triphenylphosphine inserts into the
peroxide bond of 1,2-dioxines, leading to ring-contraction products, with loss
of triphenylphosphine oxide.530 Hydroperoxysultams have been shown to act
as chemoselective electrophilic oxidants for phosphines and other oxidisable
heteroatom compounds.531 In contrast to the reduction of hydroperoxides by
a phosphine, in which initial nucleophilic attack occurs at the hydroxylic
oxygen, the related reactions of sterically hindered arene-sulfenic and -selenic
acids, ArSOH and ArSeOH, respectively, involve initial attack at sulfur or
selenium to give an organothio- or organoseleno-phosphonium hydroxide,
which subsequently decomposes to form the phosphine oxide, together with
the thiol or selenol.532 Cyclic selenoxides having an optically active binaphthyl
skeleton act as reagents for the enantioselective oxidation of phosphines to the
corresponding phosphine oxides.533 The kinetics and mechanism of oxygen
transfer from methylphenylsulfoxide to triarylphosphines in the presence of
an oxorhenium(V) complex have been studied.534 Tertiary phosphines are
cleanly and quantitatively converted into the corresponding phosphine oxides
on exposure to dry air or dioxygen in dichloromethane solution in the
presence of catalytic amounts of tin(IV) iodide.535 Further examples of
transition metal-promoted oxidation of arylphosphines have also been re-
ported.536 Treatment of the iminodiphosphine (o-CN)C6H4N¼P(Ph2)–PPh2
with dioxygen, hydrogen peroxide or sulfur, results in cleavage of the P–P
bond.537 The dithianylphosphines (179), in which the diphenylphosphino
group is equatorial, undergo air oxidation with cleavage of the dithiane ring
to form the open chain thioesters (180). The related axial phosphino systems
do not behave in this way, possibly due to steric hindrance of axial attack by
molecular oxygen.538 Tris(2-carboxyethyl)phosphine has been used to cleave
disulfide bridges in spider venom proteins, prior to protein sequencing by
mass spectrometry.539 The tributylphosphine-diphenyldisulfide combination
has been found to promote a one-step, enantiospecific transformation of
cyclic five-membered 1,2-diols into their respective 1,2-bis(phenylsulfanyl)
derivatives.540 A tributylphosphine-2-pyridylthioester combination has found
use for acylative end-capping of pseudorotaxane systems.541 Treatment of 4,
5-dihydroxy-1,2-dithianes with tertiary phosphines results in a stereospecific
rearrangement to form 4-hydroxy-3-mercaptotetrahydrothiophenes, via an
initial disulfide-cleavage reaction.542 A tributylphosphine-promoted selenium-
selenium cleavage step is involved in the rearrangement of the heterocyclic
P,Se system (181) to give (182).543
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Reactions involving nucleophilic attack at nitrogen have also continued to
attract attention, particularly so in the case of the Mitsunobu and Staudinger
procedures. For both of these reactions, many routine synthetic applications
have appeared over the past two years which are not noted here unless some
novel aspect of the system is also apparent. In conventional Mitsunobu
procedures involving the reaction of an alcohol with a carboxylic acid in
the presence of the triphenylphosphine-diethyl azodicarboxylate combina-
tion, it has been assumed for a long time that the reaction proceeds directly to
an alkoxyphosphonium salt which then reacts with the carboxylate anion to
form triphenylphosphine oxide and the ester, with inversion of configuration
in the original alcohol. However, various experimental observations in recent
years have indicated that acylphosphonium intermediates may also be in-
volved under some conditions and lead to products in which the configuration
of the original alcohol is retained, via direct nucleophilic attack of the alcohol
at the carbonyl carbon of the acyloxyphosphonium salt. It has now been
shown that when benzoyloxyphosphonium cations are generated directly
from the reaction of a tertiary phosphine with benzoyl peroxide (from which
an alkoxyphosphonium cation cannot arise directly), subsequent re-
actions with an alcohol in the absence of a basic species result in formation
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of the ester with retention of configuration. In the presence of a base, e.g., the
hydrazide anion in a conventional Mitsunobu reaction, the inverted config-
uration product is formed predominantly via an alkoxyphosphonium cation.
The latter route arises as a result of a base-induced cross-over in which the
acyloxy salt is converted into the alkoxy salt. These results show that the
nature of any basic species present or generated in the reaction can have a
profound effect on the stereochemistry of esterification using Mitsunobu or
related procedures.544 In N-alkylation reactions promoted by tertiary phos-
phine-azoester reagents, it has been shown that use of a phosphine more bulky
than trimethylphosphine gives a high intramolecular selectivity between pri-
mary and secondary alcohol groups. Thus, trimethylphosphine is the only
phosphine that enables alkylation of 2-nitrobenzenesulfonamides with a wide
range of secondary alcohols, whereas tributylphosphine is selective for pri-
mary alcohol groups.545 Selective monoalkylation of dihydroxycoumarins via
Mitsunobu dehydroalkylation has been achieved under high intensity ultra-
sound conditions.546 In the absence of a proton source, silylphosphines react
with diethyl azodicarboxylate to form the adduct (183). However, when the
above reagents are combined in the presence of an alcohol and a proton
source such as pyridinium p-toluenesulfonate, the above adduct is not
formed, the reagent system providing a source of a silyl cation which readily
converts the alcohol into a silyl ether in good yield.547 Treatment of pent-
afluorophenyldiphenylphosphine with azodicarboxylic acid dimorpholide re-
sults in the formation of the phosphine oxide (184), via initial nucleophilic
attack at azo nitrogen, followed by intramolecular displacement of fluorine by
the hydrazide anion and hydrolysis of an intermediate fluorophosphorane.548

Practical improvents to Mitsunobu procedures continue to appear. A chro-
matography-free procedure is afforded by the use of a combination of an
anthracenetagged phosphine (185) and a polymer-supported azodicarboxy-
late. The anthracene-tagged phosphine allows for removal of the phosphine-
phosphine oxide by sequestration through a chemoselective Diels–Alder
reaction with a maleimide resin. The polymer-bound azoester facilitates the
removal of excess alcohol, reagent, and byproducts by filtration. The pure
products are obtained after the filtration by a concentration step.549 A
stereoselective carbon-carbon bond-forming procedure is afforded by Mitsu-
nobu-promoted displacement of chiral secondary benzylic alcohols with
triethyl methanetricarboxylate, the reactions proceeding in good yield and
with a high degree of inversion. Subsequent saponification and decarboxylat-
ion of the products provides chiral 3-aryl-3-substituted propanoic acids
without racemisation.550 The betaine (186) has been used in a modified
Mitsunobu procedure with 1,2,4-dithiazolidine-3,5dione as the source of the
nucleophile in reactions with alcohols to give the related N-alkyldithiazoli-
dinones, which are easily transformed into amine derivatives under very mild
conditions.551 N-protected amines have also been obtained via conventional
Mitsunobu routes involving bis(btrimethylsilylethanesulfonyl)imide as the
nucleophile source.552
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The Staudinger reaction of phosphines with azides to form aza-ylides,
R3P¼NR, has found widespread use in synthetic organic chemistry. However,
in recent years, the potential of the reaction as a highly chemoselective ligation
method in chemical biology for the synthesis of bioconjugates has started to be
recognised, the reaction being applicable even in living cells. Developments in
this area have now been reviewed.553 The coumarinylphosphine (187) has been
developed as a detectable marker system for use in Staudinger ligation reac-
tions. When treated with an azide-functionalised biomolecule, it is converted to
the amidoarylphosphine oxide (188), which, unlike the starting phosphine, is
intensely fluorescent, enabling the ligation product (188) to be readily distin-
guished from excess primary detection reagent.554 Among other C-functio-
nalised arylphosphines used in Staudinger ligation chemistry are (189,
X¼CONHR) (which, on treatment with arylazides form phosphine oxides
bearing an ortho-O-alkyl imidate group rather than the anticipated ortho-
amido group),555,556 and (189, X¼COOH). The latter can be bound to an
amino-functional sensor chip surface via the carboxylic acid group, and then
used in a Staudinger procedure to immobilize an azidoglycoside on the chip.557

Various O-acyl derivatives of ortho-diphenylphosphinophenol,558,559 and me-
rcaptomethyldiphenylphosphine560 have also been used in Staudinger ligation
reactions, the latter reagent also being applied in a new synthesis of medium-
sized lactams.561 These have also been prepared via a similar approach involv-
ing the reaction of tributylphosphine with pentafluorophenyl esters of
o-azidoalkanoic acids.562 The reaction of trimethylphosphine with azidopep-
tides is the basis of an alternative strategy for the synthesis of peptide nucleic
acids.563 Staudinger ligation chemistry has also been used for probing glycosylt-
ransferase activities.564 The mechanism of the Staudinger reaction continues to
attract attention. Details of the initial approach of the phosphine to the azido
group have been probed using density functional theory.565 Isocyanates and
thiocyanates have been shown to trap E-phosphazide intermediates (190) in the
Staudinger reaction of triphenylphosphine with azides, to form hydantoins
and thiohydantoins, respectively, and this approach has found use in
the synthesis of analogues of a pyrrole-imidazole marine alkaloid.566 In addi-
tion to the chemical biology applications noted above, the Staudinger
reaction continues to be applied widely in general synthetic chemistry.
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Tris(2-carboxyethyl)phosphine has found use for the reduction of azides to
amines (and also for deoxygenation of sulfoxides, sulfones, and sulfonyl
chlorides).567 Azides can also be reduced to amines with good regioselectivity
by a modification of the Staudinger reaction using trimethylphosphine at low
temperatures.568 The reaction of triarylphosphines with alkylazides and thio-
carboxylic acids provides a new approach to the synthesis of amides.569

Polymer-bound triarylphosphines have been used in Staudinger-based routes
to aziridines570,571 and in reactions with azidocyclodextrins.572 The Staudinger
reaction has found further application in the synthesis of phosphorus-func-
tional dendrimers573,574 and work in this area has also been reviewed.575 An
interesting new approach to unsymmetrical binol-derived bidentate P,N-lig-
ands is afforded by the reaction of the phosphino-nonaflate (191) with an azide,
which proceeds with intramolecular nucleophilic displacement of the nonaflate
group by the nitrogen of the intermediate aza-ylide to give, after hydrolysis, the
aminoarylphosphine oxide (192), subsequently reduced to the related
phosphine with phenylsilane.576 Further examples of linked Staudinger-
aza-Wittig synthetic schemes have also appeared,577,578 including the first
example of such reactions involving a non-cumulated sulfoxy group.579 The
Staudinger reaction has also been used in the synthesis of new mixed donor
ligands for use in catalysis, including (193),580 a series of pyridine- and
imidazole-phospha-aza-ylides, e.g., (194)581 and the crowded system (195).582

The reaction of metal-coordinated 2-(azidomethyl)phenyl isocyanide with
triphenylphosphine has given cationic carbene complexes, via intramolecular
attack of the intermediate aza-ylide nitrogen at the carbon of the isocyanide
group.583 Nucleophilic attack of phosphorus at nitrogen is also involved in the
reactions of a-phosphino-zirconocene complexes with diazoalkenes, giving
dipolar adducts, e.g., (196).584
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Reports of nucleophilic attack at atoms other than those above have also
appeared. A kinetic study has compared the effectiveness of tertiary phosphines
and phosphite esters in the catalysis of the cleavage of the silicon-silicon bond
of methylchlorodisilanes, providing evidence for the involvement of a stabilised
silylene intermediate.585 The anion of the g-phosphino-b-diketimine (197)
has been shown to react with arsenic trichloride to give the phosphino-
arsino-b-diketimine (198), in which there is a coordinative link from phospho-
rus to arsenic.586
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2.2.4 Miscellaneous Reactions of Phosphines. The effects of substituents at
phosphorus on the basicity and donor properties of phosphines have contin-
ued to attract the attention of the theoretical chemists. Among recent papers
are a quantum chemical study of the protonation of phenylphosphine and its
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halogenated derivatives,587 a discussion as to whether allylphosphine is a
carbon or a phosphorus base in the gas phase,588 the relative merits
of QSAR and QALE correlations in assessing donor properties of tervalent
P systems589 and a new assessment of the stereoelectronic profile of phosphine
and phosphite ligands.590 Trimethylphosphine has been used to probe the acid
sites in a dealuminated nanosized zeolite using 31P CP/MAS NMR and other
NMR techniques.591 Gas-phase electron diffraction and quantum chemical
calculations have been used to probe the molecular structure of phenyl-
phosphine and its analogues,592 and also that of bis(trichlorosilyl)
t-butylphosphine593 A review has appeared of the experimental and theoret-
ical thermochemistry of primary and secondary phosphines, and other P–H
compounds594 and the limitations of theoretical methods for estimating
enthalpies of vaporisation of tervalent phosphorus compounds have been
considered.595 Theoretical methods have also been used to probe P–P bond
energies and homolytic dissociation enthalpies of tetraalkyldiphosphines.596

Magnetic field effects on the photodissociation reactions of triarylphosphines
in solution, giving diarylphosphanyl radicals, have been studied.597 The
reactivity of radical cations derived from the anodic oxidation of trim-
esitylphosphine has also been investigated.598

The reactivity of phosphinometallocene systems has continued to
attract interest. Heats of protonation of 1,1 0-bis(diphenylphosphino)-
ferrocene and -ruthenocene have been determined by titration calorimetry
using triflic acid in 1,2-dichloroethane. The basicity of these phosphines is
lower than that of other bidentate phosphines as a result of the p-acceptor
character of the metallocene cyclopentadienyl rings.599 The electrochemistry
of a series of ferrocenylmethylphosphines, FcCH2PR2 (R¼Ph, CH2OH and
CH2CH2CN), (and their simple oxidised derivatives), has been investi-
gated.600 The mechanism of the facile meso to rac isomerization of
the bis-planar chiral bis(phosphinoindenyl)iron (199) has been shown to
proceed via a ring-flipping process.601 Lithiation of 1-bromo-10-
diphenylphosphinoferrocene, followed by addition of bis(trimethylsilyl)
peroxide and subsequent in situ hydrolysis of the silylether, has given
the first structurally characterised hydroxyferrocenylphosphine (200).602

The reactions of the phosphinomethylferrocenyl aldehydes (201,
X¼O) with primary amines have given a series of new chiral iminoferroce-
nylmethylphosphines (201, X¼NR).603 Ultraviolet photolysis of the
metallosilylphosphines (202) results in the formation of the phospha-
silaferracyclopropanes (203) that undergo a variety of reactions, including
the insertion of small molecules into the three-membered ring to give new
heterocyclic systems.604 Treatment of the phospholanozirconaindane (204)
with the aza-ylide Cl3P¼NBut results in the formation of the heterocyclic
system (205), the reactivity of which has been explored.605 The reactivity of
the phosphinoazazirconaindenes (206) towards heterocumulenes, involving
additions to the zirconium-nitrogen bond, has also been studied.606
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The use of tertiary phosphines as ligands in a variety of metal ion-catalysed
organic reactions has been reviewed.607 A review of the ligand properties of 2-
pyridylphosphines has also appeared.608 Combinations of triphenylphosphine
with aluminium tribromide609 and titanium tetrachloride610 have found use as
reagents for the reduction of 1,2-dicarbonyl compounds and reductive Claisen-
type condensations, respectively. The application of phosphine ligands in
homogeneous and related supported catalyst systems continues to generate
much interest. Homogeneous catalyst systems based on water-soluble phos-
phines have been reviewed.611 A procedure for the selective preparation of tri-,
di-, and mono-sulfonated triarylphosphines has been developed, based on a low
temperature sulfonation of arylphosphines bearing a range of simple electron-
donating substituents, e.g., Me or OMe.612 Salts of phosphinoarylsulfonates
with guanidinium613 and chiral quaternary ammonium cations have been
characterised.614 The cage-opening reaction of the triazaphosphaadamantane
(207) with acetic anhydride to give the water-soluble phosphine (208) has been
revisited, the latter (and its oxide) having now been fully characterised both in
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solution and in the solid state. The phosphine has a molar solubility in water
of 7.4 M, some four times the solubility of the triply sulfonated tri-
phenylphosphine.615 A series of o-phosphinoalkylsulphonic acid salts, e.g.,
Ph2P(CH2)2S(CH2)nSO3Na (n¼2 or 3) also have high aqueous solubilities and
are effective ligands in rhodium-catalysed hydroformylation reactions.616 The
drive for improved phosphine ligand-based catalyst systems has prompted
work on the development of dendrimeric phosphines,617,618 ionic liquid-soluble
chiral diphosphines bearing imidazolium groups,619 and BINAP-based chiral
porous solids.620 The reactions of tris(3-hydroxypropyl)phosphine with di-
isocyanatohexane have given a series of oligomeric phosphines for luminescent
and stable nanocrystal quantum dots.621 The reactions of p-hydro-
xyphenylphosphine and various substituted arylbis(hydroxymethyl)phosphines
with heterocumulenes have also been explored.622 Borane reduction of the
carbonyl group of o-diphenylphosphino(N-2-hydroxyethyl)benzamide has gi-
ven the related N-functionalised o-diphenylphosphinobenzylamine, from which
new rhenium complexes have been prepared.623 A new route to optically active
phosphapalladocycles is afforded by the asymmetric exchange of enantiopure
cyclopalladated chiral amines with prochiral phosphines.624

The in-out isomerism of phosphorus bridgehead cage compounds has
been reviewed.625 New phosphorus cage compounds have been isolated
from the reactions of tetra-t-butyltetraphosphacubane with water in the pres-
ence of gallium(I) iodide.626 The transformation of the stannylphosphine
P(SnMe3)3 into the P-Sn cage system P4(SnMe2)6 has also been studied.627

The reactions of the phosphines Me3MPMe2 (M¼Si or Sn) with fluoroarenes,
which proceed with displacement of fluorine and introduction of the Me2P
moiety, have now been applied to p-complexed fluoroarenes628 and various
fluoroquinolines.629 A new nickel-catalysed coupling reaction between phos-
phines of the type Ph2PCF2Br with the silylphosphines R2PSiMe3 provides a
route to the unsymmetrical difluoromethylene-bridged diphosphines
Ph2PCF2PR2.

630

Ph
P

N N

P

N
COMe

MeCONN

N

P
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The conversion of free and Cr(CO)5-complexed 2-vinylphosphiranes into
3-phospholenes has now been studied using density functional theory. It
is concluded that this rearrangement has much in common with the vinylcyclo-
propane-cyclopentene rearrangement, a pericyclic [1,3]-sigmatropic shift
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mechanism being implicated.631 Theoretical and spectroscopic techniques have
also been applied to the ability of the phosphirane ring in the fused system
(209) to ‘walk’ around the cyclooctatrienyl ring system.632 The nucleophilicity
of tertiary phosphines has been compared to that of diaminocarbenes
and related compounds in a series of Cr(CO)5 complexes, using theoretical
methods.633 The reactivity of phosphinocarbenes has continued to attract
attention. Bertrand’s group has explored the effects of alkyl and aryl substitu-
ents at the carbene carbon on the stability of the (phosphino)(aryl)carbenes
(210),634,635 including studies of ground and excited state reactions.636 Reac-
tions of (phosphino)(amino)carbenes (211, X¼NPri2),

637 and (phosphino)
(silyl)carbenes (211, X¼Me3Si) have also been studied by this group. The
work on (phosphino)(silyl)carbenes includes a comparison of their reactions
with aliphatic and aromatic aldehydes, giving phosphanyloxiranes and other
products,638,639 and a reaction with dimethyl cyanamide to give the azaphosp-
hete (212), via the transient formation of nitrile, keteneimine and 1-aza-
4l3-phosphabutadiene intermediates.640 Further work has also appeared
on the reactions of diphosphanylcarbenes (211, X¼R2P).

641,642 New supramo-
lecular strategies have appeared for the assembly of bidentate phosphine
ligands. Thus, 6-phosphino-substituted 2-pyridones self-assemble in the
presence of a metal ion to give the hydrogen-bonded diphosphine (213),643

and zinc-complexed tetraarylporphyrins bearing a single diorganophosphito
substituent in one of the aryl groups assemble with a series of pyridylpho-
sphines via coordination of the pyridine nitrogen to the zinc atom, giving new,
unsymmetrical bidentate P-P0 ligand systems.644 The tetraphosphine ligand
(214) has been separated into its meso and racemic forms, each of which has
been converted into the related tetrasulfide.645 Reviews have appeared of
the use of achiral and meso ligands to convey asymmetry in enantioselective
catalysis646 and of the asymmetric synthesis of functionalised phosphines
containing stereogenic phosphorus centres, largely via cycloaddition reac-
tions of functionalised vinyl compounds with simple phospholes coor-
dinated to chiral palladium complexes.647 Further evidence as to the
non-existence of N-P donor-acceptor interactions in peri-(8-dialkylamino)-
(1-diphenylphosphino)naphthalenes has been presented.648,649 Tetrapheny-
ldiphosphine is formed in the reaction of diphenylphosphine with indium(III)
tris(cyclopentadienide).650 The reactions of tri(2-thienyl)phosphine with hex-
achloroethane, 2-bromothiophene (in the presence of nickel(II) bromide), and
‘chloramine T’ have given, respectively, chlorotri(2-thienyl)phosphonium chlo-
ride, tetra(2-thienyl)phosphonium bromide, and the tosyliminophosphorane
(215, X¼S). Attempts to generate the homoleptic penta(2-thienyl)phosphorane
by the reactions of these intermediates with 2-thienyllithium were unsuccessful.
A similar lack of success attended the reaction of the related 2-furyl system
(215, X¼O) with 2-furyllithium. The corresponding penta(2-furyl- and
2-thienyl)-arsoranes were, however, obtained from the related tos-
yliminoarsoranes.651
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3 pp-Bonded Phosphorus Compounds

Two major reviews of this area have appeared, one covering the chemistry of
stable radicals derived from pp-bonded phosphorus compounds652 and a more
general overview of the area and its possible future direction.653 The chemistry
of fluorine-containg phospha- and arsa-alkenes has also been reviewed.654

Among new contributions from the theoretical chemistry community are a
quantum chemical study and vibrational analysis of compounds containing
carbon-phosphorus multiple bonds,655 an investigation of one-bond phospho-
rus-phosphorus indirect nuclear spin–spin coupling tensors using density func-
tional theory,656 and estimates of the E¼C s- and p- bond energies for E¼C, Si,
Ge and P.657 Density functional theory has been applied to gain an under-
standing of the gas-phase formation of the pp-bonded, neutral hexaphosphorus
species P6, from Cp*2P6.

658 The use of bulky groups for the kinetic stabilisation
of diphosphenes and phosphaalkenes has seen further development, examples
of new stable systems including the metacyclophanes (216),659 the diphosphenes
(217),660 (218),661 (219),662(220)663 and (221), together with related phosphaalk-
enes.664,665 A diphosphene having two silyl substituents has been isolated from
the reaction of a silyldichlorophosphine with sodium.666 Studies of the reac-
tivity of diphosphenes towards transition metal ions have continued. The
reactions of bis(supermesityl)diphosphene and the bis(perfluoroalkylaryl)di-
phosphene (222) with a ruthenium carbonyl complex have been studied.667,668

Diphenyldiphosphene, coordinated to a tungsten carbonyl acceptor, has been
shown to undergo addition of N,N-dimethylcyanamide to the P¼P bond.669
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Treatment of the diphosphenium salt (223) with lithium diisopropylamide
results in a high yield conversion into the diphosphirane (224), alkylation of
which gives a diphosphiranium salt.670 EPR techniques have been used to study
the products of sodium reduction of the bis(diphosphene) (225) and related
phosphaalkenes.671
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The synthesis of conjugated polymers of the poly(p-phenylenevinylene)
type involving diphosphene and phosphaalkene units in the polymer backbone
has started to attract interest. Routes to oligomeric systems, e.g., (226),672

and related polymeric systems,673,674 including a fluorescent poly(p-phenyl-
enephosphaalkene) system675 have been developed. A convenient route to the
new isolable phosphaalkenes (227) is afforded by the base-induced rearrange-
ment of secondary vinylphosphines.676 Subtle differences have been noted in
the ability of the 2,4,6-tri-t-butylphenyl and 2,4-di-t-butyl-6-methylphenyl
groups to stabilise the P¼C bond of various diphosphaalkenes of the type
(228).677 Routes to a series of diphosphathienoquinones (229)678 and the P-
metallophosphaalkene (230) (together with the corresponding arsa-and stiba-
alkenes)679 have also been developed. New P¼C bonded cage isomers derived
from hexaphospha-pentaprismane, P6C4

tBu4 have been obtained by uv-irradi-
ation or protonation of the parent system680 and the stability of a C2v-
symmetric P¼C bonded tetraphosphabarbaralane system has been assessed
by theoretical methods.681 Studies of the reactivity of phosphaalkene systems
have also continued to attract attention. An ab-initio study of the Diels-Alder
addition of phosphaethene with 1,3-dienes reveals asynchronous transition
structures, with activation energies that are lower than that of the parent
ethene-butadiene reaction, even though these reactions have similar exothermi-
cities.682 The substituent effect of the phosphaalkenyl group has been assessed
in the series (231) by analysis of linear free energy relationships which indicate
that the (E)-Mes*P¼CH group is a weak electron donor with a predominantly
inductive effect on the linked benzene ring. In this respect, the P¼C bond
is remarkably similar to the C¼C bond.683 Experimental and theoretical
studies on the conjugation of the P¼C bond with a cyclopropyl group also
indicate great similarity between P¼C and C¼C bonds.684 Further studies of
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the reactivity of the phosphaalkenes RP¼C(NMe2)2, having inverted
polarisation of the P¼C bond, have also appeared.685,686 The first polymerisa-
tion of a phosphaalkene under either free radical or anionic initiation to
give a poly(methylenephosphine) has been reported.687 Phosphaalkenes
have been shown to trap dichlorosilylene (liberated from trichlorosilyltrime-
thylgermane) by double addition to the P¼C bond to form 2-phospha-
1,3-diseletanes (232),688 and reactions of this type have also been reviewed.689

Considerable interest has been shown in the chemistry of 2-phosphaalkenyl-
lithium and -Grignard reagents. A theoretical study of these compounds
has addressed factors affecting their E-Z ratio.690 Phosphaalkenyllithium rea-
gents have been used in the synthesis of the 1,4-diphosphafulvene (233) via
the dimerisation of an intermediate 1-phosphaallene691 The methanesulfanyl-
functionalised reagent (234) undergoes oxidative coupling with copper(II)
chloride and oxygen to form the 1,4-diphosphabutadiene (235).692 Lithiation
of the 2-bromo-1-phosphaalkene (236) results in an isomerisation to
give the phospha-2-propenyllithium reagent (237), subsequently transformed
into the bis(phosphaalkene) (238) by copper(II)-mediated coupling.693 A
similar pattern of reactivity is shown by the corresponding phosphaalkenyl
Grignard reagents. With aldehydes, b-phosphaallylic alcohols, e.g., (239),
are formed, and their reactivity has also been explored.694 New phosphaalkenes
and new heterocyclic and cage compounds have been isolated from the
reactions of phosphaalkenyl Grignard reagents with halides of main groups
13,14 and 15695,696 and also with an iridium(I) halide.697 Phosphaalkenyl-
lithium and -Grignard reagents have also found use in the synthesis of new
1,3-diphosphapropenes, e.g., (240),698,699 and the 1,3-diphosphaallyllithium
complex (241) in which the lithium ion is located asymmetrically.700 Further
work on related 1-aza-3-phosphaallyllithium complexes has also been
reported.701 Treatment of the phosphaalkene (242) with potassium t-butoxide
has given the cyclopropylidenephosphaallene (243).702 Kinetically stabilised
1-phosphaalkenes have been shown to undergo a topochemical [2þ2]
dimerisation on heating in the solid state to form either diphosphany-
lidenecyclobutanes or 2,4-dimethylene-1,3-diphosphacyclobutanes.703 The
electronic properties of the phosphaarsaallene Mes*P¼C¼AsMes* (and
the related diarsaallene) have been studied using UV photoelectron spectros-
copy and theoretical methods.704 Theoretical studies have also been
reported for the 1,4-diphosphabuta-1,3-diene705 and 2,3-diphosphabuta-
1,3-diene706,707 systems. The diphosphabutadiene (244) has been shown
to undergo an unusual [2þ4] cyclodimerisation to form (245).708 The
diphosphinidenecyclobutenes (246) continue to attract interest as di-
phosphabutadiene ligands for transition metal ions and related
catalyst systems.709,710 Metal complexes of 1,4-diphosphabutadienes,711 2,3-
diphosphabutadienes,712 and 1-phospha-buta-1,3-dienes713 have also been
investigated.
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Interest in the chemistry of phosphaalkynes has continued, although perhaps
at a slightly lower level than in recent years. Theoretical studies include
consideration of the gas-phase acidities of HCRP, CH3CRP (and the related
arsaalkynes),714 isomerism in the FCH2CRP system,715 and calculation of the
indirect nuclear spin–spin coupling constants 1J(31P,13C).716 A review has
appeared of efforts to prepare isophosphaalkynes, RPRC, still an elusive
class of compounds.717 The first diphosphaalkyne (247) has been prepared and
structurally characterised, together with studies of its interactions with transi-
tion metals.718 Diphosphacyclobutenes (248) have been obtained by treatment
of the phosphaalkyne Mes*CRP with a 0.5 mol equivalent of an alkyllithium
reagent.719 The 2H-phosphasilirene (249) has been obtained from the reaction
of the phosphaalkyne ButCRP with a sterically crowded silylene,720 and the
cyclic zircona-thia-phosphacyclobutene (250) is formed from the reaction of a
phosphaalkyne-zirconocene complex with triphenylphosphine sulfide.721 Rad-
ical additions to the triple bond of the phosphaalkyne Mes*CRP have been
studied by ESR techniques.722 The gas-phase reaction of ButCRP with B4H10

has given a new nido- five vertex phosphacarborane cluster compound having
an unusual 31P NMR chemical shift of -500.5 ppm.723 Interest has also
continued in the cyclooligomerisation of phosphaalkynes in the presence of
transition metals, with particular reference to the formation and reactions of
coordinated diphosphacyclobutadienyl systems. Such ligands display elect-
rophilic character in addition to their usual nucleophilicity.724 New complexes
of this type, (251), involving germanium(II), tin(II) and lead(II),725,726 have
been described, and other novel modes of coordination of phosphaalkynes have
been reported.727,728 The reactions of the phosphaalkyne Mes*CRP with
organolithium reagents, followed by alkylation with iodomethane, have given a
series of stable 1,3-diphosphacyclobutane-2,4-diyl systems, e.g., (252),729,730

and the reactivity of such diradicaloid rings towards the addition of electrons
has also been investigated.731
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The chemistry of compounds involving pp-bonds between phosphorus and
elements other than carbon has also undergone further development, although
only a small number of papers have appeared. New examples of iminophos-
phenes, RN¼PAr, have been prepared (253), involving an electron-acceptor
substituent at phosphorus and a donor group at nitrogen, and fully characterised
by structural and photoelectron spectroscopic studies, the latter complementing
the results of density functional calculations. The data suggest that in these
molecules, the aryl group at phosphorus is almost orthogonal to the p(P¼N)
system, and hence its substituent effect is mainly steric.732 Conjugation effects in
less sterically crowded systems have also been considered by theoretical meth-
ods.733 Evidence has been provided of a reversible iminophosphene-diazadiphosp-
hetidine, monomer-dimer equilibrium involving the iminophosphene (254).734

Treatment of (254) with chalcogenoimidazolines or 1,3-dimethyldiphenylurea
gives Lewis acid-base complexes. Structural studies show that the chalcogen
donor atom is associated with the phosphorus atom and also that coordination
causes a significant displacement of the OTf anion, the resulting cations being best
described as neutral ligand complexes of the phosphadiazonium cation (255).735

The pp-bonded species CH3OP¼O �1 has been studied in the gas phase by mass
spectrometry.736 Further work has also been reported on the chemistry of the
‘phospha-Wittig’ reagents, ArP¼PMe3. On treatment with ortho-quinones, the
arylphosphinidene unit is converted into a 1,3,2-dioxaphospholane.737 The
arylphosphinidene unit also exchanges reversibly with an aryldichlorophosphine
to form a new phospha-Wittig system, the position of equilibrium enabling an
assessment of the steric pressures of bulky aryl substituents on the stability of such
pp-bonded molecules.738 The nature and reactivity of ‘free’phosphinidenes, RP:,
and their more commonly encountered metal complexes, RP¼[M], has continued
to attract interest. An overview of phosphinidene chemistry has appeared.739

Differences between singlet phenylphosphinidene and phenylnitrene in terms of
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their reactivity towards ring expansion have been the subject of theoretical
treatment.740 The nature of the multiple bond between phosphorus and the metal
in phosphinidene-titanium complexes has also received theoretical considera-
tion.741 The most common way of generating phosphinidene complexes continues
to be the thermal decomposition of 7-phosphanorbornadiene tungsten carbonyl
adducts, obtained from a Diels-Alder addition of an alkyne to a complexed
phosphole. The ability of copper(I) chloride to initiate elimination of the
phosphinidene complex has been investigated by theoretical methods, which
indicate the involvement of a solvent-assisted mechanism.742 The thermal elim-
ination route has been used to generate the complexed bis(phosphinidene) (256),
subsequently trapped with diphenylacetylene to form the bis(phosphirene) (257).
The electronic structure of (256) has been investigated by ab initio methods.743

Phosphinidene-nickel744 and –cobalt745 complexes have also been trapped
with alkynes to form phosphirenes. Other examples of trapping reactions of
phosphinidene-metal complexes reported include reactions with alkenes to
form phosphiranes,746 including 1,4-diphosphaspiropentanes747 and the
phospha[7]triangulanes (258),748 and also with the malonate ion749 and azu-
lenes.750 Weak Lewis base adducts of alkyl- and aryl-halides with terminal
phosphinidene complexes (formed by thermolysis of azaphosphirene complexes)
are involved as intermediates in reactions with benzyl bromide, 2-bromopyridine
and bromobenzene, the overall course of the reaction depending on the nature of
the organic halide.With benzyl bromide, insertion of phosphorus into the carbon-
bromine bond occurs to give a metal-complexed phosphinous bromide
whereas with 2bromopyridine, a halophosphine complex arising from insertion
into HBr was isolated. With bromobenzene, the 2,3-dihydro-1,2,3-azadiphosp-
hete complex (259) is formed.751 Among new terminal phosphinidene
metal complexes described are those involving titanium,752 vanadium,753

chromium,754 cobalt, rhodium and iridium,755,756 and iron, ruthenium and os-
mium.757,758 Also reported are niobium complexes of diorganopho-
sphinophosphinidenes, R2P–P: ,759 and a molybdenum complex in which an
arylphosphinidene acts as a ten-electron donor.760 The stabilisation of phosphe-
nium cations, R2P:

1, and other low coordination number phosphorus(III) spe-
cies, by coordination to phosphorus has continued to be an active topic. Two
reviews have been published761,762 and new complexes involving nitrogen-763 and
phosphorus-764,765 donor ligands have been prepared and characterised. A simple
route to stable complexes (260) of the simple cations P1 (and As1) with the
chelating diphosphine diphos has been described766 and a series of air-and water-
stable tertiary phosphine complexes of arsenium cations, R2As:1, has been
prepared.767 The reactivity of coordination-stabilised cyclic triphosphenium cat-
ions similar to (260), involving five-, six- and seven-membered rings,
towards methylation at the cationic phosphorus has been investigated.768

Gas-phase reactions of phosphenium ions with cis- and trans-1,2-di-
aminocyclohexanes have been studied using mass spectrometric techniques769

and the reactions of the diphenylphosphenium cation with glycals have
given a series of phosphonylated sugars.770 Previously unknown silylene-
phosphenium cations, e.g., (261), are likely intermediates in the reactions of
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diaminophosphenium ions with singlet silylenes, which result in the formation of
chlorosilyldiaminophosphines.771 Transition metal complexes of phosphenium
ligands have been the subject of a review.772
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Although strictly outside the remit of this chapter, it is appropriate to note
continued activity in the chemistry of s3l5-pp -bonded phosphorus compounds
that do not possess a lone pair of electrons at phosphorus. A monomeric
metaphosphonate species (262, X¼O) has been stabilised by coordination (via
the P¼O bond),773 and Harger’s group has provided evidence of the interme-
diacy of metathiophosphonates (262, X¼S) in the reactions of phosphonami-
dothioic acids with alcohols.774 The cation (263) has been stabilised by
coordination at phosphorus with 4-dimethylaminopyridine775 and the reactiv-
ity of bis(methylene)phosphoranes (264) and related phosphoranylidene car-
benoids has been investigated.776
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4 Phosphirenes, Phospholes and Phosphinines

Phosphirene chemistry has continued to generate interest over the past
two years. The exo-endo preferences of double bonds in the tautomeric three-
membered ring systems (265), (266) and (267) have received theoretical
consideration, and a comparison with related carbon and nitrogen ring systems
has been made. The preference may be viewed as a composite of substituent
and ring strain effects. The low strain 2H-phosphirenes (267) favour endocyclic
unsaturation.777 Treatment of the 1H-phosphirene complex (268) with a
stable silylene results in the initial formation of the 2-phospha-4-si-
labicyclo[1,1,0]butane (269) as a reactive intermediate, which subsequently
rearranges in the presence of further silylene to give the first isolable
2,3-dihydro-1,3-phosphasilete system (270), and other phosphasiletes.778

Gas-phase electron ionisation of the chloro-1H-phosphirene (271) yields the
phosphirenylium cation (272). Mass spectrometric techniques have been
used to probe the reactions of (272) with nucleophiles and dienes.779 Phosphe-
nium cations, R2P:

1, are believed to be formed as intermediates in the
exchange reactions of the phosphirenium salt (273) with alkynes, to give new
phosphirenium salts, e.g., (274).780 The 2-(phosphirenyl)ethylphosphinidene
(275) (generated by thermolysis of a related 2-(phosphirenyl)ethylphosphole
in the presence of dimethyl acetylenedicarboxylate) undergoes a self-
condensation to give the 2,4-diphosphabicyclobutane (276).781 The reactivity
of the iridaphosphirene system (277) towards electrophiles has been studied,
resulting in quaternization at phosphorus to give related iridaphosphirenium
salts.782 The reactions of the 2H-azaphosphirene complexes (278) have
also attracted further attention. When the complex (278, R¼CH(SiMe3)2) is
heated in carbon tetrachloride, the chlorophosphine complex (279) is
formed.783 Thermolysis of (278, R¼CH(SiMe3)2) in o-xylene results in
the formation of the 2,3-dihydro-1,2,3-azadiphosphete complex (259) and other
products, via the intermediate formation of a phosphinidene.784 The generation
of phosphinidene intermediates by thermolysis of 2H-azaphosphirene
complexes (or 7-phosphanorbornadiene complexes) and subsequent
reactions with alkynes and other reagents has provided routes to a variety of
heterocyclic compounds, including 2H-1,2-azaphospholes,785,786 2H-1,3,2-
diazaphospholes,787 D3-1,3,5-oxazaphospholenes and 2H-1,4,2-diazaphosp-
holes.788

PH P P

(265) (266) (267)
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The chemistry of phospholes and related phospholide anion complexes
remains a very active area, which also continues to attract the attentions of
the theoretical community. Among recent theoretical contributions are a
consideration of the stability, structure and bonding in lithium- and beryl-
lium-pentaphospholide systems,789 the aromaticity of the pentaphospholide
anion (and its arsenic analogue) as probed by ring currents,790 the remarkable
influence of fluorine-substitution (either at phosphorus or at a ring carbon) on
the electronic and thermochemical properties of phospholes,791 and the effects
of methyl and vinyl substitution at various positions on the geometries, relative
stabilities and Diels-Alder reactivities of phospholes.792 An ab initio approach
has been used to reinterprete some spectral and thermochemical properties of
1H-phospholes.793 The synthesis and reactivity of phospholes of reduced
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pyramidality as a result of bulky trialkylphenyl substitution at phosphorus has
been reviewed.794 Mathey’s group has shown that the electrochemical reduction
of phosphole-pentacarbonyltungsten complexes affords the free phospholes in
good yield, and this approach has been used in the synthesis of the 4,5-
dihydrophosphole (280).795 The P-pyridinomethylphosphole (281) has been
obtained from the reaction of the 2,5-diphenylphospholide anion with
2-chloromethylpyridine.796 This approach has also been used to prepare a
range of phospholes bearing chiral substituents at phosphorus, subsequently
used to generate chiral phosphinidine- and phosphaferrocene-complexes by
established general procedures.797 Asymmetric alkylation of the 3,4-dimethyl-
5-phenyl-2,20-biphospholyl dianion with a chiral pentane ditosylate has given
the chirally flexible 2,20-biphosphole (282) as a mixture of three diastereoiso-
mers. By complexation with Pd(II), a chirality control occurs to give an
enantiopure complex.798 The electronic properties of homo- and hetero-oligo-
mers and -polymers involving phosphole rings has continued to attract interest,
and a review of their chemistry has appeared.799 New alternating a,a-thiop-
hene-phosphole oligomers up to seven rings in length have been prepared, the
HOMO-LUMO gap decreasing as the length of the conjugated system in-
creases. Conversion of the phosphole unit into the related phosphole sulfide has
a major effect on the electronic properties of the system,800 and this work has
led to the first example of the use of organophosphorus-based materials in
light-emitting diodes.801 A route to the dibenzophosphole oxide-arylene poly-
mer system (283) has been developed, these materials behaving as extended p-
conjugated polymers in UV-visible absorption spectroscopy, and exhibiting
green-blue fluorescence with high quantum yields.802 A one-pot route to 1,10-
biphospholes bearing phenyl or thienyl substituents at the 2,20 and 5,50 posi-
tions, e.g., (284), has been described, enabling a study of the ability of the s-P–
P skeleton to connect the p-chromophores. It was established that such
through-bond interactions result in a lowering of the optical HOMO-LUMO
gap of the molecule, and that oxidation at phosphorus leads to low optical
band gap electroactive materials.803 The reactions of pentafluorophenyl-
phosphonite and -phosphinite esters with activated alkynes, followed by hy-
drolysis, yield benzophosphole oxides, e.g., (285).804 Interest has continued in
studies of the thermal isomerisation of 1H-phospholes to the 2H-isomers, and
the Diels-Alder and related cycloaddition reactions of the latter. Keglevich’s
group has studied the rearrangement of slightly aromatic 1H-phospholes
bearing a 2,4,6-trialkylphenyl substituent at phosphorus and subsequent
[4þ2]-cycloaddition reactions with alkynes and maleic anhydride, giving new
1-phosphanorbornadienes, e.g., (286), and other products.805,806 Related reac-
tions of a 1,10-bis(phospholyl)ferrocene have given the chiral chelating dip-
hosphine (287) as a mixture of diastereoisomers, subsequently separated and
resolved.807 Mathey’s group has described hetero-Diels-Alder reactions of
transient 2H-phospholes with aldehydes, which lead to the adducts (288) as a
mixture of isomers.808 Dimerisation of 1H-, 2H- and 3H-phospholes through
[4þ2] cycloaddition reactions have been studied by density functional theory,
and compared to the related dimerisation of cyclopentadiene.809 Treatment of
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the [4þ2]-dimer (289) of 2,5-diphenyl-5H-phosphole with iodomethane
gives a monophosphonium salt, which, with thallous ethoxide, is converted
into the new chelating bis(phospholene), (290) via cleavage of the P–P bond.810

New tricyclic phosphines, e.g., (291), have been obtained via intramo-
lecular Diels-Alder reactions of phospholes bearing an allyloxy, allylamino or
3-buten-1-yl substituent at phosphorus.811 The coordination chemistry of
phospholes bearing 2-pyridyl groups in positions 2 and 5 of the phosphole
ring has attracted some attention, the formation and reactivity of various
palladium812,813 and ruthenium814 complexes having been studied. The
dialkylaminomethyl(phospholyl)ferrocene (292) has been prepared, this repre-
senting a new class of chelating 1,2-disubstituted ferrocene ligand.815

Metal complexes of phospholide anions have continued to attract interest.
Among new chiral phosphaferrocenes described are the phospha-
ferrocene-oxazoline (293),816 a phosphaferrocenyl analogue of tamoxifen,817

and the 1,1 0-diphospha[4]ferrocenophane (294).818 Stereochemical aspects
of phosphaferrocenes have seen further study, a 1,1 0-diphosphaferrocene-
2-carboxaldehyde having been resolved and its absolute configuration
determined.819 The atropisomeric chirality of phosphametallocenes bearing
two menthyl substituents in each ring has been investigated by variable tem-
perature NMR techniques.820 Among investigations of the general reactivity of
phosphametallocenes are studies of the titanium-mediated reductive coupling
of chiral formylphosphaferrocenes to give bis(phosphaferrocenyl)-substituted
ethenes and pinacols,821 the acylation of 1,10-diphosphaferrocene with acyl
trifluoroacetates,822and the oxidation of phosphaferrocenes to form the related
phosphaferricinium cations.823,824 Palladium825 and gallium826 complexes of
diphosphaferrocenes, involving s-donation from phosphorus, have also been
prepared. Phosphametallocenes in which the phospholide anion is p-bonded to
a transition metal other than iron have also generated much interest,
reports having appeared concerning the chemistry of phosphatitanocenes,827,828

phosphazirconocenes,829 phospharuthenocenes,830,831 and a phosphacyman-
trene.832 Main group phospholide systems have also been reported,
involving sodium, potassium, rubidium and caesium,833 and also phospholides
involving the f-block elements samarium and thulium.834,835 Various s-
bonded bromoborane complexes of a phosphaferrocene have been character-
ised.836 The coordination chemistry of the phosphoniobenzophospholides
(295) has received further study, the benzophospholide phosphorus being
able to form both s- and p-coordinate links to transition metal ions such
as copper,837 manganese and rhenium,838 and chromium.839 Further
work on the chemistry of the 3,5-di-t-butyl-1,2,4-triphospholide anion (296)
has been reported. Scandium salts of this phospholide have been
characterised,840 and various transition metal complexes have been de-
scribed.841,842 An improved route to (296) has also led to the isolation
of the cationic species nido-[3,5-But2-1,2,4-C2P3]

1, isoelectronic with [C5R5]
1,

but having a non-planar, square-based pyramidal structure.843 Com-
plexes of the pentaphospholide anion have received further study844 and
comment.845
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Phospholes bearing additional heteroatoms other than phosphorus have also
been the subject of further study. Cycloaddition reactions of heterophospholes
have received a theoretical treatment846 and these reactions have also been
reviewed.847 Improvements in the synthesis of fused 1,3-azaphospholes via the
reactions of N-alkyl-isoquinolinium salts with phosphorus trichloride have
been described and their reactivity towards cycloaddition studied.848 New fused
1,3-azaphospholes derived from N-alkylquinolinium salts,849 and new 2H-
1,2,3-diazaphospholes,850 have also been reported. The phosphonio-1,2,4-di-
azaphospholide (297) has been characterised851 and further studies of the
coordination chemistry of 1H-1,3-benzazaphospholes, leading to complexes
of the related benzazaphospholide anion, have been described.852 Routes to
1,3,4-thia- and -selena-diphospholes853 and 1,3,4-thiazaphospholes854 have
been developed. Two groups have reported studies of cycloaddition reactions
of 1,2-thiaphospholes.855,856 In the free state, the 1,2-thiaphospholo[a]phosph-
irane (298) undergoes a cycloreversion reaction and a fragmentation to form a
butadienyl hydrosulfide on heating to 1201C. However, thermolysis of metal
complexes of (298) results in a ring-expansion reaction to form the di-
hydrophosphaisoindole (299).857 The chemistry and complexing ability of
1,2,4-thiadiphospholes and their selenium and tellurium analogues (300) have
received further study.858,859
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The chemistry of the potentially aromatic l3-phosphinine system
(also known as phosphabenzene) has continued to be a very active area.
Not surprisingly, several theoretical contributions have appeared, relating to
the extent of aromaticity,860 the relative stabilities of various valence
bond isomers,861,862 the possible existence of Möbius phosphabenzene,863 and
a study of the Diels-Alder reactions of azaphosphabenzenes.864 Theoretical and
experimental techniques have also been applied to a consideration of the
electronic properties of a 2,20-biphosphinine ligand,865 and the s-donating
and p-accepting properties of phosphinines bearing ortho-trimethylsilyl
substituents.866 Reactions involving phosphabenzyne-zirconocene complexes
have been the subject of a review.867 A seven step route has been developed to
the fused phosphinine (301),868 and the 1,4-phosphaboratabenzene
system (302) has been characterised as a p-bonded ruthenium complex.869

2,4,6-Triphenylphosphinine has been shown to undergo a cofacial
oxidative coupling in the presence of a copper(I) perchlorate complex to
form a new C2-symmetric cage compound.870 Cycloaddition of benzyne
to various 2,4,6-trisubstituted phosphinines has given a series of phosphabar-
relenes (303), the rhodium complexes of which are highly active catalysts for
the isomerisation-free hydroformylation of internal alkenes.871 Further
work has been reported on the reactions of phosphinines with nucleophiles,
e.g., alkyllithium reagents, which lead initially to 1-R phosphahexadienyl
anions, e.g., (304). The crystal structure of a lithium salt of (304, R¼Me) has
been determined, and theoretical studies suggest that the negative charge is
largely localised on the a-carbons.872 Treatment of related anions with
hexachloroethane, followed by gallium trichloride, has given the 1-methyl-
phosphinium salts (305), which readily add nucleophiles to form l5-phosphi-
nines.873 The coordination chemistry of phosphahexadienyl anions has also
attracted interest.874,875 The reactions of 1,3,5-triphosphabenzenes have
also attracted further study. Reduction of 1,3,5-tris-(t-butyl)-phospha-
benzene with LiMH4 (M¼Al or Ga) results in the formation of the
triphosphabicyclo[3,1,0]hexane (306). Other bicyclic systems have been
isolated from reactions of related complex hydrides.876 Grignard877 and or-
ganolithium reagents878,879 undergo 1,4-additions to 1,3,5-tris-(t-butyl)-
phosphabenzene, giving the anions (307). These give rise to 1,3-diphospholide
anions on thermolysis, and can also be alkylated to give 1l5,3,5-triphospha-
benzenes. 1,3,5-Triphosphabenzenes undergo 1,3-dipolar cycloaddition reac-
tions with nitrile oxides to form new condensed heterocyclic systems880 and also
add to terminal alkynes, giving phosphorus-carbon cage compounds.881 Cyclo-
addition reactions of alkynes to 1,3,2-diazaphosphinines, followed by elimina-
tion of a nitrile, have been used in the synthesis of new ring-substituted
phosphinines, including an extended silacalix-[3]-phosphinine macrocy-
cle.882,883 Related reactions with propargylphosphines have given new 1,2-
azaphosphinines, e.g., (308).884
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Finally, it is of considerable interest to note the results of a theoretical
treatment of the extent to which nine-membered monocycles can be aromatic,
and which concludes that the phosphonide anion (309), as yet unknown,
favours planar C2v symmetry.885
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331. P. Štěpnička and I. Cı́sařová, Organometallics, 2003, 22, 1728.

332. H. Seo, H. Park, B.Y. Kim, J.H. Lee, S.U. Son and Y.K. Chung, Organometallics,

2003, 22, 618.

333. S. Gischig and A. Togni, Organometallics, 2004, 23, 2479.

334. R.J. Kloetzing, M. Lotz and P. Knochel, Tetrahedron: Asymmetry, 2003, 14, 255.

72 Organophosphorus Chem., 2006, 35, 1–91



335. N.W. Boaz, S.D. Debenham, E.B. Mackenzie and S.E. Large, Org. Lett., 2002, 4,

2421.

336. J.-C. Hierso, F. Lacassin, R. Broussier, R. Amardeil and P. Meunier, J. Organo-

met. Chem., 2004, 689, 766.

337. C. Korff and G. Helmchen, Chem. Commun., 2004, 530.

338. C. Baillie and J. Xiao, Tetrahedron, 2004, 60, 4159.

339. J.R. Moncarz, N.F. Laritcheva and D.S. Glueck, J. Am. Chem. Soc., 2002, 124,

13356.

340. J.R. Moncarz, T.J. Brunker, J.C. Jewett, M. Orchowski, D.S. Glueck, R.D.

Sommer, K.-C. Lam, C.D. Incarvito, T.E. Concolino, C. Ceccarelli, L.N. Zakhar-

ov and A.L. Rheingold, Organometallics, 2003, 22, 3205.

341. (a) H.S. Sørensen, J. Larsen, B.S. Rasmussen, B. Laursen, S.G. Hansen, T.

Skrydstrup, C. Amatore and A. Jutand, Organometallics, 2002, 21, 5243; (b) J.

Larsen, B.S. Rasmussen, R.G. Hazell and T. Skrydstrup, Chem. Commun., 2004,

202.

342. Z. Jin and B.L. Lucht, J. Organomet. Chem., 2002, 653, 167.
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685. P. Rosa, C. Gouverd, G. Bernardinelli, T. Berclaz and M. Geoffroy, J. Phys.

Chem. A, 2003, 107, 4883.

686. L. Weber, M. Meyer, H.-G. Stammler and B. Neumann,Organometallics, 2003, 22,

5063.

687. C.-W. Tsang, M. Yam and D.P. Gates, J. Am. Chem. Soc., 2003, 125, 1480.

688. W.-W. du Mont, T. Gust, E. Seppälä, C. Wismach, P.G. Jones, L. Ernst, J.
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Riis-Johannessen, J. Am. Chem. Soc., 2003, 125, 13044.

761. W.W. Schoeller, Topics in Current Chem., 2003, 229, 75.

762. N. Burford and P.J. Ragogna, J. Chem. Soc., Dalton Trans., 2002, 4307.

763. N. Burford, P. Losier, A.D. Phillips, P.J. Ragogna and T.S. Cameron, Inorg.

Chem., 2003, 42, 1087.

764. N. Burford, P.J. Ragogna, R. McDonald and M.J. Ferguson, Chem. Commun.,

2003, 2066.

765. N. Burford, P.J. Ragogna, R. McDonald and M.J. Ferguson, J. Am. Chem. Soc.,

2003, 125, 14404.

766. B.D. Ellis, M. Carlesimo and C.L.B. MacDonald, Chem. Commun., 2003, 1946.

767. K.A. Porter, A.C. Willis, J. Zank and S.B. Wild, Inorg. Chem., 2002, 41, 6380.

768. K.B. Dillon and R.J. Olivey, Heteroatom Chem., 2004, 15, 150.

769. R.S. Thompson, L.P. Guler, E.D. Nelson, Y.-Q. Yu and H.I. Kenttämaa, J. Org.
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2003, 9, 3785.

814. A. Caballero, F.A. Jalón, B.R. Manzano, M. Sauthier, L. Toupet and R. Réau, J.
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Phosphonium Salts and Phosphine
Chalcogenides

BY D.W. ALLEN
Biomedical Research Centre, Sheffield Hallam University, City Campus,
Sheffield, S1 1WB, UK

1 Phosphonium Salts

1.1 Preparation. – Not surprisingly, conventional quaternization reactions of
tertiary phosphines have continued to be widely used in the synthesis of
phosphonium salts, usually required as intermediates for Wittig procedures.
Among new salts prepared in this way are the diphosphonium salt (1),1 various
p-dialkylaminobenzylphosphonium (2)2 and 4-imidazolylmethylphosphonium
(3)3 salts, the 2,2,2-trifluoroethylphosphonium triflate (4)4 and (5), the latter
being obtained in high yield from an iodoalkyl precursor using an ultra high
pressure quaternization procedure. Quaternization under conventional conditions
is compromised by undesired intramolecular cyclisation reactions.5 The reaction
of triphenylphosphine with b-haloaminoesters derived from the ring-opening of
oxazolines has given the b-phosphonio-L-alanine salts (6).6 Whereas the reaction
of H2C¼(CH2Cl)2 with dimethylphenylphosphine in refluxing N,N-dimethylacet-
amide gives the expected allylic diphosphonium salt (7), related reactions with
triarylphosphines result in the formation of the allyl-vinyl diphosphonium salts
(8). Allyl-vinyl diphosphonium salts (9) and (10) have also been obtained from the
reactions of 2,3-dibromopropene and 1,3-dibromopropene, respectively, with
triphenylphosphine under the same conditions, no catalyst being needed for the
displacement of the vinylic bromine. These salts have been shown to undergo
ortho-metallation reactions on treatment with a platinum(II) complex in refluxing
2-methoxyethanol.7 Two routes to the bis(phosphonioalkyl)calix[4]arene (11)
have been developed, this system having been shown to have anion-receptor
properties.8 Treatment of 2-hydroxymethylporphyrins with thionyl chloride in
dry pyridine yields the corresponding 2-chloromethylporphyrins, which undergo
quaternization in boiling chloroform to give the related triphenyl[(porphyrin-2-
yl)methyl]phosphonium salts. These have been used for the synthesis of porphyrin
dimers and higher oligomers.9 The tetraphosphonioarylporphyrin system (12) has
been obtained by treatment of the corresponding tetrakis(pentafluorophenyl)po-
rphyrin with triethylphosphine in the presence of trimethylsilyl triflate in an
application of the SASAPOS method (self-activated silyl-assisted polyonio substi-
tution).10 This approach was initially developed by Weiss and Pühlhofer in the
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synthesis of the salt (13) from the reaction of pentafluorobenzoyl chloride with
triphenylphosphine, trimethylsilyl triflate and aqueous triflic acid.11 P-chirogenic
trialkylphosphonium salts, e.g., (14) and (15), have been prepared by treatment of
the related chiral tertiary phosphine-borane adducts with either HBF4 or triflic acid.
The salts are resistant to racemisation in methanol or water, even at elevated
temperatures, and may be used instead of the free phosphines in the rhodium-
catalysed asymmetric hydrogenation of enamides.12 A series of 2-ureidocytosines
bearing a phosphonioalkyl functionality, e.g., (16), has been prepared by a simple
quaternization approach. In solution, these self-assemble in an anti-parallel manner
to form a hydrogen-bonded dimer which is found to catalyse the ring-opening of
epoxides in the presence of thiols.13
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A high yield route to the tetravinylphosphonium salt (17) has been
developed, starting from PH3. Radical-promoted addition to vinyl acetate yields
tris(2-acetoxyethyl)phosphine. Quaternization with 2-iodoethanol, followed by
acetylation of the hydroxyalkylphosphonium salt gives tetrakis(2-acetoxy-
ethyl)phosphonium iodide, which undergoes a base-promoted elimination to form
(17). A similar approach has given the cyclohexyltrivinylphosphonium salt (18).14

The 2-(2-azulenyl)ethynylphosphonium salt (19) has been obtained from
the reaction of 2-bromoethynylazulene with triphenylphosphine. Subsequent
treatment of this salt with o-substituted anilines provides a route to 2-(2-
azulenyl)benzoazoles.15 Full details have now appeared of the synthesis of b-(N-
acylamino)vinylphosphonium salts (20) from the reactions of carbonyl-stabilised
ylides with imidoyl chlorides.16 Further work has also been reported on the
properties of the zwitterions (21) obtained from the reactions of the tris(isop-
ropyl)phosphine-ethyl 2-cyanoacrylate adduct with arylisocyanates.17 Zwitterionic
phosphonio-carborane systems have also been prepared and structurally charac-
terised.18 A convenient one-pot synthesis of 1,2-azaphospholanium salts (22) is
provided by the intramolecular alkylation of 3-halopropylaminophosphines.19 A
series of water-soluble and thermosensitive copolymers bearing phosphonium
groups has been prepared by the copolymerisation of acryloyloxyethyltrialkylpho-
sphonium salts (23) with n-butyl methacrylate and N-isopropylacrylamide.20
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Interest has continued in the synthesis of arylphosphonium salts by metal
ion-catalysed routes from aryl halides. Nickel(II)-catalysed replacement of
bromine in 1-amino-2-methyl-4-bromoanthraquinone by triphenylphosphine
occurs readily under mild conditions (boiling ethanol) to give the phosphonio-
anthraquinone salt (24), the carbonyl group acting as a coordination template
for the metal ion, facilitating replacement of the halogen. The extent to which
the phosphonium group may be involved in hypercoordination from the
adjacent carbonyl oxygen atom has been investigated by X-ray crystallography
which shows considerable distortion of bond angles about phosphorus in the
direction of trigonal bipyramidal geometry, the phosphorus-oxygen distance
(2.661Å) being well within the sum of the van der Waals radii. The related
stibonium salt has also been prepared, this showing a stronger interaction
between the Group 15 atom and the carbonyl oxygen, the antimony-oxygen
distance being 2.497Å. In both structures, the Group 15 element and the
adjacent carbonyl oxygen atom are bent out of the plane of the anthraquinone
system. However, the extent of out of plane deformation is smaller in the case

94 Organophosphorus Chem., 2006, 35, 92–126



of the larger antimony atom, suggesting that there is a genuine hypercoordi-
native interaction which increases as the Group is descended.21 In related work,
the salt (25) has been obtained from the nickel(II)-catalysed displacement of
bromine from 2-(2-bromophenyl)benzimidazole by tri(2-furyl)phosphine. X-
Ray structural studies of the phosphoniobenzimidazole salt reveal the existence
of a significant hypervalent coordinative interaction between heterocyclic
nitrogen and the phosphonium centre, which also appears to be retained in
solution, the 31P nmr spectrum showing a highly shielded phosphorus atom,
d31P ¼ ca – 40 ppm in CDCl3. The nitrogen-phosphorus distance is 2.67Å, this
being the shortest observed in structures of this type, a consequence of the
electron-withdrawing properties of the 2-furyl substituents at phosphorus. In
contrast, the N-P interaction in the quinolylmethylphosphonium salt (26) is
much less developed, with an N-P distance of 3.511Å.22 A hypervalent intra-
molecular coordinative interaction between nitrogen and the phosphonium
centre also appears to be present in the ortho-oximinoarylphosphonium salt
(27), obtained from the nickel(II)-catalysed reaction of triphenylphosphine
with the oxime of ortho-bromoacetophenone, the nitrogen-phosphorus distance
being 2.78Å.23 However, on the basis of NMR coupling constant data, Schie-
menz et al. have continued to argue that, in spite of the short nitrogen-
phosphorus distances observed in the peri-naphthalene system (28), there is
no evidence of such dative coordinative interactions, the short N-P distances
being an artefact of the peri-substitution pattern in the naphthalene system.24 A
crystallographic study of the BOC-salt (29) reveals no unusual features, con-
firming the expected structure.25
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As is usual, phosphonium cations have been used to stabilise unusual anions.
The salt (Ph4P)2HP7, involving the hydrogenheptaphosphide anion, has been
prepared as an ammonia solvate from the reaction of K3P7 with tetra-
phenylphosphonium bromide in liquid ammonia, and characterised by low-
temperature X-ray structural analysis.26 The reaction between the cyclic
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diiodoorganotellurane, C4H8TeI2, and triphenylphosphine has given, se-
rendipitously, the first triphenylmethylphosphonium salts containing the
[C4H8TeI4]

2� and [TeI6]
2� anions.27 Phosphonium salts involving a mixed

valence bromotellurate(IV)-selenate(II) anion28 and the hexaazidotellurate(IV)
anion29 have also been prepared and characterised. A study of the reactions of
germanium tetrachloride with primary and secondary phosphines has led to the
isolation of the salts [CyPH3]

1[GeCl3]
� and [Ph2PH2]

1[GeCl3]
�.30 Electrospray

Fourier transform mass spectrometry of combinations of the cations MePh3P
1

or Ph4P
1 with cyanoferrate anions in the gas phase has identified the existence of

nanocluster cation-anion aggregates, the study leading to a consideration of the
principles of association of such ions in crystals. Multiple phenyl embraces, often
observed in crystals involving such cations, are not influential in these systems.31

However, phenyl embraces and p-stacking are influential in controlling the
supramolecular structure of tetraphenylphosphonium p-sulfonatocalix[4]arene.32

Among a wide range of other unusual anions stabilised by phosphonium cations
reported in the period under review are diiodobromide,33 4-azidobenzenesulfon-
ate,34 [Mg(BH4)2]

2�,35 various complex haloberyllates36 and other halometal-
lates,37 haloorgano-stannates38 and -plumbates,39 [NiPS4]

� chains,40 a series of
polyazidotitanates41 and a one-dimensional cyclic tetrameric metavanadate,
[V4O11]

2�.42 Treatment of diphenyltrichlorophosphorane with chlorine has led
to the isolation of the salt [Ph2PCl2]

1Cl3
� as a chlorine solvate. A related reaction

with indium trichloride gave the salt [Ph2PCl2
1]2 [InCl5]

2�.43 A reinvestigation of
tetramethylfluorophosphorane, originally prepared by Schmidbaur’s group in
1972, has revealed that it has an ionic structure, Me4P

1F�, in the solid state,
which is stable below 1201C. Above this temperature, it sublimes, having a
phosphorane structure in the gas phase.44 The crystallisation and crystal struc-
tures of three new crystalline forms of the salt MePh3P

1I3
� have been described,

this compound now having been shown to exist in four polymorphic forms.45

1.2 Reactions of Phosphonium Salts. – The thermal stability of alkyl- and aryl-
phosphonium salts incorporated into montmorillonite layered silicates as com-
ponents of nanocomposite systems has been studied using thermogravimetry and
pyrolysis GC-MS techniques. The alkylphosphonium silicates undergo initial
degradation via two pathways, b-elimination and a nucleophilic displacement at
phosphorus, reflecting the varying environments in the silicate. On the other
hand, arylphosphonium silicates decompose via either a reductive elimination
involving a five coordinate intermediate or radical generation through cleavage of
a P-phenyl bond.46 A theoretical study has shown that whereas a-phosphonium
groups destabilise a methyl radical, the effect on an adjacent benzyl radical
depends on the extent of alkylation at phosphorus.47 Structure, bonding and
reactivity in the 1,3-diphospha-2,4-diboretane system (30–32) has received con-
siderable attention, with particular reference to the extent of their diradicaloid
character. Substituent effects on electronic structures have received both theo-
retical consideration48,49 and solid state structural investigations.50 The radical-
type reactivity of these systems has also been the subject of an experimental
study.51 NMR enantiodifferentiation of alkyltriphenylphosphonium salts
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bearing a stereogenic centre on the alkyl group has been shown to be facilitated
by the chiral shift reagent BINPHAT (33).52

Relatively few new aspects of the reactivity of phosphonium salts have been
reported in the period under review. Treatment of aminophenylpropenyl-
triphenylphosphonium salts (34) with an acid anhydride in the presence of a
tertiary amine results in the formation of 1,3-diacylindoles.53 Amino(phos-
phonio)carbenes, e.g., (35), have been shown to undergo nucleophilic intermo-
lecular as well as intramolecular substitution reactions at the carbene centre,
enabling the synthesis of a variety of carbenes from a single carbene precursor.
Thus, e.g., treatment of (35) with 2,6-Me2C6H3SLi results in displacement of di-
t-butyl(methyl)phosphine to form the carbene 2,6-Me2C6H3SC( : )NPri2 in
quantitative yield.54 Phosphonium salt intermediates are involved in the reac-
tion of Bayliss-Hillman acetates with phosphonium ylides, which provide a
one-pot route to 5-arylpent-4-enoate derivatives.55 A study of the reactivity of
electrophilic species also containing a phosphonium group has shown that the
latter may dramatically enhance the reactivity of the electrophilic centre. Thus,
e.g., treatment of the phosphonioaldehyde (36) with benzene and triflic acid
results in quantitative formation of the salt (37). Allyl- and propargyl-phos-
phonium salts also undergo similar C-arylation reactions via dicationic elect-
rophilic phosphonium intermediates.56 Phosphonium salt intermediates are
also involved in the reactions of epoxides with carbon dioxide, which, in the
presence of catalytic amounts of phenol, sodium iodide and a tertiary phos-
phine, result in the formation of five-membered cyclic carbonates.57 The
reactivity of oxo- and amino-phosphonium salts has also received some atten-
tion.The glycosyl-methyldiphenylphosphonium iodide (38) has been shown to
act as an efficient glycosyl donor, enabling the synthesis of a-disaccharides in
high yields at room temperature without the assistance of acid-promoters.58

A quantum chemical approach has been applied to an assessment of the
stability of the diphosphonium salts (39), with particular reference to the
P–P bond energy.59 A study of the sequential deprotonation of the tetra-
anilinophosphonium cation (40) has been reported, various intermediate spe-
cies leading to the final trianion (41) having been characterised.60 New routes to
azides and diazonium compounds are afforded by the reactions of lithio-amides
and -hydrazonides, respectively, with azidotris(diethylamino)phosphonium
bromide (42), via initial nucleophilic attack of the anion on the azide group.61,62

A range of new tris(dialkylamino)oxophosphonium salts similar to BOP has
been prepared and shown to have useful properties as peptide coupling
reagents.63
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Considerable interest also attaches to the use of phosphonium salts as reagents
and ionic liquid solvents in synthetic work in areas other than the Wittig reaction.
A study of the phase properties of a series of methyltri(n-decyl)phosphonium salts
has shown that they act as ordered, room-temperature ionic liquids.64 The ability
of a series of ionic liquid trihexyl(tetradecyl)phosphonium salts to solvate a
coumarin dye has been investigated.65 Ionic liquid phosphonium salts have found
use as solvents in the Suzuki coupling of aryl halides66 and in the electrodeposition
of very electropositive metals.67 Trihexyl(tetradecyl)phosphonium decanoate is an
effective promoter of the Henry nitroaldol reaction of nitromethane and aromatic
aldehydes.68Acetonyltriphenylphosphonium bromide and its polymer-supported
analogues act as catalysts for the protection of carbonyl compounds as acetals or
thioacetals.69 Tetrabutylphosphonium chloride acts as a catalyst for the dehy-
drochlorination of hydrochlorosilanes in their coupling reactions with alkyl
halides70 and conjugated dienes or alkynes.71 Methyltriphenylphosphonium io-
dide catalyses the addition of trimethylsilyl cyanide to aldehydes to give cyano-
hydrin trimethylsilyl ethers.72 The reaction of alcohols with an excess of
(cyanomethyl)trimethylphosphonium iodide in the presence of a base, followed
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by aqueous hydrolysis, results in the clean formation of nitriles having two more
carbon atoms than were present in the original alcohol. The reaction is applicable
to benzylic, allylic and aliphatic alcohols without b-branching.73 Trip-
henylphosphonium perchlorate has been found to catalyse the diastereoselective
synthesis of cis-fused pyrano- and furano-benzopyrans,74 mono- and bis-intra-
molecular imino Diels-Alder reactions in the synthesis of tetrahydro-
chromanoquinolines75 and indolylquinolines,76 and also the synthesis of a variety
of 3,4-dihydropyrimidin-2(1H)-ones.77 Tetraalkylphosphonium salts catalyse a
selective, solvent-free N,N-dibenzylation of primary aliphatic amines with di-
benzyl carbonate.78 A fast and mild method for the nitration of activated
aromatic rings is provided by the use of benzyltriphenylphosphonium nitrate in
the presence of methanesulfonic anhydride, under solvent-free conditions.79 A
considerable number of reports of the application of phosphonium salts bearing
oxidising anions have appeared, these compounds having the advantage of being
soluble in non-aqueous aprotic solvents such as acetonitrile, which facilitates
product isolation. Butyltriphenylphosphonium dichromate has found use for the
conversion of thiocarbonyls to the corresponding carbonyl compounds.80 A
kinetic study has shown that the oxidation of benzylic alcohols by but-
yltriphenylphosphonium dichromate involves hydride transfer via a dichromate
ester intermediate.81 Butyltriphenylphosphonium periodate has been used for
the conversion of a-sulfinyl oximes and a-sulfinyl hydrazones to the correspond-
ing b-ketosulfoxides in high yields and high enantiomeric purity.82 Tetra-
phenylphosphonium monoperoxosulfate is the reagent of choice for asymmetric
epoxidation reactions mediated by iminium salts under non-aqueous conditions.83

Benzyltriphenylphosphonium monoperoxosulfate has been used in a highly
selective iodination of phenols using potassium iodide,84 for the dethioaceta-
lisation of 1,3-dithiolanes,85 and for the selective oxidation of sulfides and thiols
in both solution and solid-state conditions.86,87 Both benzyl- and butyl-trip-
henylphosphonium peroxodisulfate salts have found use for the transformation
of thiocarbonyls to the related carbonyl compounds.88 Benzyltriphenyl-
phosphonium peroxodisulfate is a useful reagent for the oxidation of thiols to
the corresponding symmetric disulfides89 and for the oxidative cleavage of
phenylhydrazones and semicarbazones to their parent carbonyl compounds.90

Allyltriphenylphosphonium peroxodisulfate has been shown to be an efficient
reagent for the oxidation of primary and secondary alcohols and silyl- and
THP-ethers under non-aqueous conditions.91

2 Phosphine Chalcogenides

2.1 Preparation. – The direct oxidation of tertiary phosphines with oxygen,
hydrogen peroxide, sulfur, selenium or tellurium has continued to be widely
applied in the synthesis of new phosphine chalcogenides. Included among these
are the fluorescent systems (43)92 and (44),93 the chelating pincer-ligand
disulfide (45),94 the ferrocenyl systems (46)95 and (47),96 and a series of
indenylphosphine chalcogenides (48).97 Direct oxidation reactions (and other
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routes) have been used in the synthesis of a series of chalcogenides, e.g., (49),
derived from 2,6-bis(diphenylphosphinomethyl)pyridine.98,99 The diselenide
(50) has been prepared by direct reaction of the parent diphosphine with
selenium. A comparison of the 1J(31P-77Se) coupling constant of (50) with those
of a range of other phosphine selenides indicates that the parent diphosphine is
a poorer s-donor than BINAP as a result of the electron-withdrawing prop-
erties of the furan ring.100 Direct oxidation with elemental tellurium of N-
metallated aminodiphosphines has afforded new anionic phosphine telluride
ligands, e.g., (51).101 The synthesis of monochalcogenide derivatives of dip-
hosphines has also proved to be of interest. Hydrogen peroxide oxidation of a
mono(borane-protected)-bis(phospholane), followed by deprotection with
DABCO, has given the chiral bis(phosphine) monoxide (52, X ¼ O), used as
a chiral ligand in an asymmetric catalytic synthesis of a-chiral amines.102 The
direct oxidation of BINAP and other chiral diphosphines with one equivalent
of sulfur in benzene or THF has enabled the isolation (after chromatography)
of a series of chiral monosulfides, e.g., (52, X ¼ S), (53), and (54).103,104

Treatment of the tetraphosphine (55) with an excess of hydrogen peroxide,
sulfur or selenium gave the expected tetraphosphine tetra-oxide, -sulfide or -
selenide (56, X ¼ O, S, or Se), respectively. However, treatment of the
tetraphosphine (55) with two equivalents of selenium, initially in hexane,
followed by dichloromethane and finally toluene, enabled the isolation of the
diselenide (57) in 44% yield.105,106
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Apart from direct oxidation, other methods for the introduction of the
phosphine oxide group have also been used. The reaction of diaryl-
phosphinyl chlorides with an organolithium reagent has given the chiral
hydroxyarylphosphine oxide (58), subsequently resolved via a camphorsulfonyl
derivative.107 The nickel-catalysed Tavs reaction of 4-bromophthalonitrile with
ethyl diphenylphosphinite has given the phosphine oxide (59), subsequently
converted to the phthalocyanine tetra(phosphine oxide) (60) and related metal
complexes.108 The reactions of ethyl bis(pentafluorophenyl)phosphonite with
activated alkynes proceed via two-stage cycloaddition processes, leading, after
hydrolysis of intermediate fluorophosphoranes, to the benzophosphole oxides
(61).109 Russian workers have continued to explore the synthesis of phosphine
oxides from the reactions of alkyl halides and elemental phosphorus in the
presence of a superbase, e.g., KOH-dioxan. The main product of the reaction of
allyl bromide with white phosphorus is the triallylphosphine oxide (62), together
with smaller amounts of its prototropic isomers bearing prop-1-enyl substitu-
ents.110 A related reaction of red phosphorus with 1-chloromethylnaphthalene
gave the tris(1-naphthylmethyl)phosphine oxide (63) in 70% yield, of interest as a
complexing luminophore.111 Improved yields of phosphine oxides from the
superbase-promoted reactions of red phosphorus with arylalkenes have been
obtained by the use of red phosphorus formed by radiation-induced polymeri-
sation of white phosphorus, rather than by the use of the usual thermally
transformed allotrope, attributable to defect structures in the irradiated mate-
rial.112 A combinatorial library of fluorescent polymer-bound phosphine sulfides
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(64) has been prepared by introduction of a dialkylphosphoryl group into
various polymer-bound chloromethylanthracene units using a reagent generated
in situ from diethyl phosphonate and an alkylmagnesium halide, followed by
conversion of the resulting anthracylmethylphosphine oxides to the related
sulfides by treatment with P4S10. These have been shown to act as sensor
materials for the detection of metal ions.113
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Most newly-reported phosphine oxides, however, have been prepared by
transformation of the carbon skeletons of other phosphine oxides. A novel
route to the 9-phosphatriptycene system involves ortho-metallation of tris(o-
anisyl)phosphine oxide and treatment with phenyl chloroformate to generate
(65), which, with LDA (2-equivalents), is converted into the 9-phosphatripty-
cene oxide (66, X ¼ O). Treatment of the latter with P4S10 provides the related
sulfide (66, X ¼ S). The phosphatriptycene selenide (66, X ¼ Se) has also been
obtained (by direct reaction of the parent phosphatriptycene with selenium),
the 1J(31P-77Se) coupling constant (827 Hz), indicating that the phosphorus
orbital bonded to selenium has a significantly greater degree of s-character than
that in, e.g., tris(o-anisyl)phosphine selenide (732 Hz).114 The behaviour of 2,20-
bis(diphenylphosphinoyl)-1,1 0-binaphthyl (BINAP(O)2) towards various lith-
ium and magnesium amides has been studied, leading to the isolation of new
phosphine oxides, e.g., (67) and (68).115 Various regioisomeric pairs of
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carboxylate-functionalised triarylphosphine oxides bearing the 9,10-dihydro-9,
10-ethanoanthracene moiety, e.g., (69), have been obtained by the cycloaddi-
tion of unsaturated esters to 2-anthryldiphenylphosphine oxide.116 A route to
the phenyltelluroalkylphosphine oxide (70), is afforded by the metallation of
diphenyl(methyl)phosphine oxide, followed by treatment with phenyltellurium
bromide. This compound is a useful reagent for the synthesis of vinylic
tellurides via Horner-Wittig procedures.117 b-Phenyltellurovinylphosphine ox-
ides (71), (accessible from the hydrotelluration of alkynylphosphine oxides),
have been shown to undergo a palladium-catalysed cross-coupling reaction
with alkenes to form the 1,3-dienylphosphine oxides (72).118 Two groups have
reported the application of ruthenium-catalysed olefin cross-metathesis reac-
tions for the synthesis of vinyl- and allyl-phosphine oxides, and related
diphosphine oxides.119,120 Highly regio-controlled palladium-catalysed cross-
coupling reactions of terminal alkynes with allenylphosphine oxides provide
routes to the isomeric enynylphosphine oxides (73) and (74).121 Palladium-
catalysed Suzuki coupling reactions of triarylphosphine oxides having a reac-
tive substituent at the 4-position (usually bromo or triflate) with a series of
arylboronic acids have given a range of phosphine oxides bearing a biaryl
group, e.g., (75), this being a precursor for the synthesis of poly(arylene) ether
phosphine oxide polymers arising from nucleophilic displacement reactions of
the fluoroaryl groups.122 In related work, palladium-catalysed Heck coupling
reactions of bromoarylphosphine oxides with alkenes have given linear alkenyl-
substituted arylphosphine oxides. Amination and methoxycarbonylation reac-
tions have also been shown to be feasible.123 Triarylphosphine oxides of type
(76) undergo polymerisation to form (polyarylene)phosphine oxides (77), the
basis of some new high-performance materials.124 The reactions of 1-
thioxophosphorinanones with terminal alkynes in the presence of base have
given a series of aryloxypropynyl alcohol derivatives, e.g., (78).125,126 UV-
irradiation of the phosphaferrocenophane (79) in the presence of trimethyl-
phosphite results in a ring-opening rearrangement to form the new phosphine
sulfide (80). In the presence of trimethylphosphine, the rearrangement follows a
different course, resulting in the zwitterion (81).127 Ethoxylation of tris
(p-hydroxyphenyl)phosphine oxide has given a range of polyethoxylated de-
rivatives (82), which have found use as a phase-separable homogeneous catalyst
component in a rhodium-catalysed hydroformylation of higher alkenes.128 The
reactions of the chlorosulfonylarylphosphine oxide (83) with an aminoalkyl-b-
cyclodextrin have given various phosphoryl tethered b-cyclodextrins, e.g., (84),
which act as chiral molecular recognition systems for alicyclic alcohols and
acids, and alanine derivatives.129 In a similar approach, treatment of the
functionalised phosphine oxide (85), (obtained from the reaction of tris(chloro-
methyl)phosphine oxide with dimethyl 5-mercaptoisophthalate), with (1R,2R)-
diaminocyclohexane has given the phosphine oxide (86), isolated as two
conformational isomers. The major isomer (10:1) has a bowl-shaped C3-sym-
metric structure, with the phosphoryl group directed to the interior of the bowl,
and shows a remarkable selectivity for binding asparagine derivatives. In the
minor isomer, the phosphoryl group is directed to the outside of the bowl.130

The anion of (chloromethyl)diphenylphosphinoyl chloride has been shown to
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react with various 4-substituted nitrobenzenes in the ortho position to the nitro
group, with displacement of a proton to give the benzylphosphine oxides (87)
by a vicarious nucleophilic substitution mechanism.131 A series of new
chiral aminoalkylphosphine oxides, e.g., (88) and (89), has been prepared by
the addition of chiral primary amines to vinyldiphenylphosphine oxide
in methanol.132 Carbamoyl- and thiocarbamoyl-derivatives (90) of 3-amino-
propyldimethylphosphine oxide have been prepared by the reaction of the
aminopropylphosphine oxide with isocyanates and isothiocyanates.133 A sim-
ilar addition of fluorinated hydrazines to the allenylphosphine oxides (91) has
afforded the hydrazone derivatives (92). Related compounds have also been
prepared by the reactions of phenacylphosphine oxides with the hydrazines.134

Routes to various linear enediyne phosphine oxides and sulfides, e.g., (93), have
been developed. Their cobalt(I)-mediated cyclisations, giving complexed tricy-
clic compounds bearing phosphine oxide substituents, e.g., (94) have also been
explored.135 The cleavage of phosphine sulfide-functionalised peptides bound
to the Kaiser oxime resin by aminooxazoline reagents has given a series of
oxazolinyl-peptide phosphine sulfides (95).136 Palacios’ group has described
routes to a series of heteroarylphosphine oxides. The aryliminophosphine
oxides (96), easily accessible from the reactions of aromatic amines with
phenacylphosphine oxides, have been shown to react with DMF-dimethylac-
etal to form the quinolylphosphine oxides (97).137 The phosphazenylalkyldi-
phenylphosphine oxide (98), obtained from the reaction of triphenylphosphine
with azidomethyldiphenylphosphine oxide, has been converted via the amidine
(99) into the oxazinylphosphine oxide (100).138 Routes to 2H-aziridinylpho-
sphine oxides (101) have undergone further development, and these compounds
have been shown to react with carboxylic acids to form the ketamidophosphine
oxides (102), which cyclise to the oxazolylphosphine oxides (103) in the pres-
ence of the triphenylphosphine-hexachloroethane reagent.139,140 Conversion of
2H-aziridinylphosphine oxides to pyrazinylphosphine oxides (104) has also
been described.141 A multistep route from D-glucose (as a chiral template) to
the 19-norvitamin D A-ring phosphine oxide (105) has been developed.142 A
regioselective synthesis of phosphonylated sugars, e.g., (106), is afforded by the
reactions of glycals with the diphenylphosphenium cation.143 The synthesis of
sugar analogues based on phospholene- and phospholane-oxide systems has
also attracted much interest. Chromium trioxide oxidation of 2-phospholene
oxide sugar analogues provides a convenient chemo- and regio-selective route to
the 4-oxo-2-phospholene-1-oxides (107).144 Sodium peroxide has been used as a
reagent for the stereospecific synthesis of the 2,3-epoxides (108) from 2-
phospholene-1-oxides.145 Oxidation of 3-phospholene oxides using m-chloro-
perbenzoic acid has given a series of 3,4-epoxyphospholane oxides (109), which
have been shown to rearrange in the presence of a chiral base to form
P,C-chirogenic 4-hydroxy-2-phospholene derivatives, e.g., (110), with up to
52% ee.146 In related work, it has also been shown that the 3,4-epoxides are
converted into the enantioenriched, P-stereogenic trans-3-hydroxy-4-azido- and
trans-3-hydroxy-4-cyano-functionalised phospholane oxides (111) on treatment
with trimethylsilyl-azide and -cyanide, respectively, in the presence of the
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salen-Al complex.147 Bromohydrin derivatives of 2-phospholene oxides, e.g.,
(112), have found further use in synthesis. Treatment with potassium car-
bonate in methanol provides a route to the erythro-2,3-epoxides, which, with
dimethylsulfonium methylide, are converted into the allylic alcohols (113).148

Routes from (112, R¼ Ph) (and related O-methyl ethers) to new deoxyphospha-
sugar-pyrimidine nucleosides, e.g., (114),149 and deoxyphosphasugar-sugar di-
saccharides150 have been developed. An expedient cyclopentannulation route to
the 2-phosphabicyclo[3,3,0]octene system (115) is provided by the treatment of
1-phenyl-3-phospholene-oxides and -sulfides with two equivalents of LDA,
followed by quenching the metallated intermediates with 1,3-dihaloalkanes.151

Keglevich’s group has continued to develop its study of cycloaddition reactions
of unsaturated cyclic phosphine chalcogenides, e.g., phospholene-, phosphole-
and 1,2-dihydrophosphinine-oxides, and the ability of such adducts to undergo
thermally-induced elimination to form low-coordinate s3l5-species, mainly
methylenephosphine oxides and sulfides, capable of acting as phosphorylating
agents. Much of their earlier work on reactions of 1,2-dihydrophosphinine
oxides has now been reviewed.152 Among new work in this area is a study of the
formation and subsequent fragmentation of 2-phosphabicyclo[2,2,2]oct-5-ene-2-
oxides (116), and related bicyclo[2,2,2]octa-5,7-diene-2-oxides (117), obtained
via Diels-Alder additions of 1,2-dihydrophosphinine-oxides with maleimides
and related compounds153 and acetylenic esters,154 respectively. With tetra-
cyanoethylene, 1,2-dihydrophosphinine oxides undergo a complex mode of
cycloaddition to form the 2,8-diphosphatricyclododeca-3,5,9-triene 2,8-dioxides
(118).155,156 Diels-Alder dimerisation of 1,2-dihydrophosphinine oxides has also
been reported, giving new 2-phosphabicyclo[2,2,2]oct-5-ene-2-oxides, e.g.,
(119).157,158 The Baeyer-Villeger oxidation of the 7-phosphanorbornene 7-ox-
ides (120) using m-chloroperbenzoic acid results in the formation of the P-aryl-
2,3-oxaphosphabicyclo[2,2,2]octene oxides (121) as a mixture of isomers.159

Anions derived from dialkyl phosphites or diphenylphosphine oxide have been
shown to undergo Michael-type additions to 1,2-dihydrophosphinine oxides
to form the 1,2,3,6-tetrahydrophosphinine-1-oxides (122) as a single
diastereoisomer.160 The bicyclic phosphino-phosphine sulfide (123) has been
obtained from a chiral palladium complex-promoted Diels-Alder addition
between 3,4-dimethyl-1-phenylphosphole 1-sulfide and diphenylvinylphosphine,
the (RP)-exo adduct being obtained with high stereoselectivity in the initial
complex.161
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Phosphine oxides have also been prepared using secondary phosphine oxides
as building blocks. These compounds have been shown to undergo double base-
promoted P-H additions to methylacetylene to form ditertiary phosphine oxides
having a chiral carbon atom, e.g., (124).162 Triethylboron-catalysed anti-Mark-
ownikov radical addition of diphenylphosphine oxide to alkenes, unsaturated
acids, allylic alcohols and other unsaturated species has given a wide range of
new functionalised phosphine oxides under mild conditions.163 Further exam-
ples of additions to carbonyl groups have also appeared, providing routes to
the furan derivatives (125),164 the trialkylsilyl- and trialkylgermyl-alkynyl
hydroxyalkylphosphine oxides (126),165 the hydroxyethenylphosphine oxides
(127),166 and the arylhydroxymethylphosphine oxides (128).167 The reaction of
an ao-disecondary amine with formaldehyde and di(p-tolyl)phosphine oxide has
given the bis(aminomethylphosphine oxide) (129).168 The 3,4-dihydro-2H-
pyrroline N-oxide derivative (130) has been prepared via the alkylation of a
secondary phosphine oxide using 5-chloropentan-2-one, followed by cyclisation
with ammonia. This compound, and a related molecule derived from ethyl
phenylphosphinate, act as spin trapping agents for oxygen-centred radicals.169
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2.2 Reactions. – Keglevich’s group has continued to study the reactions of
sterically-bulky cyclic tertiary phosphine oxides with electron-withdrawing al-
kynes, which lead to stabilised ylides (131) in an inverse Wittig protocol. Further
examples of this have now been described170 and a theoretical study has shown
that pentacovalent spiro-oxaphosphoranes involving a four membered ox-
aphosphete ring system (132), in which the oxygen atom is equatorial, are likely
intermediates in these reactions.171 Treatment of the tris(phosphine oxide) (133)
with butyllithium results in a double-deprotonation to give what may be the first
formal phosphorus-stabilised 1,2-dianion (134), isolated as a THF-solvated
lithium cluster complex.172 Tertiary phosphine selenides have been shown to
react with chlorine at �901C to give the phosphonium salts [R3PSeCl]

1Cl�

which then undergo deselenisation to form the chlorophosphonium salts
[R3PCl]

1Cl�.173 Secondary phosphine oxides react with diacetoxyiodobenzene
in the presence of sodium alkoxides to yield alkyl diorganophosphinate esters,
involvement of the intermediates (135) being suggested on the basis of 31P NMR
studies.174 The reactions of tris(2-pyridyl)phosphine oxides with arenesulfenyl-
and -selenyl chlorides proceed with P-C cleavage, resulting in the formation of
areneseleno- and arenethio-bipyridyls. Similar reactions occur with arenesulfinyl
chlorides to give arenesulfonylbipyridyls.175 Thiols have been shown to undergo
oxidation to disulfides on treatment with triphenylphosphine oxide and
bis(trichloromethyl) carbonate, the phosphine oxide being reduced to trip-
henylphosphine. This may therefore provide a convenient new general method
for reducing triarylphosphine oxides to the related phosphines.176 Further
applications of the Hendrickson reagent, [Ph3POPPh3]

1 OTf�, arising from
the dissolution of triphenylphosphine oxide in triflic anhydride, have appeared.
It has been applied in the synthesis of thiazolines,177 oxazole- and thiazole- units
in a macrocyclic antibiotic,178 and in a direct synthesis of sulfonamides and
activated sulfonate esters from sulfonic acids.179 A polymer-supported version
of the Hendrickson reagent has also been developed and found to have
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advantages in product isolation over the non-supported system for a range of
dehydration reactions leading to ester and amide formation.180 The Hendrick-
son reagent can be used in place of Mitsunobu reagents (triphenylphosphine and
a dialkyl azodicarboxylate ester) for the esterification of primary alcohols.
However, secondary alcohols such as menthol undergo elimination of water,
attributed to the presence in the reaction mixture of trialkylammonium triflate
salts. In the presence of azide ion, the Hendrickson reagent can also be used to
convert a primary alcohol into an alkyl azide in high yield.181 Secondary
phosphine oxides have continued to find applications as reagents in synthesis,
diethylphosphine oxide promoting a radical-cyclisation reaction in the synthesis
of indolones from an acyclic amide precursor, in water.182 The reactions of
dibenzylphosphine oxide with a,b-unsaturated O-methyloximes have been in-
vestigated, leading to the isolation of a wide range of tertiary phosphine oxide
products. Thus, e.g., with the O-methyl ether of benzylideneacetone oxime,
the methoxyiminophosphine oxide (136) is formed by attack at the b-carbon.
Aldoxime-O-methyl ethers, on the other hand, can give rise to phospholene
oxides, e.g., (137), obtained from 2-methylpent-2-enal O-methyloxime.183 The
photolysis of acylphosphine oxides, generating both acyl- and dior-
ganophosphinoyl-radicals, has continued to attract attention for the initiation
of polymerization reactions of alkenes.184,185 Various tertiary phosphine oxides
have been shown to act as catalysts in the stereoselective allylation of N-
acylhydrazones.186
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2.3 Structural and Physical Aspects. – Tertiary phosphine oxides have been
shown to form 1:1 molecular donor-acceptor complexes with [60]- and [70]-
fullerenes, formation constants for complex formation having been determined
by an NMR spectroscopic method from the systematic variation of chemical
shifts of specific protons of the donor phosphine oxide in the presence of the
fullerene.187 Detailed NMR studies have also been reported of the conforma-
tions in solution of the phosphine oxides (138)188 and a series of chiral
phospholene- and phospholane-chalcogenides, e.g., (139).189 The enantiomeric
purity of P-chirogenic phospholene oxides has been determined by 1H- and 31P-
NMR techniques using the classical Kagan chiral amides as NMR chiral shift
reagents.190 The efficient enantiodiscrimination of the chiral phospholane
oxides (140) has been shown to be possible by the use of phosphorus-coupled
13C-NMR spectroscopy in the presence of a chiral weakly-ordering polypeptide
liquid crystalline phase. This approach allows determination of the enantio-
meric composition and is a new efficient alternative to classical methods of
chiral analysis.191 The chiral racemic diphosphine dioxide (141, X ¼ O) has
been resolved into its enantiomers by a classical approach involving fractional
crystallisation of its diastereoisomeric adducts with (þ)-(2S,3S)-di-O-benzoyl-
tartaric acid, followed by neutralisation. One racemic form of the disulfide (141,
X ¼ S) and two racemic forms of the monosulfide (142), have been obtained by
reactions of the parent diphosphine with sulfur, and subsequently characterised
by NMR spectroscopy and X-ray crystallography.192 The enantiomers of t-
butyl-1-(2-methylnaphthyl)phosphine oxide (143) have been separated using a
chiral HPLC column. Vibrational absorption and circular dichroism spectra
have been measured for both enantiomers, enabling a determination of their
absolute configurations.193 The first enzymatic desymmetrizations of prochiral
phosphine oxides have been reported. Bis(methoxycarbonylmethyl)phenyl-
phosphine oxide was subjected to hydrolysis in the presence of a pig liver-
esterase to give the chiral monoacetate (144) in 92% yield and 72% ee.
Similarly, prochiral bis(hydroxymethyl)phenylphosphine oxide was des-
ymmetrized using either a lipase-catalysed acetylation or hydrolysis of the
corresponding diacetyl derivative to give the chiral monoacetate (145) in 76%
yield and with e.e’s up to 79%. The absolute configurations of these monoesters
were determined by means of chemical correlation.194 Interest in the structural
characterisation of hydrogen-bonded adducts of phosphine-oxides and -sulfides
has continued. Infrared spectroscopy and theoretical techniques have been
used to study the energetics of intramolecular hydrogen bonds and conforma-
tions of the o-diphenylphosphoryl- and o-diphenylthiophosphoryl-substituted
aliphatic alcohols (146)195 and also molecular interactions in the carboxy(dip-
henylphosphinoyl)cyclopentanone (147).196 Intramolecular hydrogen bonding in
the salts (148) has been studied in the solid state by X-ray structural work and in
solution by multinuclear NMR techniques.197 The first complex of trip-
henylphosphine oxide with a chiral substrate has been obtained by crystallising
the phosphine oxide in the presence of S-(�)-1,10-bi-2,20-naphthol (BINOL),
resulting in the formation of a 1:2 (BINOL): (Ph3PO) complex, the structure of
which has been determined by X-ray crystallography. A complex of the same
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stoichiometry has also been isolated by the use of racemic BINOL. In the
homochiral complex, the phosphine oxide molecules appear to exist in only one
enantiomeric form.198 Interactions between b-cyclodextrin and a monosulfon-
ated triphenylphosphine oxide have been investigated in aqueous solution by
NMR, UV-visible absorption and ESMS techniques. Titration and continuous
variation plots point to the formation of 1:1 inclusion complexes.199 Solid state
X-ray structural studies have been reported of the adduct of cyclohexylamine
hydrochloride and the tris(phosphine oxide) (149), and also of the di(phosphine
oxide) (150), in which weak C(phenyl)–H � � � O(oxide) hydrogen bonds are identi-
fied.200 Phosphorus-oxygen coordination leading to pseudotrigonal bipyramidal
geometries in the anionic phosphine oxide (151) and hydrogen bonding interac-
tions with tris(2-hydroxy-3,5-dimethylbenzyl)amine have also been the subject of
a structural study.201 A structural study of the phosphine oxide (152),
obtained by hydrogen peroxide oxidation of tris(o-dimethylaminomethylphe-
nyl)phosphine, has shown that the geometry about phosphorus is tetrahedral, no
intramolecular coordination to phosphorus from the N-oxide units being ap-
parent.202 Among other phosphine chalcogenides which have been the subject of
X-ray crystallographic studies are the thioxo-phosphorinane (153),203 tris(2-
pyridyl)phosphine oxide,204 and the ionic system (154) which involves an unusual
anion.205 The gas phase structure of tris(t-butyl)phosphine oxide has been
determined by a new method which links the gas-phase electron diffraction
refinement process with computational methods in a dynamic interaction of
theory and experiment. This approach has revealed a shorter phosphorus-oxygen
distance than was found by a less sophisticated analysis, and is consistent with
the molecule being regarded as But3P¼O rather than But3P
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2.4 Phosphine Chalcogenides as Ligands. – This continues to be an active area,
although few applications of these ligands in catalysis have been noted. Signif-
icant interest, however, continues to be shown in the use of phosphine oxides as
selective extraction agents for various metal ions. This is particularly evident in
the design and complexing abilities of calixarene systems bearing several phos-
phine oxide groups. The secondary phosphine oxide-functionalised calix[4]arene
(155) is an easily accessible key intermediate for the synthesis of the upper rim
carbamoylmethylphosphine oxide (156) and diphosphine dioxide (157) systems,
both of which have useful binding properties for lanthanide and actinide ions.207

Related calix[4]arenes bearing diphenylphosphine oxide substituents at the upper
rim demonstrated high selectivity for iron (III).208 Lower rim poly(phosphine
oxide)-functionalised calix[4]arenes (158, n ¼ 4, R ¼ Ph or Me) have also been
prepared, and shown to have uses as extraction agents for thorium(IV) and
europium(III) ions209 and also for complex formation with cobalt(II), nickel(II),
copper(II) and zinc(II).210 A related p-t-butylcalix[6]arene bearing dime-
thylphosphinylmethyloxy-substituents (158, n ¼ 6, R ¼ Me) has also been
prepared and shown to complex strongly to lanthanide ions.211 The donor
properties of bis(diphenylphosphinoyl)alkanes have continued to attract
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attention. Complexes of bis(diphenylphosphinoyl)methane with the uranyl ion212

and also scandium and various lanthanide ions213,214 have been characterised in
the solid state and in solution. The donor properties of 1,2-bis(dip-
henylphosphinoyl)ethane and the chiral dioxides (159) and (160) towards a
di(rhodium) carboxylate have been compared using low-temperature 1H and
31P NMR spectroscopy. The dioxide (160) shows a distinct preference for binding
through Ph2P(O) rather than Ph(But)P(O), presumably due to the bulky t-butyl
group.215 Two-dimensional coordination polymers of praseodymium(III) with
1,2-bis(diphenylphosphinoyl)ethane and the pyridine-based dioxide (161) have
also been characterised.216 Considerable interest has been shown in the ligand
properties of the anionic bidentate sulfur and selenium donors (162), complexes
of indium(III),217 arsenic(III), antimony(III), bismuth(III),218 mercury,219 and
gold(III) and silver(I)220 having been investigated. Palladium(II) complexes of the
neutral mono- and di-disulfides (163, E ¼ lone pair) and (163, E ¼ S), respec-
tively, have also been studied.221 Further work has appeared on the properties of
rhodium(I) complexes of the anionic disulfide (164) with regard to their ability to
carry small molecules such as CO, O2, CO2, CS2 and SO2.

222 A variety of
(phosphine selenide)-carbonyl cluster complexes has been isolated from the
reactions of the diselenide (165) with ruthenium- and iron- carbonyl complexes
of the type [M3(CO)12].

223 Unusual polynuclear copper(I) complexes have been
obtained from the reactions of a series of bis(diphenylselenophosphinoyl)alkanes
(166) with copper(I) halides in acetonitrile, the length of the alkane spacer and the
nature of the halide ion influencing the structure of the resulting complexes.224

Tetraalkyldiphosphine disulfides (167) have continued to attract interest as
ligands, complexes with silver(I) and copper(I),225 and a rhenium bromocarbonyl
acceptor,226 having been characterised. Sulfido(carbonyl)rhenium clusters have
been obtained from the ditertiary diphosphine disulfide (168) and the crowded
but electron rich monosulfide (169).227
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Among other monotertiary triarylphosphine chalcogenide ligands studied are
triphenylphosphine oxide, triphenylphosphine sulfide and triphenylphosphine
selenide, from which a series of tungsten carbonyl complexes has been pre-
pared.228 This family of ligands has also found application in the formation of
complexes with rhodium (I) cyclooctadiene, which catalyse the efficient carbon-
ylation of methanol.229 The reactions of a series of monodentate tertiary
phosphine selenides with [Ru3(CO)12] have been shown to involve cleavage of
the phosphorus-selenium bond, the selenium being transferred to the metal.
In contrast, normal mononuclear phosphine selenide complexes have been
obtained from the reactions of diphenyl(2-pyridyl)phosphine selenide with
palladium(II) and platinum(II) acceptors.230,231 Complexes of the phosphinoa-
minoarylphosphine sulfide (170) with ruthenium, rhodium and iridium accep-
tors have been characterised. Not surprisingly, the aminophosphine moiety
coordinates preferentially to these metals, but complexes involving additional
coordination from the phosphine sulfide group were also prepared.232 Mono-
tertiary phosphine oxides bearing other donor groups have also been prepared
and their coordination chemistry studied. The first bis(phosphine) monoxide
complexes of copper(I) have been prepared from bis(diphenylphosphino)meth-
ane monoxide and bis(diphenylphosphino)ethane monoxide. Coordination
from both phosphorus and phosphine oxide oxygen was observed in one case,
the expected preferential coordination of the softer phosphorus donor to
copper(I) dominating behaviour in solution.233 Cobalt(II) and cobalt(III)
complexes of the terpyridylphosphine oxide (171) have been characterised.234

The bis(bipyridyl)phosphine oxide (172) forms luminescent complexes with
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lanthanide ions, which can be used for the detection of anions.235 A new
triphenylphosphine oxide complex of terbium(III) has been shown to exhibit
strong electroluminescence properties.236 Other reports of lanthanide (and
actinide) complexes involving triphenylphosphine oxide as a ligand have also
appeared.237,238 Among other complexes of triphenylphosphine oxide recently
described are molybdenum complexes involving dithiophosphates as co-lig-
ands,239 stable complexes of diorganotin cations,240 and salts of polyhalotellu-
rate anions involving protonated phosphine oxide units, formed from the
reactions of triphenylphosphine with tellurium tetrahalides under ambient
conditions in THF.241 Tris(4-fluorophenyl)phosphine oxide has been shown to
have a remarkable co-ligand effect for the stabilisation of chiral lanthanum
complex catalysts used in a highly selective epoxidation of conjugated enones.242

A series of complexes of oxodiperoxomolybdenum with trialkylphosphine
oxides and triphenylphosphine oxide has been prepared and shown to oxidise
indoles to various indolone products.243 The chiral hydroxymethylphosphine
oxide (173) has been prepared in 67% yield by the reaction of dip-
henylphosphine with benzaldehyde in THF in air at 401C and used as a ligand
in a rhodium(I)-catalysed hydroformylation of alkenes. It has also been partially
resolved using an enzyme, and used in an enantioselective hydroformylation.244

Triethylphosphine oxide and tri(n-propyl)phosphine oxide have been used as
ligands in the synthesis of various hexanuclear halomolybdenum cluster com-
plexes.245 Trialkylphosphine oxides have also been used as co-ligands for the
stabilisation of silver nanaocrystals.246 Tris(t-butyl)phosphine oxide has found
use as a bulky ligand for the stabilisation of a new family of monocyclo-
pentadienylscandium bis-alkyls.247 Scandium(III) halide complexes of a range
of phosphine- and arsine-oxides have been studied in solution and in the solid
state.248 Lanthanide complexes of the fluoroalkylphosphine oxide (174) have
been characterised.249 Various metal complexes of the carboxyalkylphosphine
oxide (175) have been characterised in solution, some being accessed by in-situ
oxidation of the parent trialkylphosphine.250
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The properties of secondary phosphine oxides and sulfides as ligands have
also been the subject of recent papers. In solution, these compounds exist in
equilibrium between the pentavalent phosphine oxide form (176) and the
trivalent phosphinite form (177). It is the phosphinite form that coordinates
(via phosphorus) to a transition metal ion. Air-stable P-stereogenic secondary
phosphine oxides and sulfides are configurationally stable in the presence of
metal ions both in solution and in the solid state, and have the potential to act
as chiral monodentate ligands for asymmetric catalysis. It has now been shown
that both chiral forms of the secondary phosphine oxide (178) are useful ligands
for asymmetric palladium-catalysed carbon-carbon bond formation.251 In a
similar vein, a series of chiral secondary phosphine oxides of the type (176) has
been prepared from the reactions of Grignard reagents with bulky di-
chlorophosphines and resolved into their enantiomers by preparative chiral
HPLC. These ligands have been applied in an iridium(I)-catalysed asymmetric
hydrogenation of imines, with good enantioselectivities.252
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Naturforsch. B: Chem. Sci., 2004, 59, 221.

134. Z. Hassen, A.B. Akacha and B. Hajjem, J. Fluorine Chem., 2003, 121, 177.

135. F. Slowinski, C. Aubert and M. Malacria, J. Org. Chem., 2003, 68, 378.

136. S.R. Gilbertson and P. Lan, Tetrahedron Lett., 2002, 43, 6961.

137. F. Palacios, D. Aparicio and J. Vicario, Eur. J. Org. Chem., 2002, 4131.

138. F. Palacios, A.M.O. de Retana and J. Pagalday, Eur. J. Org. Chem., 2003, 913.

139. F. Palacios, D. Aparicio, A.M.O. de Retana, J.M. de los Santos, J.I. Gil and J.M.

Alonso, J. Org. Chem., 2002, 67, 7283.

140. F. Palacios, A.M.O. de Retana, J.I. Gil and J.M. Alonso, Tetrahedron: Asymmetry,

2002, 13, 2541.

122 Organophosphorus Chem., 2006, 35, 92–126



141. F. Palacios, A.M.O. de Retana, J.I. Gil and R.L. deMunain,Org. Lett., 2002, 4, 2405.

142. M. Shimizu, Y. Iwasaki, Y. Shibamoto, M. Sato, H.F. DeLuca and S. Yamada,

Bioorg. Med. Chem. Lett., 2003, 13, 809.

143. A. Takano, H. Fukuhara, T. Ohno, M. Kutsuma, T. Fujimoto, H. Shirai, R. Iriye,

A. Kakehi and I. Yamamoto, J. Carbohydrate Chem., 2003, 22, 443.

144. V.K. Reddy, L.N. Rao, M. Maeda, B. Haritha and M. Yamashita, Heteroatom

Chem., 2003, 14, 320.

145. M. Yamashita, V.K. Reddy, L.N. Rao, B. Haritha, M. Maeda, K. Suzuki, H.

Totsuka, M. Takahashi and T. Oshikawa, Tetrahedron Lett., 2003, 44, 2339.

146. Z. Pakulski, M. Koprowski and K.M. Pietrusiewicz, Tetrahedron, 2003, 59, 8219.

147. Z. Pakulski and K.M. Pietrusiewicz, Tetrahedron: Asymmetry, 2004, 15, 41.

148. V.K. Reddy, B. Haritha, T. Oshikawa and M. Yamashita, Tetrahedron

Lett., 2004, 45, 2851.

149. M. Yamashita, V.K. Reddy, P.M. Reddy, Y. Kato, B. Haritha, K. Suzuki, M.

Takahashi and T. Oshikawa, Tetrahedron Lett., 2003, 44, 3455.

150. B. Haritha, V.K. Reddy, T. Oshikawa and M. Yamashita, Tetrahedron Lett., 2004,

45, 1923.

151. Z. Pakulski, R. Kwiatosz and K.M. Pietrusiewicz, Tetrahedron Lett., 2003, 44, 5469.

152. G. Keglevich, Current Org. Chem., 2002, 6, 891.

153. G. Keglevich, H. Szelke, A. Tamás, V. Harmat, K. Ludányi, A.G. Vaskó and L.
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192. J. Omelańczuk, A. Karaçar, M. Freytag, P.G. Jones, R. Bartsch, M. Mikozajczyk

and R. Schmutzler, Inorg. Chim. Acta, 2003, 350, 583.

193. F. Wang, Y. Wang, P.L. Polavarapu, T. Li, J. Drabowicz, K.M. Pietrusiewicz and

K. Zygo, J. Org. Chem., 2002, 67, 6539.
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222. M. Doux, N. Mézailles, L. Ricard and P. Le Floch, Organometallics, 2003, 22, 4624.

223. D. Belletti, C. Graiff, C. Massera, A. Minareelli, G. Predieri, A. Tiripicchio and D.

Acquotti, Inorg. Chem., 2003, 42, 8509.

224. T.S. Lobana, Rimple, A. Castineiras and P. Turner, Inorg. Chem., 2003, 42, 4731.

225. H. Liu, M.J. Calhorda, M.G.B. Drew and V. Félix, Inorg. Chim. Acta, 2003, 347, 175.

125Organophosphorus Chem., 2006, 35, 92–126



226. O.S. Sentürk, H.A. Shekhel, B.T. Sterenberg, K.A. Udachin, S. Sert, U. Özdemir
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Tervalent Phosphorus Acid Derivatives

BY D.W. ALLEN
Biomedical Research Centre, Sheffield Hallam University, City Campus,
Sheffield, S1 1WB, UK

1 Introduction

As this chapter covers two years of the literature relating to the above area, it
has been necessary to be somewhat selective in the choice of publications cited.
Nevertheless, it is hoped that most significant developments have been noted.
As in previous reports, attempts have been made to minimise the extent of
overlap with other chapters, in particular those concerned with the synthesis of
nucleic acids and nucleotides to which the chemistry of tervalent phosphorus
esters and amides contributes significantly, the use of known halogen-
ophosphines as reagents for the synthesis of phosphines (see Chapter 1), and
the reactions of dialkyl- and diaryl-phosphite esters in which the contribution
of the phosphonate tautomer, (RO)2P(O)H), is the dominant aspect, which are
usually covered elsewhere in these volumes.

The period under review has seen the publication of a considerable number
of review articles, and most of these are cited in the appropriate sections. Once
again, there has been considerable interest in tervalent phosphorus-ester and
-amide chemistry that relates to the preparation of new, often chiral, ligand
systems for use in metal-catalysed homogeneous catalysis. Several major
reviews of this area have appeared, covering recent developments in the
area of asymmetric catalysis using organometallic complexes of ligands
which contain two or three P–O or P–N bonds,1 the use of chiral fe-
rrocenylphosphorus(III) ligands involving phosphite, phosphoramidite and
aminophosphine donor groups,2,3 and the use of chiral phosphites and phos-
phoramidites in a wide range of asymmetric syntheses.4 A new approach in
combinatorial asymmetric transition metal-catalysed synthesis relates to the
use of mixtures of chiral monodentate phosphites, phosphonites and phos-
phoramidites derived from BINOL and related systems as ligands and work in
this area has also been reviewed.5,6 Another major review covers the synthesis
and reactivity of diphosphines in which the phosphorus atoms are bridged by
heteroatoms such as oxygen, nitrogen, sulfur and selenium, compounds
which hitherto have received little coverage compared with that of their
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carbon-bridged analogues such as bis(diphenylphosphino)methane.7 The ap-
plicability limits of calculation methods for estimating the enthalpy of vapor-
isation of organophosphorus compounds, including tervalent phosphorus acid
derivatives, have been reviewed.8 Research into the mechanisms of nucleophilic
substitution reactions of tervalent phosphorus acid derivatives has been re-
viewed with emphasis on the reactions of phosphoramidites.9

2 Halogenophosphines

A clean route to dichlorophenylphosphine is provided by carrying out the long-
established Friedel-Crafts reaction of benzene and phosphorus trichloride in
ionic liquid media derived from butylpyridinium chloride and aluminium
trichloride, the system allowing an easy product isolation procedure.10 New
simple high yield procedures for the synthesis of the heterocyclic halophos-
phites (1, X¼Cl or F) have been developed. The chlorophosphite was obtained
via the reaction of 2,2-dimethyl-1,3-propanediol with phosphorus trichloride at
room temperature, in the absence of base or solvent, and was converted into the
fluorophosphite by treatment with antimony pentafluoride.11 Chlorophos-
phites (RO)2PCl have also been obtained, in quantitative yield, by treatment
of secondary phosphites (RO)2P(O)H with dichloro(2,4,6-tribromophe-
noxy)(1,2-diphenoxy)phosphorane.12 Treatment of the ephedrine-derived ami-
nophosphine-boranes (2) with a solution of hydrogen chloride in toluene
provides a route to highly enantiomerically-enriched chlorophosphine-boranes
(3), the cleavage of the P–N bond proceeding with inversion of configuration at
phosphorus. These compounds are important new electrophilic building blocks
for the stereoselective synthesis of chiral phosphorus compounds.13 They can
also be reduced using a variety of complex hydride reagents to the related
secondary phosphine-boranes.14 The heterocyclic bromophosphines (4) and (5)
have been obtained via the reactions of various indoline derivatives with
phosphorus tribromide and used as intermediates for the synthesis of a range
of heterocyclic phosphorus compounds.15 The reactions of bulky organome-
tallic reagents with simple halogenophosphine precursors have been widely
employed in the synthesis of new halogenophosphines. Among new arylhalo-
genophosphines bearing trifluoromethyl substituents in the aryl rings prepared
in this way and characterised by X-ray crystallography are the primary
dibromophosphine (6) and the secondary halogenophosphines (7) and (8).16

The 9-triptycenyldichlorophosphine (9) has been obtained from the reactions of
9-triptycenyllithium (one equivalent) with phosphorus trichloride, the related
reactions with AsCl3, SbCl3 and BiCl3 yielding the heavier Group 15 conge-
ners.17 Treatment of indenyllithium with di(isopropyl)aminodichlorophosphine
yields the monochloro(amino)phosphine (10), subsequently converted into
the chiral dicarboranyl(amino)indenylphosphine (11) from which a series of
rare-earth complexes has been prepared.18 The ketiminylchlorophosphine
system (12) has been obtained from the reaction of a lithiated b-dike-
timine with dichlorophenylphosphine. Reduction of (12) with potassium
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naphthalenide provides the heterocyclic dihydroazadiphosphole (13).19 Treat-
ment of a magnesium salt of the linked silylamido(cyclopentadienyl) ligand
[Me2Si(C5Me4)NBut]2� with phosphorus trichloride results in the initial for-
mation of the bicyclic chlorophosphine (14) which rearranges to give (15) as the
final product. The corresponding reactions with arsenic- and antimony-trichlo-
rides result in the isomeric systems (16). Chloride abstraction from (15) and (16)
provides the related phosphenium, arsenium and stibenium cations which again
reveal interesting structural differences.20 Dilithiation of 2,20-dimethyl-1,10-
binaphthyl, followed by treatment with phosphorus trichloride (or Et2NPCl2
followed by hydrogen chloride) yields the chiral phosphinous chloride (17), a
key intermediate for the synthesis of a range of chiral tervalent phosphorus acid
derivatives, and tertiary phosphines.21,22 The chiral phosphinous chloride (18,
R¼Me) has been obtained from the reaction of an ortho-lithiated chiral
benzylamine with the reagent (Me3Si)2CHPCl2, reduction with LiAlH4 giving
the related secondary phosphine.23 In related work, it has been shown that
whereas LiAlH4 reduction of (18, R¼H) under reflux conditions in ether-THF
yields the expected secondary phosphine, when the reduction is carried out at
lower temperatures, the P,P-diphosphine (19) is formed as a significant biprod-
uct. The latter may be obtained in much higher yield from the reaction of the
lithiated secondary phosphine with lead(II) iodide. This study also reports that
LiAlH4 reduction of the crowded phosphonous dichloride (Me3Si)2CHPCl2
yields the diphosphine (20).24 The thioether-functionalised chlorophosphine
(21) has been prepared from (Me3Si)2CHPCl2 by treatment with ortho-lithiated
thioanisole, and reduced, in situ, to the related secondary phosphine.25 Treat-
ment of 1,2-bis(dichlorophosphino)ethane with the bulky Grignard reagent
(Me3Si)2CHMgCl generates the bis(chlorophosphine) (22). This has been
shown to react with the base DBN (1,5-diazabicyclo[4,3,0]non-5-ene) to give
an adduct which, on deprotonation with t-butyllithium, generates the anionic
species (23), isolated as a magnesium-DBN complex.26 The bis(trim-
ethylsilyl)phosphine (24, X¼tms) is converted into the chlorophosphine (24,
X¼Cl) on treatment with hexachloroethane. Controlled thermolysis of the
latter at 901C in toluene results in the clean formation of the di-
benzophosphasemibullvalene (25), probably via an intermediate phosphini-
dene.27 Heating a solution of the 2H-azaphosphirene complex (26) in carbon
tetrachloride at 701C results in the selective formation of the complexed
dichlorophosphine (27).28 Woollins’ group has continued to explore the chem-
istry of the peri-bis(dichlorophosphino)naphthalene system (28). A new syn-
thetic pathway to this compound starts with chlorination of the thiophosphonic
anhydride (29), which provides the dipolar adduct (30), involving an intramo-
lecular P(III)–P(V) interaction.29 Treatment of the latter with methyldichloro-
phosphite provides the bis(dichlorophosphine) (28) in almost quantitative
yield. On subsequent treatment with magnesium, the bis(dichlorophosphine)
is converted into the polymeric diphosphine (31), insoluble in common organic
solvents. Halogenation of (31) with bromine and iodine gave the bis(di-
bromophosphine) (32) and the diiododiphosphine (33), respectively.30 Treat-
ment of the bis(dichlorophosphine) (28) with oxygen (in excess, for prolongued

129Organophosphorus Chem., 2006, 35, 127–168



periods) yielded mainly the monoxide (34), with only ca 10% of the correspond-
ing dioxide. Also isolated in small amounts was the partial hydrolysis product
(35).31 The outcome of the reaction between 1,8-dilithionaphthalene and di-
chlorophosphines RPCl2 is dependent on the nature of the R group at phospho-
rus. Thus, the reaction with phenyldichlorophosphine leads to the diphosphine
(36) whereas with iPr2NPCl2, the naphtho[1,8-bc]phosphete (37) is formed.32
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Among a miscellany of other studies of the reactivity of halogenophosphines
reported in the period under review are the derivatisation of free OH groups of
acylglycerols in vegetable oils using chlorophosphines, followed by detection
using 31P NMR,33 the reactions of chlorodiphenylphosphine with enamine
derivatives of b-aminocrotonic acid giving, e.g., the enaminophosphines (38),34

the opening of the epoxide ring of oxiranes bearing 2,2-dichlorocyclopropyl
substituents to give P(III)-esters of type (39),35 the reactions of chlorophosphites
with b-aldiminoalcohols to give heterocyclic phosphonates, e.g., (40),36 and a
Mannich-type reaction involving p-tolyldichlorophosphine, methyl ethyl ketone
and 1,2-diaminopropane, which results in the formation of a new 1,4,2-di-
azaphosphorine-2-oxide.37 The cyclic bis(phosphinous chloride) (41) has been
shown to react with N,N0-dimethyl-N,N0-bis(trimethylsilyl)urea to form initially
the bicyclic system (42), which gradually rearranges to form the more thermo-
dynamically stable urea-bridged diphosphine (43).38 Cyclic chlorophosphites and
related isothiocyanato-, azido-, and amido-phosphites (44) undergo a cycload-
dition reaction with diisopropyl azodicarboxylate to form new stable crystalline
pentacoordinate phosphoranes, e.g., (45), in which the nitrogen atom, rather
than the oxygen, occupies an apical position of the trigonal bipyramid.39
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Halogenophosphines have also attracted a number of structural, physico-
chemical, and theoretical studies. Rotational barriers in a series of methyl-
substituted piperidinochlorophosphines (46) have been measured by variable
temperature NMR studies.40 NMR techniques have also been used to study the
mechanism of halogen exchange in the phosphorus(III) halide (47).41 The
configurational stability of chlorophosphines has been investigated by density
functional theory studies, together with experimental studies. The presence of
HCl in the medium was found to catalyse the P-centre chiral inversion at room
temperature, the reaction involving a two-step mechanism. The configurational
stability of chirogenic chlorophosphines can be protected using borane ad-
ducts.42 Quantum chemical calculations and 35Cl NQR techniques have been
used to probe structural features of alkyldichlorophosphines.43 Theoretical
methods have also been applied to the study of the molecular structure and
conformational preferences of a wide range of halogenophosphines, including
1,3,2-diheterophospholenes,44,45 P-chloro- and -isocyanato-1,3,2-benzodioxa-
phosphinan-4-ones, (48),46 the chlorodithiophosphite ClP(SMe)2,

47 and also
various cyanophosphines.48
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3 Tervalent Phosphorus Esters

3.1 Phosphinites. – As in recent years, most of the interest in this area has
centred around the synthesis and evaluation of new ligand systems for use in
homogeneous catalysis, in which phosphinite donor centres either replace or
complement conventional phosphino or other donor centres in previously
designed systems, many of which are chiral. In most cases, the phosphinite
centre is introduced via the reaction of an alcohol or phenol with a chlorophos-
phorus(III) precursor, in the presence of a base. However, the synthesis of
vicinal bis(diphenylphosphinites) derived from chiral vicinal diols by this clas-
sical approach tends to give impure products, probably as a result of traces of
water in the diols. These problems have now been overcome using a
metal-template procedure in which the diol is added to palladium(II)- or
platinum(II)-complexes of diphenylchlorophosphine in anhydrous THF.49,50

The conventional approach, however, has continued to be widely applied in
the synthesis of new phosphinites. Among these are the chiral bis(phosphinites)
(49),51 the ferrocenylglucose bis(phosphinite) (50),52 the long chain asymmetric
bis(phosphinite) (51) (and a related bisphosphite),53 the ‘large bite’ bis(phos-
phinite) (52),54 the reduced BINAP bis(phosphinite) system (53),55 and the
pincer ligand bis(phosphinites) (54).56 Conventional phosphinylation methods
have also been used to prepare the silica-linked tris(diphenylphosphinite)
(55).57 The reactions of silanols with chlorophosphines in the presence
of a base have been used in the synthesis of a bis(diphenylphosphinite)-de-
rivatised silsesquioxide.58 Puddephatt’s group has continued to explore the
synthesis59 and coordination chemistry60,61 of resorcinarenes bearing four or
eight diphenylphosphinito groups, e.g., (56). Among new chiral monophos-
phinite systems prepared conventionally are a range of aminoacid based
diphenylphosphinites, e.g., (57),62 the cinchonidine- and quinine-based phos-
phinites (58), subsequently used for the asymmetric desymmetrization of meso-
1,2-diols,63 and the complexed cyclopentadienyl phosphinite (59).64 Mathey’s
group has described interesting new approaches to the synthesis of chiral
phosphinites. Treatment of 1-cyanophospholes with lithium alkoxides of allylic
alcohols results in the initial formation of the corresponding 1-allyloxyphosp-
holes, which rearrange at 251C to form tricyclic phosphinites, e.g., (60).65 The
reaction of 1-cyano-3,4-dimethylphosphole with the dilithium salt of (R,R)-1,2-
diphenyl-1,2-ethanediol gave the diphosphinite (61), which then underwent a
cycloaddition reaction with N-phenylmaleimide to give the chiral system (62).66

In yet another approach, treatment of the phosphonium salt (63) with thallous
ethoxide gave the mixed phosphinite-phosphine (64).67 Considerable interest has
been shown in the synthesis of phosphinites which bear other non-phosphorus
donor atoms or groups. Among these are a series of phosphinite-oxazolines,
e.g., (65),68,69 various sulfur-phosphinite donors, e.g., (66),70,71 amino-
phosphine-phosphinites, e.g., (67),72,73 and a variety of phosphine-phosphinites,
e.g., the unsymmetrical pincer ligand (68),74 the camphane system (69),75 and
the aa-trehalose derivative (70).76 The phosphine-phosphinite (71) also has a
nitrogen donor centre.77 Among other new phosphinites also bearing a nitrogen
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donor atom are the aminoalkynylphosphinite (72),78 various pyridine-based
systems, e.g., (73) (together with related phosphite esters),79 the bis(phosphinite)
(74),80 and the 3-pyridylmethylphosphinite (75).81 The synthesis, structure and
properties of the cyclic thiaphosphinites (76) have been reviewed.82
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Apart from their properties as ligands, other aspects of the reactivity of
phosphinite esters have been of interest. It has been shown that phosphinite
esters (77) undergo the Michaelis-Arbuzov rearrangement to give the phosphine
oxides (78) between room temperature and 801C in the presence of trimethylsilyl
halides, the reaction not needing the presence of any alkyl halide.83 The
rearrangement proceeds even more efficiently at room temperature in the
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presence of stronger Lewis acids such as trimethylsilyl triflate or boron trifluoride
etherate.84 Allylic phosphinites (79) have been shown to undergo a stereoselective
[2,3]-sigmatropic rearrangement on heating to form the (E)-allylic phosphine
oxides (80).85
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The synthesis, characterisation and thermolysis of a new class of phosphinite-
borane adducts derived from the bulky phosphinites (81) has been investigated.
The borane adducts undergo an unusual thermally-induced phenol-elimination
reaction when heated to between 100 and 1401C to give highly cross-linked
phosphorus-boron polymeric materials.86 Phosphonium salts formed in situ from
sugar-derived alkyl diphenylphosphinite esters are key intermediates in a new
method for the a-selective glycosylation of glycosyl acceptors, forming a-di-
saccharides in high yield without the assistance of any acid catalysts.87 Methyl-
phosphonium salts derived from alkyl diphenylphosphinites formed in situ from
lithium alkoxides ROLi and chlorodiphenylphosphine have been shown to react
with Grignard reagents R0MgX to form the cross-coupled products R–R0 in a
one-pot procedure.88 The reaction between alkyl diphenylphosphinite esters and
1,4-quinones leads to the intermediate betaines (82). In the presence of carboxylic
acids, alcohols or phenols, these are protonated and are then subject to nu-
cleophilic attack (with inversion of configuration) at the alkoxy group by
carboxylate, alkoxide, or phenate anions to form esters or ethers, together with
a p-hydroxyphenyl diphenylphosphinate, under mild and neutral conditions.
This approach has been reported in a series of papers by Mukaiyama et al. for
the synthesis of esters of primary, inverted secondary- and tertiary-alcohols,89,90

and benzylic alcohols,91 and also for the synthesis of alkyl-aryl and diaryl
ethers.92,93 In these reactions, the initial diphenylphosphinite is formed in situ,
usually from an alcohol and chlorodiphenylphosphine in the presence of a base.
An alternative access to the phosphinite esters is provided by the reaction ofN,N-
dimethylaminodiphenylphosphine with the alcohol in dichloromethane at
401C.94 Ether formation by this approach has also been described using tetra-
fluoro-1,4-benzoquinone instead of the more commonly employed 2,6-dimethyl-
1,4-benzoquinone.95 Arising from their involvement as ligands in metal ion-
catalysed reactions, studies have been made of ortho-metallation reactions
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undergone by aryl phosphinite (and phosphite) esters in the presence of palla-
dium complexes.96,97
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The chemistry of secondary phosphine oxides, R2P(H)O and their phosphi-
nous acid tautomers, R2POH, has continued to attract attention. The study of
the phosphinous acid tautomers has been aided by the development of stereo-
selective procedures for direct conversion of secondary phosphine oxides to the
phosphinous acid-boranes (83). Treatment of the secondary phosphine oxide
with either a base-borane complex or boron trifluoride and sodium borohyd-
ride provides the phosphinous acid-borane with predominant inversion of
configuration at phosphorus.98 The phosphinous acid tautomers are usually
trapped as ligands in metal complexes and further examples of this behaviour
have been noted.99 Discrimination of enantiomeric forms of chiral phosphinous
acids, Ph(R)OH, coordinated to a chiral rhodium complex, has been studied by
NMR.100 Palladium complexes of di(t-butyl)phosphinous acid have found
application as homogeneous catalysts.101,102 A lithium salt of the tellurophos-
phinite Ph2PTeH has been prepared and structurally characterised.103

3.2 Phosphonites. – Compared to other phosphorus(III) acid esters, relatively
little well-defined work has appeared on the synthesis and reactions of phospho-
nites. Routes to these compounds are often described in papers which are mainly
concerned with work on related phosphite esters. Radical addition of bis(trim-
ethylsilyloxy)phosphine to indene has given the phosphonite (84).104 A series of
new phosphonites and diphosphonites bearing perfluoroalkyl substituents, e.g.,
(85) and (86), has been described, together with related phosphites.105,106 Among
a new series of ‘short-bite’ chiral phosphorus(III) ester ligands prepared is the
diphosphonite (87)107 Selective ortho-lithiation of 9,9-dimethylxanthene or 2,7-
dimethylphenoxathiin, followed by treatment with (Et2N)2PCl gave bis(diethyl-
amino)phosphines, which were then treated with the appropriate bis(phenol) to
give new chelating bis(phosphonites), e.g., (88).108,109 The synthesis of phosphi-
nites bearing other donor centres has also developed. Among new systems of this
type described recently are the ferrocenylphosphino-menthylphosphonite (89)110

and the bis(phosphinoalkyl)phosphonites (90).111 Also reported are phosphonites
containing nitrogen donor centres, including the chiral systems (91),112 (92),113

and (93).114 Studies of the reactivity of phosphonites have also been few and far
between. Woollins’ group has explored the reactivity of the bis(phosphonite) (94)
towards oxygen, sulfur and selenium, a complete series of mono- and di-oxidised
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derivatives having been prepared and fully characterised by NMR and X-ray
crystallography, providing much new data on structural aspects of peri-disubsti-
tuted naphthalene diphosphorus compounds.115 A variety of products has been
obtained from the action of hydrogen chloride on the cyclic phosphonite ester
(95).116 The cyclic hydroxyaryl phosphonite (96) has been shown to be trans-
formed into the phosphite (97) and other phosphite transformation products in
the presence of rhodium(I) during the course of a rhodium-catalysed hydro-
formylation reaction.117 The bis(phosphonite) (98) has also found use as a ligand
in rhodium-catalysed hydroformylation reactions.118 Applications of chiral
phosphonites (and related phosphites and phosphoramidites) derived from BIN-
OL as ligands in asymmetric catalysis have been reviewed.119
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3.3 Phosphites. – The synthesis of new phosphite esters remains a significant
area of activity, much of it directed towards the synthesis of phosphite ligands of
interest in metal-catalysed reactions. The chiral BINOL-derived chlorophosphite
(99) has again been widely used in the design of new mono-, di- and poly-
phosphite ligands. Among new monophosphite systems derived from
phosphitylation of BINOL are (100),120 (101),121 and a series of acylphos-
phites.122 BINOL phosphites derived from the steroidal alcohol deoxycholic
acid123 and various carbohydrate alcohols124,125 have also been prepared. The
partially reduced H8-BINOLmonophosphites (102) are also easily accessible and
have shown good performance in rhodium-catalysed hydrogenation reactions.126

Routes to other new axially chiral biphenyls have enabled the synthesis of the
atropisomeric phosphites (103)127 and (104).128 Among other new cyclic mono-
phosphite esters reported are the chiral ligand (105),129 the phosphitylated
dihydroquercitin (106),130 and the benzodioxaphosphorin (107).131 A new route
to fluorous phenols has given access to the triarylphosphites (108).132 Established
routes to phosphites have been exploited in the synthesis of a wide range of new
cyclic phosphites having two or more phosphite units. The reactions of chloro-
phosphites with bisphenols have given macrocyclic bis-, tris- and tetrakis-phos-
phites, e.g., (109),133 and related macrobicyclic systems.134 Phosphitylation of
2,20-dihydroxybiphenyls and related BINOLs is key to the synthesis of a variety
of cyclic bis(phosphites), e.g., (110),135,136 furanoside bis(phosphites), e.g.,
(111),137 and chiral pyrophosphites, e.g., (112).138 Transesterification of
triphenylphosphite with pentaerythritol and dipentaerythritol provides a route
to a variety of bicyclic phosphites, e.g., the bis(phosphite) (113) and the mixed
donor pyridine-functionalised phosphite (114).139 The synthesis of mixed donor
P,N-bidentate ligands by Russian workers has been reviewed.140 Among new
phosphites also bearing nitrogen donor centres are the pyridinoamides (115),141

the phosphito-isoquinoline (116),142 various amino-, imino-,143 and oxazolino-
phosphites,144,145 and the tripodal N-centred tris(phosphites) (117).146 The
tris(zinc(II) porphyrinyl)phosphite (118) has been prepared and shown to form
supramolecular multicomponent assemblies with quinuclidine and acceptor
metal ions.147 In related work, zinc-complexed tetraarylporphyrins bearing a
single diorganophosphito substituent in one of the aryl groups have also been
prepared and shown to assemble with a series of pyridylphosphines via coordi-
nation of the pyridine nitrogen to the zinc atom, giving new, unsymmetrical
bidentate P–P0 ligand systems.148 Other phosphine-phosphite149,150 and also
phosphite-thioether151 systems have been described. Phosphites derived from
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incompletely condensed silsesquioxanes,152 b-cyclodextrins,153 calixarenes,154

and calix[4]resorcinarenes155 have also been prepared. The synthesis of a series
of phosphite dendrimers has also been achieved, these compounds forming metal
complexes in which the metals are attached to the branching points within the
dendrimer.156
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Apart from their behaviour as ligands in metal catalyst systems, studies of
the reactivity of phosphites towards a wide variety of other substrates have
attracted attention. New aspects and applications of the classical Michaelis-
Arbuzov reaction and its variants continue to appear. Evidence of the thermal
disproportionation of methyltriaryloxyphosphonium halides formed in the
reactions of triarylphosphites with alkyl halides, together with the formation
of P–O–P intermediates, has been reported.157 The Michaelis-Arbuzov reaction
has been used in the synthesis of phosphonate-based styrene-divinylbenzene
resins158 and polyphosphonated chelation therapy ligands.159 Treatment of
electron-rich benzylic alcohols dissolved in triethylphosphite with one equiva-
lent of iodine affords a low-temperature one-pot route to the related benzylic
phosphonates, compounds which are otherwise difficult to prepare.160 Upper-
rim chloromethylated thiacalix[4]arenes have also been shown to undergo
phosphonation on treatment with a phosphite ester in chloroform at room
temperature.161 The nickel(II)-catalysed reaction of aryl halides with phosphite
esters in high boiling solvents, e.g., diphenyl ether, (the Tavs reaction), has also

142 Organophosphorus Chem., 2006, 35, 127–168



found application in the synthesis of upper-rim calix[4]arene phosphonates162

Diethyl arylphosphonates are rapidly accessible in good yield from nickel(II)
and palladium(II)-catalysed reactions of aryl halides with triethylphosphite
under microwave radiation.163 No metal ion catalyst is needed in the reaction
of nitro-activated chlorothiophenes with triethylphosphite, which proceed in
the absence of a solvent under mild conditions to give the related nit-
rothienylphosphonates.164 g-Azido-a-diazo-b-ketoesters have been shown to
react with trimethylphosphite under mild conditions in a tandem Staudinger-
Arbuzov rearrangement sequence to form g-(dimethylphosphorylamino)
-a-diazo-b-ketoesters, e.g., (119).165 Reactions of phosphite esters with a-halo-
carbonyl and related compounds have also continued to be reported. Both
Arbuzov and Perkow pathways have been observed in the reactions of trial-
kylphosphites with mono-and di-acylals of halo-substituted acetic acids.166

Aza-Perkow pathways are involved in the reactions of trihaloacetimidoyl
chlorides with trialkylphosphites.167 The reaction between triethylphosphite
and 2-bromo-1,3-dicarbonyl compounds has been used to generate enolphos-
phate intermediates, subsequently alkylated to form b-substituted-ab-unsatu-
rated carbonyl compounds.168 Mechanistic and synthetic aspects of the
reactions of g-halogeno-ab-unsaturated carbonyl compounds with trialkyl-
phosphites, leading to a variety of functionalised phosphate esters, have also
been explored.169 A reductive methylation/phosphorylation pathway is in-
volved in the reaction of trimethylphosphite with 3,4-diazacyclopentadienone
N-oxides, which results in the phosphate (120).170 A new protocol has been
developed for the O-methylation of phenolic compounds using trimethylphos-
phite (or trimethylphosphate) under solvent-free and microwave conditions.171

Conditions have been established for the selective hydrolysis of the bicyclic
phosphites (121) to give the related dihydrogen phosphites (122).172 A study of
the hydrolysis of the cyclic phosphites (123, X¼OPh) (and the related phos-
phoramidites, X¼NMe2) to the cyclic phosphites (124), in the presence of
intentionally added water, has shown that hydrolysis is inhibited by the
addition of simple additives such as KF, K2CO3, or Et3N.173 Further examples
of the formation of glycosydic linkages via the intermediacy of glycosylphos-
phites have appeared.174,175 The reaction of a protected glucopyranoside with
triethylphosphite and trimethylsilyl trifluoromethanesulfonate has been shown
to lead to the formation of the seven-membered phostone system (125).176 A
new reaction of vicinal sulfonyliminocarboxylates (126) with phosphite esters
involves a chelotropic 1,4-cycloaddition of the phosphite to form an interme-
diate cyclophosphorane, followed by a 1,2-shift of the sulfonyl group, resulting
in the iminophosphoranes (127).177 A new class of semistabilised phosphorus
ylides (128) derived from phosphites is accessible in-situ from the reaction of
trialkylphosphites with a carbene-transfer reagent system, affording high E-
selectivities in Wittig olefination reactions.178 A route to stabilised ylides derived
from phosphites is afforded by the reactions of phosphite esters with electron-
withdrawing acetylenes such as dibenzoylacetylene or dimethyl acetylenedicar-
boxylate, the resulting 1:1 intermediate ylides then being trapped with a variety
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of reagents.179,180 Nucleophilic attack of phosphite esters at carbon is also the
key step in reactions with a benzylidenemalonitrile, giving the phosphonates
(129),181 with a-ketoallenes, initially giving the cyclic phosphoranes (130),182

and with various benzoxazinones, giving phosphonated isoindolines and in-
doles.183 The reactions of trialkylphosphites with the naphtho[2,1-b]furanylium
cation184 and 3-acetylcoumarin185 have also been explored. Oxidation reactions
of phosphites have also attracted attention. Sterospecific oxidation of trialkyl-
phosphites obtained enantioselectively by the condensation of racemic dial-
kylphosphorochloridites with an alcohol in the presence of a chiral amine has
provided the first asymmetric synthesis of trialkylphosphates.186 Whereas aryl-
phosphites are normally unreactive towards singlet oxygen, indirect oxidation to
the phosphates occurs in a dye-sensitized co-photooxidation in the presence of
dimethylsulfide.187 Triarylphosphites are also oxidised by diarylselenoxides
by a concerted oxygen-transfer mechanism.188 Trimethylphosphite has found
use as a trap for alkoxy radicals formed from the ring-opening of ox-
iranylcarbinyl radicals formed from haloepoxides in the presence of free-radical
initiators.189 The reaction of epoxides with trialkylphosphites in the presence of
trimethylsilyl chloride and lithium perchlorate in diethylether occurs regioselec-
tively to form the phosphonates (131).190 Combinations of trimethylphosphite
with trimethylsilyl chloride or acetic acid, again in the presence of lithium
perchlorate in diethylether, have found use in the synthesis of a-hydrazinophos-
phonates and N-hydroxy-a-aminophosphonates.191 a-Aminophosphonates have
also been prepared by the reactions of aldehydes, secondary amines and trial-
kylphosphites in the presence of ethereal lithium perchlorate192 or aluminium
trichloride.193 Further applications have been described of the use of triethyl-
phosphite as a coupling reagent in the synthesis of new extended analogues of
tetrathiafulvalene,194 and heterohalogenated tetrathiafulvalenes.195 Anomalous
ring cleavage of 1,3-dithiole- and 1,3-diselenole-2-thiones has been observed
under cross-coupling conditions using triethylphosphite.196 Organophosphites
continue to be of interest as stabilisers in PVC formulations197 and as ligands in
asymmetric transition metal catalysis, where again the utility of mixtures of
different monodentate phosphites (and phosphonite) esters has been noted.198

Bulky triarylphosphite ligands have been shown to undergo ortho-metallation
reactions in the presence of platinum and palladium salts, the resulting complexes
having significant catalytic activity in Stille and Suzuki coupling reactions.199

The tricyclic phosphite (132) has also shown superior properties as a ligand in
metal-catalysed olefin hydrogenation and hydroformylation reactions.200 Interest
in the chemistry of secondary phosphites has also continued, with particular
reference to their tautomerism and the involvement of the P(III) hydroxyphos-
phite tautomers as intermediates in reactions. A novel double dealkylation of a
trialkylphosphite in the presence of acid and a ruthenium salt has enabled the
characterisation of the monoester MeOP(OH)2 as a ligand.201 When dimethyl-
phosphite (normally viewed as dimethyl phosphonate) is used as the phosphorus
component of the Mitsunobu reaction, the course of the reaction changes and
leads to products arising from free-radical pathways.202 The reaction of diallyl-
phosphite with bis(trimethylsilyl)acetamide or trimethylsilyl chloride yields
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the phosphite (133), which, on exposure to phosgene in toluene, is converted into
the bis(phosphonomethyl)phosphoric acid ester (134).203 Treatment of the bicy-
clic thiophosphite (135) with di(Grignard) reagents derived from ao-di-
bromoalkanes, followed by a further Grignard reagent or sodium alkoxide,
and final treatment with sulfur and water, provides a simple route to the
dithiaphosphepin system (136).204 Among theoretical treatments of phosphite
esters reported are studies of the molecular and conformational preferences of
trimethylphosphite, both as a free ligand and also in the metal-coordinated
state,205 the estimation of barriers to atropisomerism of dibenzo[d,f][1,3,2]di-
oxaphosphepin moieties of bis(phosphite) ligands,206 and the ring closure of
2-hydroxyethyl ethylene phosphites to form bicyclic spirophosphoranes, a new
P(III) insertion reaction.207 A structural and microstructural description of the
glacial state of triphenylphosphite has been achieved from powder synchrotron
X-ray diffraction data and Raman scattering studies.208
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4 Tervalent Phosphorus Amides

4.1 Aminophosphines. – The synthesis and use of aminophosphines as ligands
have been reviewed.209 Racemic chlorophosphines of the type R1R2PCl have
been shown to react stereoselectively with chiral amines (1-phenylethylamine or
aminoacid esters) in the presence of triethylamine to give the diastereomerically
enriched aminophosphines (137), which were isolated as diastereomerically
pure crystalline borane complexes.210,211 This approach has also been used
in the synthesis of chiral t-butylphenylphosphine oxide, via the acid hydrol-
ysis of an intermediate chiral aminophosphine.212 Among other new mon-
oaminophosphines prepared by treatment of primary or secondary amines with
chlorophosphines in the presence of a base are the adenine derivatives (138),213

the phosphinoalkylaminophosphines (139),214 the aminophosphine-phosphine
sulfide (140),215 and the hydrazinophosphines (141)216 and (142).217 New
aminophosphines and amino(chloro)phosphines bearing trialkylsilyl and other
sterically bulky substituents at nitrogen have been prepared via treatment of N-
lithiated amines with chlorophosphines and characterised by X-ray crystallo-
graphy and NMR studies.218,219 The first fully-characterised NH-functional
monophosphinourea derivative (143) has been obtained as a crystalline solid in
almost quantitative yield from the reaction of N,N0-dimethylurea with chlor-
odiphenylphosphine in the presence of triethylamine in THF.220 A detailed
study of the reactions of anilines, bearing electron-withdrawing substituents in
the benzene ring, with chlorodiphenylphosphine and inorganic or organic bases
in different solvents and in varying stoichiometry has shown that, in addition to
the aminophosphines (144), both diphosphinoamines (145) and the phosphi-
nophosphazenes (146) can be isolated in varying amounts. In the case of the
reaction of pentafluoroaniline with chlorodiphenylphosphine and butyllithium
in equimolar amounts, the phosphazene is the sole product. The latter com-
pounds arise from the intermediacy of a P-lithiophosphazide anion, a tautomer
of the N-lithioamide expected to be formed in the reaction mixture.221,222 The
perfluoroalkylaminophosphine (147) has been prepared for ligand applications
in fluorous biphasic solvent systems.223 Polymer-bound aminoalcohols have
been transformed by conventional chemistry into a series of polymer-supported
aminophosphine-phosphine and -phosphinite ligands, e.g., (148).224 The antic-
ipated high basicity of the tris(guanidyl)phosphine (149) stimulated several
attempts to prepare it. However, these only led to the isolation of the corre-
sponding phosphine oxide.225 Considerable interest has been shown in the
synthesis of bis(aminophosphines) and many new examples have been de-
scribed. These include the simple benzene- and pyridine-bridged systems
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(150)226,227 and (151),228 the bis(phosphinoamides) (152),229 the alkylene-
bridged system (153)230 various phosphinoamines derived from atropisomeric
2,20-diamino-1,10-binaphthyl and related partially-reduced systems,231,232 and
the arene sulfonylaminophosphines (154) and (155).233 Also described are
bis(aminophosphines) (and related phosphoramidites) derived from heterocyclic
secondary amines such as phenazine, piperazine and homopiperazine, e.g.,
(156),234 (157)235,236 and (158).237 N-Pyrrolylaminophosphines have also at-
tracted attention. Among new pyrrolyl- (and related indolyl)-phosphines
described is the chiral sulfonylated derivative (159),238 the 7-aza-N-indo-
lylphosphines (160),239 the cyanopyrrolylphosphines (161),240 the unsymmetri-
cal di(N-pyrrolyl)phosphino-functionalised dppm analogue (162),241 and the
heterocyclic aminophosphine (163).242 Other heterocyclic aminophosphines
prepared include chiral diazaphospholidines, e.g., (164),243 (165),244 and (166),
the latter resulting from a ring-contraction of the diazadiphosphocine (167) on
treatment with phenylmagnesium bromide,245 and also the atropisomeric system
(168).246 A crowded diazaphospholidine system has also been used for the
stabilisation of the optically pure phosphino(silyl)carbene (169).247 Amino-
phosphine-stabilised C-phosphanyl-C-chloroiminium salts (170) have been pre-
pared as electrophilic carbene synthetic equivalents.248 In addition to the
ferrocenylbis(diazaphospholidine) (165) noted above, other new ferrocene-based
chiral aminophosphines, e.g., (171)249 and (172),250 have also been prepared.
Chiral aminophosphine-oxazoline hybrid ligands have continued to attract
attention, new examples including (173)251,252 and (174).253 Routes to four-
membered ring aminophosphines (diphosphazanes) have undergone further
development, new systems reported including (175),254 (176),255 and (177).256

The pyridyl-functionalised diphosphazane (178) has been prepared
as part of a study of the oligomerisation of phospha(III)zanes.257 Both
diphosphazanes and triphosphazanes (179) have been identified as products
of oligomerisation of the iminophosphines R–N¼P–X.258 The 1,2-bis(di-
azasilaphosphetidino)ethane chelating ligand (180) has also been prepared.259
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Treatment of the crowded amino(chloro)phosphine (181) with aluminium
chloride results in chloride abstraction to yield the phosphenium salt (182). With
potassium-graphite in THF, (181) is converted into the diphosphine (183),
which undergoes reversible dissociation on heating in vacuo to form the stable
radical (184), which reverts to the diphosphine on cooling. The structure of the
radical has been determined in the gas phase by electron diffraction.260,261 In
contrast, the reaction of o-cyanophenylamino(diphenyl)phosphine with potas-
sium-graphite proceeds with proton-abstraction to give a ‘free’ phosphinamide
anion, isolated as a potassium complex.262 The ligand donor properties of
P–N bonded phosphinoamides have been reviewed.263 A new route to imino-
phosphoranes (185) is provided by alkylation of arylaminophosphines, followed
by deprotonation with triethylamine.264 Surprisingly, protonation of dip-
hosphinoamines attached to pyridine at the ortho-position, e.g., (186), results
in a quantitative transformation to iminophosphoranes, e.g., (187), which is
reversed on treatment with base, the system therefore having potential as a new
type of molecular switch.265 Iminophosphorane tautomers have also been
recognised as intermediates in the reactions of the aminophosphine ButP(NH2)2
with Group 13 metal trialkyls, which result in the formation of the eight-
membered ring heterocycles (188).266 In contrast, the reactions of ButP(NHBut)2
with base-stabilised aluminium hydrides proceed via the aminophosphine form
at the ‘hard’ nitrogen atoms with elimination of dihydrogen to give the
H-bridged dimer (189). Related reactions with boranes, gallanes and indanes
take place at the softer phosphorus atom to give simple adducts.267 Amino-
phosphines of the type Ph2PNHAr have been shown to act as iminophosphor-
anyl synthons, undergoing addition of the P–H bond of the iminophosphorane
tautomer to the vinyl group of P-vinyliminophosphoranes to give the bis(imi-
nophosphoranes) (190).268 Treatment of the borane adduct of the di-
azaphospholidine (164, X¼Ph) with phenyllithium results in an unusual
addition/nucleophilic aromatic substitution reaction, to give the diazaphosph-
aazulene (191).269 Insertion of carbon fragments into the P(III)–N bond of
aminophosphines and aminobis(phosphines) occurs on treatment with parafor-
maldehyde, resulting in the insertion of a methylene group, followed by oxida-
tion at phosphorus to give, e.g., the phosphine oxides (192). Similarly, the
reaction of aromatic aldehydes with aminophosphines results in insertion of
‘ArCH’ into the P–N bond to give the phosphine oxides (193), whereas with
aliphatic aldehydes, P–N bond cleavage occurs, giving a-hydroxyalky-
lphosphine oxides.270 Treatment of bis[bis(dialkylamino)phosphino]methanes
(194) with bis(trifluoromethyl)acrylonitrile results in the formation of the ylides
(195), which gradually decompose at room temperature to form the amino(flu-
oro)phosphinoiminophosphorane (196).271 A procedure has been developed for
the determination of the absolute configurations of chiral phenylcarbinols from
the 31P-NMR spectra of the diastereoisomers formed in the reactions of the
alcohol with the chiral phospholidine derivatising agents (197), formed in situ
from chiral diamines of known absolute configuration.272 The diselenide (198)
has been obtained in good yield and on a large scale from the reaction of the
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parent bis(phosphino)amine with selenium in concentrated solutions in tolu-
ene.273 The reaction of tris(dimethylamino)phosphine with a rotaxanated di-
sulfide has been shown to lead to cleavage of the S–S bond, resulting in the
formation of a stable tris(dialkylamino)thiophosphonium salt in rotaxane
form.274 The synthesis, reactions, and catalytic applications of the bicyclic
triaminophosphines (proazaphosphatranes) (199) have continued to attract
attention and this area has been reviewed.275 Among new catalytic applications
of these compounds reported by Verkade’s group is their use in various
palladium-catalysed procedures, including the Stille cross-coupling of aryl
chlorides,276 amination reactions of aryl halides,277,278 and the direct a-arylation
of nitriles with aryl bromides.279 Proazaphosphatrane ligands have also found
use in the Bayliss-Hillman reaction,280 the dimerisation of allyl phenyl sulf-
one,281 the head to tail dimerisation of methyl acrylate,282 and for the regiose-
lective Michael addition of a bg-unsaturated ester and a nitrile to a variety of
ab-unsaturated ketones.283 Verkade has also reported the Staudinger reactions
of (199, R¼Me or Pri) with various arenesulfonylazides, which lead to the ionic
phosphazides (200) and (201), together with other products, depending on the
initial triaminophosphine structure.284 Alkyldiaminophosphines, in particular
(202), have shown promise as ligands in expanding the scope of the Stille cross-
coupling reaction to alkyl halides.285 Interest in the coordination chemistry of
aminophosphines has also continued, recent reports including studies of Group
6 transition metal carbonyl complexes286 and the reactivity of dialkylamino- and
bis(dialkylamino)-phosphines in the coordination sphere of metals.287
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(202)

4.2 Phosphoramidites and Related Compounds. – The synthesis of phosphor-
amidites has continued to be a very active area, being driven by the need to
develop new, more effective, chiral ligands for use in metal-promoted homo-
geneous catalysis. Phosphoramidites derived from BINOL continue to domi-
nate the field, and although many of the publications noted are now mainly
concerned with applications in catalysis, the synthesis of new BINOL-derived
compounds has also been reported, including schemes for the parallel synthesis
of ligand libraries of monodentate BINOL-phosphoramidites (203), linked to in
situ screening for catalytic activity.288,289 New polymer-bound BINOL-phos-
phoramidites have also been described, including (204)290 and (205),291 and
compounds derived from the free-radical polymerisation of phosphoramidites
bearing a p-styrylamino substituent.292 New monomeric BINOL-phosphor-
amidites have also been prepared, including (206)293 and mixed phosphor-
amidite-phosphite and -phosphinites, e.g., (207).294 Applications in catalysis of
BINOL-phosphoramidites have attracted much interest. Monodentate BIN-
OL-phosphoramidites offer a breakthrough in rhodium-catalysed asymmetric
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hydrogenation of alkenes295 and a- or b- dehydroaminoacid derivatives,296,297

acting as more accessible, effective replacements for bidentate chiral phos-
phines, and affording high enantioselectivities. Other applications include their
use in promoting highly enantioselective conjugate additions of dialkylzinc
reagents to acyclic nitroalkenes,298 asymmetric allylic-substitution,299 -amina-
tion,300 and -alkylation,301 conjugate addition reactions of arylboronic acids302

and Meldrum’s acid,303 the enantioselective desymmetrization of meso-cyclic
allylic bisdiethylphosphates,304 and the asymmetric borane reduction of the N-
phenylimine of acetophenone.305 New phosphoramidites (208) derived from
H8-BINOL have been prepared and applied as ligands for the catalytic hydro-
genation of enamides306 and a-dehydroaminoacids.307 Also reported is a series
of new chiral phosphoramidites based on 2,20-dihydroxybiphenyls, e.g.,
(209),308 and (210).309 In addition to these atropisomeric systems, the synthesis
of a wide variety of new phosphoramidites, many of which are chiral, has been
reported. Among new chiral monodentate systems is a range of heterocyclic
compounds derived from 2-(2-hydroxyphenyl)-1H-benzimidazole, e.g., (211)
(from which a series of stable pentacovalent phosphoranes has also been
obtained via reactions with 3,5-di-t-butylcatechol),310 the phospholidines
(212),311 a series of spirophosphoramidites (213)312,313 which also have appli-
cations in catalysis,314,315 the 1,3,2-oxazaphospholidinones (214),316 the pro-
tected pentaerythritol derivatives (215),317 the D-mannitol derivatives (216),318

and the P-chirogenic diaminophosphine oxide (217), this representing a new
class of chiral phosphorus ligand which displays its activity via the P(III)
tautomer.319 The selective phosphitilation of dihydroquercitins has been ex-
plored and a number of new phosphoramidites described.320,321 A silsesquioxa-
nylphosphoramidite has also been prepared.322 Various monodentate and
bidentate phosphoramidites involving the same phosphoramidite unit have
been prepared. Included among these are pyrrole-based phosphoramidites, e.g.,
(218),323 various catechol-based phosphoramidites, e.g., (219),324 and the eth-
ylene-bridged oxazaphosphorinanones (220).325 Among large ring heterocyclic
phosphoramidites prepared are ten-membered ring systems, e.g., (221),326 and the
16-membered macrocycle (222).327 New phosphoramidite ligands bearing addi-
tional donor centres have also attracted interest and among these are the urea
derivative (223)328 and a series of phospholidines of type (212) which bear a chiral
aminoalkoxy substituent at phosphorus.329
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The reactions of triaminophosphines and diamidoarylphosphites with mac-
rocyclic phenolic compounds have continued to be applied in the synthesis of
cyclic phosphocavitand amidophosphite derivatives (224) of calix[4]re-
sorcinarenes.330,331 The first heterobimetallic complexes of such ligands have
been prepared.332 Also reported is a study of the selective oxidative imination
of these phosphocavitands with phenyl azide, only three of the four phosphorus
atoms undergoing the reaction.333 The amidophosphitylation of phenols has
also been used to prepare new phosphoramidite derivatives, e.g., (225), of
calix[5]arenes, the larger cavity, compared to calix[4]arenes, providing greater
flexibility in interactions with metal ions.334 Further work has appeared on the
spontaneous dismutation of diamidoarylphosphites, to form cyclo(bis-amid-
oarylphosphites) (226) and phosphorus triamides, that occurs in solution at
room temperature. Substituent and solvent effects have now been explored.335

The naphthylene bis(diamidophosphite) (227) undergoes a similar dismutation to
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form the unsymmetrical diphosphacyclophane (228).336 The reactions of cyclic
phosphoramidites with dialkyl azodicarboxylates lead to products that are quite
different to the familiar phosphoniobetaines involved as the key intermediates in
related Mitsunobu reactions of tertiary phosphines. Thus, e.g., treatment of the
cyclic phosphoramidites (229) with a dialkyl azodicarboxylate results in the
formation of the phosphinimines (230). The mechanism of these reactions has
been investigated by solution NMR studies, revealing the involvement of penta-
and hexa-coordinate phosphorus intermediates.337 The chiral oxazaphospho-
lanes (231) have been shown to undergo a stereoselective redox addition reaction
with aromatic aldehydes to form the cyclic phosphinimines (232), potential
precursors of a-hydroxyphosphonate esters of medicinal interest.338 The reac-
tions of the oxazaphospholanes (233) with carboxylic acid chlorides also result in
oxidation at phosphorus, with the formation of the cyclic phosphonamidates
(234).339 On treatment with azides, the allyloxydiazaphospholidines (235) form
the expected phosphinimines (236). These undergo a palladium-catalysed [3,3]-
sigmatropic rearrangement to form the phosphoramidates (237), precursors of
allylic amines.340 Phosphoramidites have been shown to be efficient, ‘green’
organocatalysts for the Michael reaction.341 They have also found use in the
synthesis of phosphito-alkoxytitanium gel materials,342 and as reagents in a
phosphoramidite approach to the phospholipid ‘cardiolipin’.343
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148. V.F. Slagt, M. Röder, P.C.J. Kamer, P.W.N.M. van Leeuwen and J.N.H. Reek, J.

Am. Chem. Soc., 2004, 126, 4056.

149. A. Suárez, M.A. Méndez-Rojas and A. Pizzano, Organometallics, 2002, 21, 4611.
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303. T. Watanabe, T.F. Knöpfel and E.M. Carreira, Org. Lett., 2003, 5, 4557.

304. U. Piarulli, C. Claverie, P. Daubos, C. Gennari, A.J. Minnaard and B.L. Feringa,

Org. Lett., 2003, 5, 4493.

305. L. Kangying, Z. Zhenghong, Z. Guofeng and T. Chuchi, Heteroatom Chem., 2003,

14, 546.

306. X. Li, X. Jia, G. Lu, T.T.-L. Au-Yeung, K.-H. Lam, T.W.H. Lo and A.S.C. Chan,

Tetrahedron: Asymmetry, 2003, 14, 2687.

307. Q. Zeng, H. Liu, A. Mi, Y. Jiang, X. Li, M.C.K. Choi and A.S.C. Chan,

Tetrahedron, 2002, 58, 8799.

308. Z. Hua, V.C. Vassar, H. Choi and I. Ojima, Proc. Nat. Acad. Sci. USA, 2004

101, 5411.

309. C.G. Arena, V. Casilli and F. Faraone, Tetrahedron: Asymmetry, 2003, 14, 2127.

310. J. Hernández-Dı́az, A. Flores-Parra and R. Contreras, Heteroatom Chem., 2004,

15, 307.

311. V.N. Tsarev, S.E. Lyubimov, A.A. Shiryaev, S.V. Zheglov, O.G. Bondarev, V.A.

Davankov, A.A. Kabro, S.K. Moiseev, V.N. Kalanin and K.N. Gavrilov, Eur. J.

Org. Chem., 2004, 2214.

312. H. Zhou, W.-H. Wang, Y. Fu, J.-H. Xie, W.-J. Shi, L.-X. Wang and Q.-L. Zhou, J.

Org. Chem., 2003, 68, 1582.

313. S.-F. Zhou, Y. Fu, J.-H. Xie, B. Liu, L. Xing and Q.-L. Zhou, Tetrahedron:

Asymmetry, 2003, 14, 3219.

314. W.-J. Shi, L.-X. Wang, Y. Fu, S.-F. Zhu and Q.-L. Zhou, Tetrahedron: Asymme-

try, 2003, 14, 3867.

315. A.-G. Hu, Y. Fu, J.-H. Xie, H. Zhou, L.-X. Wang and Q.-L. Zhou, Angew. Chem.

Int. Ed., 2002, 41, 2348.

316. W.H. Hersch, P. Xu, C.K. Simpson, J. Grob, B. Bickford, M.S. Hamdani, T.

Wood and A.L. Rheingold, J. Org. Chem., 2004, 69, 2153.

317. S.J. Kim, E.-K. Bang and B.H. Kim, Synlett, 2003, 1838.

318. A. Bayer, P. Murszat, U. Thewalt and B. Rieger, Eur. J. Inorg. Chem., 2002,

2614.

319. T. Nemoto, T. Matsumoto, T. Masuda, T. Hitomi, K. Hatano and Y. Hamada, J.

Am. Chem. Soc., 2004, 126, 3690.

320. E.E. Nifantyev, M.P. Koroteev, G.Z. Kaziev, I.S. Zakharova, K.A. Lyssenko,

L.N. Kuleshova and M.Yu. Antipin, Tetrahedron Lett., 2003, 44, 6327.

321. E.E. Nifant’ev, T.S. Kukhareva, Z.M. Dzgoeva, L.K. Vasyanina, M.P. Koroteev

and G.Z. Kaziev, Heteroatom Chem., 2003, 14, 399.

322. Z. Fei, R. Schmutzler and F.T. Edelmann, Z. Anorg. Allg. Chem., 2003, 629, 353.

167Organophosphorus Chem., 2006, 35, 127–168



323. S.C. van der Slot, J. Duran, J. Luten, P.C.J. Kamer and P.W.N.M. van Leeuwen,

Organometallics, 2002, 21, 3873.

324. R. Hoen, M. van den Berg, H. Bernsmann, A.J. Minnaard, J.G. de Vries and B.L.

Feringa, Org. Lett., 2004, 6, 1433.

325. Y. Lu, M. Freytag, P.G. Jones and R. Schmutzler, Z. Anorg. Allg. Chem., 2003,

629, 1953.

326. M.S. Balakrishna and R. Panda, Phosphorus, Sulfur, Silicon, 2003, 178, 1391.

327. P. Kommana, K.V.P.P. Kumar and K.C.K. Swamy, Ind. J. Chem., Section A:

Inorg., Bio-Inorg., Physical., Theoretical and Analytical Chem., 2003, 42, 2371.
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1 Introduction

The current review is of necessity selective. Over the two year period covered,
there has been impressive advances in several areas of P(V) chemistry. For
example, biological aspects of quinquevalent phosphorus acids chemistry con-
tinue to increase in importance. A wide variety of natural and unnatural
phosphates including inositols, lipids, some carbohydrates and their phospho-
nates, phosphinates and fluorinated analogues has been synthesized. Special
attention has been paid to the synthesis of phosphorus analogues of all types of
amino acids and some peptides. Numerous investigations of phosphate ester
hydrolysis and related reactions continue to be reported. Interest in approaches
to easier detoxification of insecticides continues. A number of new and im-
proved stereoselective synthetic procedures have been elaborated. The impor-
tance of enantioselective and dynamic kinetic asymmetric transformations is
illustrated in many publications.

2 Phosphoric Acids and Their Derivatives

Asymmetric synthesis with chiral cyclic phosphorus auxiliaries has been the
subject of a review.1

2.1 Synthesis of Phosphoric Acids and Their Derivatives. – A selective and mild
synthetic route to long or functionalized chained dialkyl phosphates (1)–(5) has
been reported (Figure 1).2

Trimethylsilyl phosphorohalidates (6) and (7) have been synthesized from
phosphoryl dihalogenofluoride (8) and hexamethyldisiloxane (9). An alterna-
tive approach to (7) using bis(trimethylsilyl) phosphorofluoridate (10) has been
also elaborated (Scheme 1).3 Compounds (6) and (10) are involved in a new
synthesis of bis(trimethylsilyl) diphosphorodifluoridate (11).3
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The first example of the asymmetric synthesis of P-chiral trialkyl phosphates
(12) via trialkyl phosphite, in which the keystone is dynamic kinetic resolution
in the condensation of a dialkyl phosphorochloridite (13) and an alcohol by the
catalytic assistance of a chiral amine has been reported (Figure 2).4

2,4-Dinitrophenol (DNP) was employed as an activating reagent with ben-
zyloxy-bis-(diisopropylamino) phosphite to synthesize the cyclic phosphate
derivatives (14) from a series of alkane diols HO–(CH2)n–OH (n¼2–6). In-
cluded was a cyclic phosphate derivative of carbohydrate (15). The mechanism
of activation by 2,4-DNP and cyclization was also described (Figure 3).5

A convenient approach to a variety of cyclic enol phosphates (16) and (17)
via ring-closing methathesis (RCM) using the second generation Grubbs cat-
alyst (18) has been elaborated (Figure 4).6

N

N O

(CH2)8(1) R =

(2) R = oleyl
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(4) R =CH3(CH2)3 N
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Reactions of alkyl halides with diethyl phosphite in the presence of ammo-
nium acetate/sulfur and acidic aluminia using microwave irradiation provide a
simple and general route to thiophosphates.7 Two diastereoisomers of 1,3,2-
dithiadiphosphetane 2-sulfide (19) have been isolated for the first time via the
reaction of thioketones (20) with Lawesson’s reagent (Figure 5).8

The ring-closure reactions of isoquinoline derivatives (21) with phenylphos-
phonyl chloride afforded a new ring system (see 1,3,2-diazaphosphorinano [6,1-
a] isoquinolines (22) and (23) in Scheme 2). Their conformational analysis was
performed by 1H, 13C, 31P-NMR.9

A simple method for the synthesis of polyfunctional phosphorodithioates
(and structural analogues) (24) based on the nucleophilic ring opening reactions
of N,N-dialkyl-3-hydroxy(benzyloxy) azetidinium salts (25) and N,N-dibenzyl-
2,3-epoxy-propylamine with anions of mono- and dithioacids of phosphorus
(26) has been reported (Scheme 3).10 A new reaction of vicinal sulfonylimino-
carboxylates (27) with phosphite occurs with N-C transfer of the RSO3 group
and leads to sulfonyl-substituted trifluorophosphazene derivatives (28) (Scheme
4). The novel rearrangement is interpreted as cheletropic 1,4-cycloaddition and
subsequent 1,2-shift of the sulfonyl group in the intermediate phosphorane.11

A significant advance in the synthesis of phosphorylated prodrugs has been
described. The preparation of various bis-pivaloyloxymethyl (POM) phosphate
triesters (29) was accomplished with the use of bis(POM) phosphoryl chloride
(30) under mild conditions (Scheme 5).12

Phosphorylated 1,6-diphenyl-1,3,5-hexatriene (DPH) (31), a lipophilic dye
consisting a fluorophore attached to a phosphate diester was prepared and its
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fluorescence behavior in different solvent systems and in a liposomal membrane
bilayer was examined (Figure 6a).13 The eight-step synthesis of the fluorescent
porphyrin conjugate (32) featuring a carboranyl phosphate ester attached to
the porphyrin via an amide linkage has been disclosed (Figure 6b).14 Catalytic
asymmetric total synthesis of a promising anticancer agent Fostriecin (33) has
been performed using method that combined several catalytic asymmetric
reactions as shown in Scheme 6.15

A convenient synthesis of (E)-4-hydroxy-3-methyl-2-butenyl pyrophosphate
(34), an intermediate in the deoxyxylulose pathway of isoprenoid biosynthesis,
was accomplished by pyrophosphorylation of (E)-4-chloro-2-methyl-2-butene-
1-ol (35) (Scheme 7). This route enables convenient access to isotopically
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labelled product [4-13C] (34) from commercially available [1-13C]-2-propionic
acid.16

Farnesyl diphosphate analogues (36)–(40) modified in the central isoprene
unit have been prepared via the authors stereoselective vinyl triflate-mediated
route to isoprenoids. The 7-allyl compound (38) is a modest inhibitor of
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mammalian protein-farnesyl transferase, but surprisingly the other analogues
are effective alternative substrates for this enzyme (Figure 7).17

The first catalytic methodology to convert glycals (41) into glycosyl phos-
phates (42) employing safe, commercially available reagents has been presented
(Scheme 8).18

A novel and practical synthesis of S-(1- and 2-halogenoalkyl) sugars (43),
including some at the anomeric center, has been developed. The synthesis
consists of reactions of readily available S-(O,O-dialkyl)phosphorodithioates
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(44) or monothioates at various positions in the carbohydrate ring with fluoride
anions. In this reaction the halogenoalkanes play the role of both reactants and
solvents. (Scheme 9).19

The preparation of inositol and structurally related phosphates continues to
be explored. Examples include the synthesis of the enantiomers D- and L-myo-
inositol 1,3,4,6-tetrakisphosphate (45) and (46) regioisomers of myo-inositol
1,3,4,5-tetrakisphosphate. Both D- and L-isomers are Ins (1,4,5)P3 5-phospha-
tase inhibitors, but not of Ins (1,4,5)P3 3-kinase (Figure 8).20

The synthesis and properties of a malaria candidate glucosyl phosphatidyl
inositol (GPI) prototype (47), and one variant, i.e., (48), of the candidate
structure has been reported. The approach elaborated addresses the crucially
important (vide infra) 0–2 acylation of the inositol moiety, an unusual feature
which also occurs in other heavily lipidated GPIs such as CD52 and AchE
(Figure 9).21

A variable concept for the synthesis of branched glucosyl phosphatidyl
inositol (GPI) anchors was established. Its efficiency could be shown by the
successful synthesis of the GPI anchor of rat brain Thy-1 (49), and of the scrape
prion protein (Figure 10).22

A synthetic strategy has been developed that allows reconstruction of the
protein – GPI anchor linkage motif (50) (Figure 11).23
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The total synthesis of a novel hybrid lipid Pea-PIP2 (51), possessing a
phosphatidyl ethanolamine (PE) headgroup at the 1-position and a phospha-
tidyl inositol 4,5-bisphosphate [PtdIns(4,5)P2] headgroup at the 4-position has
been elaborated. Reporter groups (biotin, fluorophores, spin label) were
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covalently attached to the free amino group of the PE, such that the reporter
groups were attracted to the lipid-water interface (Figure 12).24

The most efficient method for the synthesis of racemic plasmenylcholines
(52), an important class of glycerophospholipids, requires only six steps
beginning from the inexpensive starting materials solketal or glycerol and
acrolein. This method may also be applicable to the synthesis of chiral plasm-
enylcholines (Figure 13).25

A series of phospholipid analogues (53)–(56) have been prepared and eval-
uated for their water solubility and inhibition of PLCBC. Their water solubility
was enhanced by shortening the acyl side chains, reducing the number of acyl
side chains, and by the introduction of a hydroxyl group on the termini of the
acyl side chains. The key structural feature that conferred inhibitory activity on
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the compounds was the replacement of the two non-bridging oxygen atoms of
the phosphodiester group with sulfur atoms (Figure 14).26

Practical and versatile routes have been developed to produce structurally
related phospholipids that are conformationally restricted or flexible (57) and
(58), respectively. The conformationally restricted structures have a cyclop-
ropyl ring in the interfacial region of the phospholipids (Figure 15).27

(R)- and (S)-enantiomers of novel lysophosphatidylcholine analogues (59)
and (60) have been synthesized from commercially available L- and D-serine as
starting materials by a short and efficient method (Scheme 10). These newly
designed and prepared lyso PC analogues exhibited much enhanced hyphal
transition inhibitory activity against Candida species as compared to the
natural lyso PC.28

The synthesis and biological activities of sphingosine-1-phosphate stereoiso-
mers and analogues have been reported, e.g. D-erythro-S1P (61) (Figure 16).29,30
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Another report involves the first total synthesis of two photoactivatable
analogues of the growth-factor-like mediator sphingosine-1-phosphate (62) and
(63) and their differential interaction with protein targets.31 Benzyl or cyano-
ethyl phosphochloroamidites (64) and (65) and D-mannose (66) are convenient
starting materials for the preparation of a wide range of a-D mannosylphos-
phate serine derivatives (67) a new class of synthetic glucopeptides (Scheme 11).
The best results were obtained with serine derivatives modified by amino
protecting or masking groups that provide favorable hydrogen bonding.32

Three 1-(2-nitrophenyl)ethyl phosphoroamino acid building blocks (68), (69)
and (70) for solid-phase peptide synthesis have been described (Figure 17).33

A new straightforward method of synthesis of dendrimers, using two
branched monomers (CA2 and DB2) has been desribed (Figure 18).34

A new illustration of the strong synthetic interest in compounds possessing
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electrophiles, this group is able to activate vinyl groups when included in
heterohexatriene H2C¼CHP(R)2¼NP(R1)2¼X linkage. It has been shown that
this linkage reacts readily and cleanly with variously functionalized primary or
secondary amines and methylhydrazine.35
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2.2 Reactions of Phosphoric Acids and Their Derivatives. – Numerous inves-
tigations of phosphate ester hydrolysis continue to be reported. The hydrolysis
between 1.5 o pH o 4 of five- and six-membered cyclic phosphoramides (71)
has been followed by UV and 31P NMR spectroscopy. Small differences in
hydrolysis reactivity for n ¼ 5 and n ¼ 6 constitutes evidence for syn lone pair
catalysis. The product ratios from the hydrolysis shows that in the five-
membered rings the main product is the one produced by endocyclic cleavage;
meanwhile, in the six- membered cyclic phosphoramide the kinetic product is
the one produced by exocyclic cleavage. The syn orientation of two electron
pairs on nitrogen stabilizes the transition state of water approach to the
phosphoramides by ca. 3 kcal/mol�1 when compared to the orthogonal attack.
(Scheme 12).36

The hydrolysis of diethyl 8-dimethylaminonaphthyl-1-phosphate (72) is cat-
alysed by the neighboring dimethylammonium group, with a rate acceleration,
compared with diethyl naphthyl-1-phosphate, of almost 106. The reaction is
catalysed by oxyanion nucleophiles, and it has been shown that a common
nucleophilic mechanism, enhanced by general acid catalysis by the neighbour-
ing dimethylammonium group, accounts for all the observed reactions. The
efficiency of general acid catalysis depends on the extent of negative charge
development on the leaving group oxygen in the transition state for P–O
cleavage, and the strength of the intramolecular hydrogen bond in reactant and
transition state. (Scheme 13).37

The hydrolysis of the phosphate monoester of 8-(dimethylamino)-1-naphthol
(73), involves nucleophilic attack by oxyanions on a phosphate monoester
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dianion. This is a system known to support efficient intramolecular general acid
catalysis (Scheme 14).38 New fluorescent probes have been synthesized for
monitoring the cleavage of phosphodiesters and of carboxylic esters.39 Signif-
icant and differential acceleration of the dephosphorylation of the insecticides,
paraoxon (74) and parathion (75), caused by alkali metal ethoxides has been
observed. Paraoxon (74) is ca. 20–30 times more reactive than parathion (75)
toward dissociated EtO� but ca. 2 � 103 times more reactive toward ion-paired
EtO�Li1 in anhydrous EtOH (Scheme 15).40

It was found that La31-catalysed methanolysis of hydroxy-p-nitrophenyl
phosphate (HPNPP) (76) is a model for the RNA transestrification reaction
(Scheme 16).41 The same authors proposed catalytic methanolysis promoted by
La31 as a new method for controlled decomposition of paraoxon (74) (Scheme
17). They found that methanolysis of (74) promoted by La(OTf)3
(Tf¼OS(O)2CF3) in a methanol medium is billion-fold accelerated.42 Investi-
gation of the reaction of oximate a-nucleophiles with diisopropylphosphoro-
fluoridate (DFP) (77) and two model phosphonates (78) and (79) has been
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revealed either a leveling off in reactivity or a bell-shaped behavior in accord-
ance with a critical decoupling of desolvation and bond formation. The
relevance of these results to detoxification is also emphasized (Scheme 18).43

A detailed study of the specific rates of solvolysis of N,N,N 0,N0-tetra-
methyldiamidophosphorochloridate (80) (TMDAPC) with analysis in terms
of the extended Grunwald-Winstein equation has been reported (Scheme 19).
The stereochemistry of nucleophilic attack at tetracoordinate phosphorus was
also discussed.44 The initial reaction of bis (2,4-dinitrophenyl) phosphate
(BDNPP) (81) with hydroxylamine involves release of 1 mol 2,4-dinitrophen-
oxide ion and formation of a phosphorylated hydroxylamine (82), which reacts
readily with further NH2OH, giving the monoester (83). The intermediate (82)
also breaks down by two other independent reactions; one involves intramo-
lecular displacement of aryloxide ion (83) and the other involves migration of
the 2,4-dinitrophenyl group from O to N and formation of phosphorylated 2,4-
dinitrophenylhydroxylamine (84) (Scheme 20).45
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Various Lewis acids MXn have been evaluated as catalysts for the phos-
phoryl transfer, the most efficient being TiCl4 (Scheme 21). Application of
this methodology to the phosphorylation of representative target alcohols is
presented.46

A number of N-phosphoryl oxazolidinones (85) have been prepared and
developed as alternative phosphorylating agents suitable for a variety of
representative alcohols. (Scheme 22). The 5,5-diphenyl oxazolidinones were
determined to be the best framework for such reagents.47 The oxathiaphospho-
lane methodology has been applied to the synthesis of N-phosphorothioylated
amino acids as well as O-phosphorothioylated derivatives of hydroxyamino
acids, i.e., serine, threonine and tyrosine. N- and O-(2-thiono-1,3,2,-ox-
athiaphospholanyl) amino acids methyl esters (86) were prepared in high yield
by the reaction of amino acids esters (87) with 2-chloro-1,3,2-oxathiophospho-
lane (88) in pyridine in the presence of elemental sulfur. Compounds (86) were
converted into the corresponding methyl or benzyl phosphorothioamides (89)
by DBU-assisted treatment with methyl or benzyl alcohol. The DBU-assisted
oxathiaphospholane ring opening process did not cause any measurable
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C-racemization of phosphorothioylated/phosphorylated amino acids (Scheme
23).48 An oxathiaphospholane approach to one-pot phosphorothioylation of
isoprenoid alcohols such as allyl, geranyl, isopentenyl, citronellyl, farnesyl, and
phytyl alcohols has also been reported (Scheme 24).49

Non-enzymatic systems were used to show that vibrational spectroscopy can
provide a sensitive probe of the environment of the phosphoryl group, a group
commonly transferred in enzymatic catalysis. The results described provide a
foundation for understanding both the bonding behavior of monosubstituted
phosphates and the electrostatic environment of the phosphoryl group, includ-
ing that within enzyme active sites.50 Physical and kinetic analysis of the
cooperative role of metal ions in the catalysis of 2-hydroxypropyl-4-nitrophenyl
phosphate (HPNP) cleavage by a dinuclear Zn(II) complex (90) have been
reported.51 Non-coordinating amino H-bond donors adjacent to a zinc (II)-
center enhance the affinity of phosphates to the zinc (II) center (Scheme 25).52

Unusually high phosphodiesterolytic activity of La(III) hydroxide complexes
stabilized by glycine derivatives (91) that surpass all currently known catalytic
systems based on trivalent lanthanides was observed (Figure 18a).53
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The energetics of phosphate binding to ammonium- and guanidinium-
containing metallo-receptors in water has been studied. It was proposed that
the binding of the host-guest pairs proceeds through ion-pairing interactions
between the charged functional groups on both the host and the guest. The
differences in the entropy and enthalpy driving forces for the ammonium (92)-
and guanidinium (93)- containing host were postulated to come primarily from
differences in the solvation shell of these two groups (Figure 19).54

TMSOTf – promoted glycosidations of 2-azido-2-deoxyglycopyranosyl di-
phenyl phosphates (94) with a variety of glycoside alcohols afforded 1,2-trans-
b-linked disaccharides (95) in high yield. Furthermore, these reactions proceed
with the highest levels of stereoselectivity reported to date for this type of
glycosidation (Scheme 26).55 Organophosphorus and nitro-substituted sulfon-
ate esters of 1-hydroxy-7-azabenzotriazole (96), (97) and (98) are highly
efficient fast-acting peptide coupling reagents (Figure 20).56
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Chemical transformation of Leustroducsin H (99) to Leustroducsin B (100)
having various biological activities has been successfully accomplished in 11
steps including enzymatic hydrolysis of phosphate ester (Figure 21).57

Zn-chelated glycine ester enolates (101) are highly efficient nucleophiles with
respect to Michael acceptor phosphate (102) in the synthesis of trans-meth-
oxycarbonylcyclopropyl- and cycloacetyl-glycines (103) by domino sequences
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isomers with high yields and excellent diastereo- and enantio-selectivities (e.g.
Scheme 27).58

A highly regio-, diastereo-, and enantioselective desymmetrisation of five-,
six-, and seven-membered meso-cyclic allylic bis-diethyl phosphates (104), (105)
and (106), was achieved with diethylzinc using catalytic amounts of [Cu(OTf)]2,
C6H6 and phosphoramidite ligands (107). The addition of diethylzinc to
cyclopentene, cyclohexene, and cycloheptene bis-diethyl phosphates, provided
allylic monophosphates (108), (109) and (110) with enantiomeric excess of up to
87, 94 and 498%, respectively (Scheme 28).59

Enantiomerically enriched b-(diphenylphosphatoxy)nitroalkanes (111) un-
dergo radical ionic fragmentation induced by tributyltinhydride and AIBN
to give alkene radical cations in contact radical ion pairs. These ion pairs are
trapped intramolecularly by the amino groups to give pyrrolidines (112)
and piperidines with significant enantioselectivity (B60% ee), indicative of
cyclization competing effectively with equilibration within the ion pairs (e.g.
Scheme 29).60 The diastereoselective synthesis of an optically pure spiroketal
(113) via an intramolecular tandem hydrogen abstraction reaction, promoted
by an alkoxy radical, has been reported (Scheme 30). This methodology can be
applied to the generation of radical cations under non-oxidizing conditions.61

It was shown that both the nature of the substituent at phosphorus atom and
the base used in the deprotonation step have a significant influence on the
alkylation of perhydro 1,3,2-benzoxaphosphorinane-2-oxides (114) derived
from (�)-S-benzylamino menthol (Scheme 31).62
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functionality, has been developed for the synthesis of allylic amines (117) and
tosylamines (118) via phosphoroamides (119) and (120) (Scheme 32).63

The same phosphorimidate phosphoramidate rearrangement has been ap-
plied to the preparation of allylic amines starting from the phosphoroimidate
(121) (e.g. Scheme 33).64
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Alkali metal salts of diethyl phosphite (122) act as nucleophiles or electron
donors in their reaction with diethyl phosphorochloridate (123). Evidence was
provided that formation of the direct P(IV)-P(IV) bond proceeds via a single
electron transfer process (SET) from phosphite anion to phosphorochloridate
(Scheme 34).65

Readily available N-(diethoxyphosphoryl)-benzylhydroxyamine (124) with
primary and secondary halides as well as with bis-halides under basic condi-
tions lead to N-alkylated derivatives (125). Facile dephosphorylation afforded
appropriate N-substituted O-benzylhydroamines (126) (Scheme 35).66

The lithiated anions derived from (1-alkyl-) or (1-phenyl-2-propenyl)- phos-
phoric triamides (127) can be used as new ketone homoenolate equivalents. The
proposed route gives various ketones (128) using an umpolung strategy in
contrast to other known routes (Scheme 36).67 It was shown that is-
ocyanatophosphoryl dichloride (129) is a convenient reagent for the introduc-
tion of a carbamoyl group into molecules with p-excessive heterocycles and
enamine groups (Scheme 37).68
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The synthesis of allylic and non-allylic cyclic N-phosphoryliminium ions
(130) based on N,O-acetals (131) and their application in C-C bond formation
(132) has been reported. In addition, the influence of a chiral auxiliary on the
phosphorus atom has been also investigated (Scheme 38).69

A new cyclising reagent is proposed for the synthesis of 5-unsubstituted
1,3,4-thiadiazoles (133). The latter are formed in good yield by the reaction of
thiohydrazides (134) with diethyl chlorophosphate (Scheme 39).70 A useful,
one-pot protocol has been developed for the conversion of enolizable ketones
(135) to alkylated or arylated olefins (136) by Pd-catalysed cross coupling of in-
situ generated enol phosphates (137) with Grignard reagents (Scheme 40).71
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Further examples of the applications of thiophosphates in organic synthesis
have been reported. The methodology based on intermediate thiophosphates
(138) constitutes a general and convenient route to a wide range of conjugated
non-linear trienynes (139). Thiophosphate (138) reacts readily with sodium
derivative of dienynes to form (139) in one operation via single and double
carbon-carbon bond formation (Scheme 41).72

Several new thiophosphates (140) have been prepared. They are useful
precursors of novel cyclic compounds (141) which have similar structures to
Baylis-Hillman adducts. The synthetic approach to these compounds involves
reduction of the carbonyl group by NaBH4 in the presence of methyl iodide
which exhibit full axial selectivity. Subsequent oxidation of intermediate sul-
phides (142) to sulphoxides (143) and cis elimination of the latter affords the
desired compounds (141) of defined stereochemistry (Scheme 42). Multifunc-
tionality of the compounds makes them attractive for numerous further
important transformations.73

A convenient, general and stereoselective synthesis of trisubstituted and tetra-
substituted alkenes (144), which may contain a cyanide function, as well as
trisubstituted episulphides (145) have been elaborated. The method makes use of
readily available thiophosphates and selenophosphates (146) (Scheme 43).74
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An expedient solvent-free synthesis of functionalized thietanes (147) by
nucleophilic-induced cyclization of phosphorodithioates (148) has been re-
ported (Scheme 44).75

The reaction of 16-dehydropregnenolone acetate (16-DPA) (149) with P4S10
afforded a novel adduct 16-DPA-P2S5 (150). The adduct undergoes
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[4þ2]-cycloaddition with alkyne dienophiles to give steroidal (17,16-c) pyrans
(151) under thermal conditions (Scheme 45). The reaction provides a new
strategy for the activation of conjugated enones towards unreactive die-
nophiles. 76 Triaryl phosphites selectively reduce aryl selenoxide (152) to
selenides (153) via a concerted mechanism for the oxygen transfer from Se to
P (Figure 22).77 Regio- and stereoselective ring-opening reaction of epoxides
(154) using organic dithiophosphorus acids (155) as nucleophiles constitutes a
practical method for the synthesis of b-hydroxymercaptans (156) (Scheme 46).
Furthermore, an enantioselective ring-opening reaction was accomplished with
an ee value of 73% in the presence of a chiral (salen)Ti(IV) complex (157).78

The functionalization of the periphery of dendrimers continues to attract
attention because the properties and applications of these compounds mainly
depend on the type of functional end groups they bear. The functionalization of
phosphorus-containing dendrimers was easily achieved through thioacylation
reactions involving new dendrimers capped with dithioester end groups and
various functionalized amines. These reactions were successfully applied to the
first generation (12 end groups) (158) and the third generation of the dendrimer
(48 end groups) and allowed their functionalization by various amines, alco-
hols, glycols and azides (e.g. Scheme 47).79
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Analysis of 24 phosphorus-containing dendrimers and dendrons allows
conclusions to be drawn about the thermal stability of these compounds. The
internal structure of these dendrimers is stable up to very high temperature. The
most important factor concerning their stability is the nature of the end
groups.80 Acyclovir was successfully grafted on the surface of thiophosphate
dendrimers via thio- and phosphodiester linkages, providing water-soluble
prodrug candidates (159) (Figure 23).81

In four dendrimers terminated by 12 electroactive tetrathiafulvalenyl subs-
tituents (160), the three dimensional character of the inter- and intra-den-
drimeric charge and electron transfer, and hence of the electroconductivity, has
been assessed by examination of the electronic spectra of their corresponding
neutral state and cation, radical, dication, and mixed-valence salts, including a
closed – shell anion (Figure 24).82

The N3 groups linked to thiophosphoryl functions are good leaving groups
for regioselective nucleophilic substitutions on macromolecules such as phos-
phorus macrocycles (161) (e.g. Scheme 48).83
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2.3 Selected Biological Aspects. – Water soluble phosphate prodrugs of
buparvaquinone (162) and (163) containing a hydroxynaphthoquinone struc-
ture, were synthesized and evaluated in vitro for improved topical and oral drug
delivery against cutaneous and viscelar leishmaniasis. The investigation also
showed that buparvaquinone permeation through human skin can be signifi-
cantly improved by using phosphate prodrugs (Figure 25).84
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The physiochemical properties of noladin ether (164) were successfully
improved by introducing a phosphate moiety to the structure. High water
solubility and chemical stability, together with a rapid quantitative enzymatic
hydrolysis in vitro and the ability to reduce IOP in vivo, prove that the
phosphate esters (165) and (166) are promising prodrug candidates of end-
ocannabinoid noladin ether (Figure 26).85

A superior class of nitroaryl phosphoroamides (167), (168) and (169) as
potential prodrugs for nitroreductase-mediated enzyme-prodrug therapy has
been developed. These nitroaryl phosphoroamides have low cytotoxicity before
reduction and are converted to phosphoroamide mustard or similarly reactive
species upon bioreduction. The excellent biological activity of these compounds
correlates well with their substrate activity for E coli nitroreductase.86 A novel
series of phosphate esters (170), (171) and (172), small molecule tags with high
affinity for serum albumin, reduce clearance and increase the circulating half
life of bioactive peptides administered to rabbits (Figure 27) (Figure 28).87

A new enantioselective synthesis of both (2R)-OMPT (173) and (2S)-OMPT
(174) has been described (Scheme 49). Calcium release assays in both LPA3-
transfected insect Sf9 and rat hapatoma Rh 7777 cells showed that (2S)-OMPT
was 5- to 20-fold more active than (2R)-OMPT. Similar results were found for
calcium release, MAPK and Akt activation, and IL-6 release in human
OVCAR 3 ovarian cancer cell.88

Synthetic and biological evaluations of new diadenosine polyphosphate (175)
analogues on blood platelet aggregation have been reported. The most active
are compounds with sulphur replacing one or both non-bridging oxygens at
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phosphorus bound to adenosyl residues and hydroxymethyl group of bis(hy-
droxymethyl)phosphinic acid (Figure 29).89

cyclo-Saligenyl-mannose-1-monophosphates (176), a new strategy in CDG-
1a therapy, have been described.90 The modified receptor antagonist (177) has
been synthesized. This study has resulted also in the discovery of a high-affinity
LPA/LPA3 of (177), which exhibits a K1 value of 18mM at the LPA1 receptor
and is significantly more potent than (178) at the LPA3 receptor.
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wild-type HIV-1 reverse transcriptase with Ki close to ddATP. The E-isomer
(180) is about 30-times weaker (Figure 30) (Figure 31).92

A new and efficient route to enantiomerically homogenous lysophospholipid
analogues from (S)-1,2,4-butanetriol (181) has given two 3-difluoromethyl
substituted analogues of 2-acyl-sn-glycerol-3-phosphate (182). These com-
pounds are migrated-blocked analogues of the labile sn-2 LPA species. It
was shown that esters (182) are as fully active as natural LPA (Figure 32).93

Potent and subtype-selective agonists (183), (184) and (185) for LPA1 and
LPA3, were developed by using carbohydrates as a core structure.94 Two
fluorescently-labelled, activity-based probes, Probe A and Probe B have been
successfully designed and synthesized. They were shown to label selectively
different types of phosphatase over other enzymes (Figure 33) (Figure 34).95

For the purpose of cancer antineovascular therapy, a novel angiogenesis-
targeted peptide, Ala-Pro-Arg-Pro-Gly (APRPG) was attached to hydrophobi-
zed polyethylene glycol (distearoylphosphatidylethanolamine [DSPE]-PEG).
Liposomes modified (186) with this DSPE-PEG-APRPG conjugate strongly
accumulate in tumors of tumour-bearing mice (Figure 35).96

3 Phosphonic and Phosphinic Acids

3.1 Synthesis of Phosphonic and Phosphinic Acids and Their Derivatives. – New
synthetic approaches to phosphonic and phosphinic acids and their derivatives
are still being developed because of their specific biological properties partic-
ularly as natural products and as analogues of phosphates, phosphono- and
phosphino-peptides, amino-acid analogues and pro-drugs.

3.1.1 Alkyl, Cycloalkyl, Arylalkyl and Related Acids. New selenophosphates,
selenophosphorothioates, selenophosphorodithioates and selenophospho-
rotrithioates are easily generated from readily available starting reagents, by
a three or four-step sequence of reactions. These compounds (187) have been
used as precursors of the corresponding phosphorus-centered radicals by
homolytic cleavage of the P–Se bond. When radicals are produced in the
presence of a range of alkenes (188) most of the expected adducts (189) are
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formed in high yields (Scheme 50).97 AIBN-initiated free radical addition of
dialkyl phosphites to various 1,6- and 1,7-dienes and heterodienes containing
oxygen or nitrogen atoms (190) affords the corresponding 5- and 6-membered
ring carbocyclic and heterocylic derivatives of dialkyl methylphosphonates
(191) (Scheme 51).

Similar transformations using diphenylphosphine oxide and diethyl thio-
phosphite have also been performed.98 Rhodium prolinate second generation
complex Rh2(S-TISP)2 has been used as a very effective catalyst promoting
conversion of dimethyl aryldiazomethyl phosphonates (192) into the stereo-
chemically defined donor/acceptor substituted rhodium carbenoid intermedi-
ates. The latter are capable of cyclopropanation of various styrene derivatives
affording cyclopropylphosphonates (193) in high yields (85–96%), diastereo-
selectivity (>98% de), and enantioselectivity (76–92% ee) ( Scheme 52).99 A
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new water-soluble calix[4]-arene-based bipyridyl podand (194) has been elab-
orated by incorporation at the upper rim of four phosphonate groups. The
association of its hydrophilic and chelating properties in the complexation of
copper (I) in water is positively evaluated (Figure 36).100

A series of tetrahydroxythiacalix[4]arenes of the cone conformation with
phosphonate and phosphine oxide groupings on the upper rim (195) has been
synthesised (Figure 37).101

3.1.2 Alkenyl, Alkynyl, Aryl and Heteroaryl Acids. Treatment of readily
accessible (E)- and (Z)-alkyl and aryl substituted vinyl boronates (196) with
triethyl phosphite in the presence of lead diacetate results in their stereospecific
transformation into (E)- and (Z)-vinylphosphonates (197) (Scheme 53).102
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aryl substituted a,b-unsaturated phosphonates (200) of (E) stereochemistry
(Scheme 54).103

A simple procedure for the preparation of trifluoromethylated vinyl- and
dienyl-phosphonates with g-alkoxycarbonyl moiety of exclusively or predom-
inantly (Z)-configuration (201) has been described. It involves acylation of
ethyl-1,1-bisphosphonate (202) with trifluoroacetic anhydride, addition of se-
lected Reformatsky reagents to the resulting 1-trifluoroacetyl-1,1-ethyl bisphos-
phonates (203) and finally spontaneous Horner-Wadsworth-Emmons (HWE)
olefination of the adducts (Scheme 55).104

Differently substituted 1,3-dienes (204) readily add to vinylidene bis-phos-
phonate (205) to give the corresponding cyclohex-3-ene-1,1-bis-phosphonates
(206). With unsymetrically substituted dienes mixture of regioisomers are
obtained. In some cases migration of the double bond in the primary adducts
is observed (Scheme 56).105

It has been demonstrated that under specially selected conditions the mon-
oalkylation of triethyl phosphonocrotonate (207) with a number of halides or
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triflates is an efficient method for the synthesis of a-substituted phosphonates
(208). The alkylation is fully regio- and stereoselective (Scheme 57).106

The first synthesis of phosphonoacrolein (209) was achieved by acid decom-
position of b-ethoxy-a-(methoxymethyl)vinylphosphonate (210) derived from
lithiated phosphonate (211) and chloromethyl methyl ether (MOMCL)
(Scheme 58). The phosphonoacrolein (209) appeared to be a particularly active
heterodiene in the Diels-Alder additions with electron rich alkenes and alkynes.
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New families of dihydropyrans (212), (213), (214) and pyranopyrans (215) have
been obtained in this way (Figure 38).107

The preparation of a novel phosphonate containing 3,4-dihydro-2-H-pyr-
role-1-oxide residue (216) has been reported. The synthesis of this solid and
highly lipophilic spin trap is based on the addition of diethyl phosphite to
pyrroline (217) and subsequent m-CPBA oxidation of phosphonate (218).
(Scheme 59). The structure of the (218) was assigned using X-ray diffraction
techniques. Its ability to react with different free radicals especially hydroxyl
and superoxide was evaluated.108

Successive treatment of diethylphosphonylalkyl a-aminonitriles (219) with
1,10-carbonylimidazole (CDI) or 1,10-carbonyl-di-(1,2,4-triazole) (CDT) and
O-substituted hydroxylamines has proven useful as a convenient protocol for
the preparation of new 5-diethoxyphosphorylalkyl derivatives of 3-aralkoxy-4-
imino-imidazolidine-2-ones (220) and 4-alkoxy (aralkoxy) imino-imidazoline-
2-ones (221) (Scheme 60).109

A series of heterocycle derivatives of 1,1-bis-phosphonate (222), (223), (224)
and (225) has been synthesized by Michael addition of 1,1-methylene bis-
phosphonate to acceptors such as: 5-arylidene rhodamines, 5-benzylidene-2-
thiohydantoin, benzylidene or 2(20-furyliden)-cyanomethyl-1,3-benzothiazoles
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and ethyl 3-(2-thienyl)acrylocyanoacetate or related nitrile respectively
(Figure 39).110

Alkenylphosphonates (226) can be prepared by regioselective addition of
monoesters of phosphonic acid (227) to alkynes in the presence of Hg(OAc)2/
BF3 OEt2 (Scheme 61).111

The cinchona alkaloids are particularly valuable ligands in asymmetric
addition of diethylzinc to a N-diphenyl phosphinoylimine (228) leading to
enantiomerically enriched (R)- and (S)-N-(1-phenylpropyl-diphenylphosphinic
amide) (229). Cinchonine and cinchonidine were found to be the pseudo-
enantiomeric pair which gave the adduct in highest enantiomeric excess (up to
93% ee) (Scheme 62).112
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One pot, three component reactions of a variety of arylaldehydes, dip-
henylphosphinamide and methyl vinyl ketone catalysed by TiCl4, PPh3
and Et3N have been found to give the aza-Baylis-Hillman adducts (230)
(Scheme 63).113

Monoesters of phenylphosphinic acid (231) can be easily prepared in high
yield from the reaction of phenylphosphinic acid (232) and the corresponding
chloroformates (Scheme 64).114

3.1.3 Halogenoalkyl and Halogenocycloalkyl Acids. A couple of novel 6-
(phosphonodifluoromethyl)-2-naphthoylosulfonamides (233) have been ob-
tained in a conventional manner. The amides represent a structure-based
extension in the design of inhibitors that may have broader utility in the
development of protein-tyrosine phosphetase (PTB1B) inhibitors. The ability
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of sulfonamido functionality to mimic carbonyl-H2O motifs may be useful in
other systems (Figure 40).115

A series of (3-alkenylphenyldifluoromethyl)phosphonic acids (234), has been
synthesized on non-crosslinked polystyrene (NCPS) support and examined for
inhibition with protein tyrosine phosphatase 1B. Phosphonic acid (234) was the
most potent of this series of compounds being a reversible, competitive inhib-
itor with a Ki of 8.0 1,4 mM (Figure 41).116

Diethyl difluoroalkylphosphonates (235), when subjected to chlorination by
thionyl chloride, are smoothly transformed into difluoroalkylphosphonyl di-
chloride (236). Esterification of the latter with different thiols under basic
conditions delivers new difluoroalkylphosphonodithioates (237) in good yield.
Exposure of these compounds to Lawesson’s reagent converts P¼O into P¼S
giving new difluoroalkylphosphonotrithioates (238) (Scheme 65).117

Palladium catalysed cross-coupling reactions of a-phosphonylvinyl non-
afluorobutanesulfonates (nonaflates Nf) (239) with dialkyl phosphite result in
the formation of gem-bis(phosphono)ethylenes (240) (Scheme 66).

It was shown that (240) is a promising and versatile reagent for the synthesis
of gem-bisphosphono substituted compounds (241),(242) and (243) expecting
to exhibit not only biologically active but also other interesting properties
(Figure 42) (Figure 43) (Figure 44).118

A convenient synthetic approach to highly reactive N-(arylsulfonyl)tri-
chloro- and trifluoroacetimidoyl chlorides (244) by reacting the corresponding
N-acylsulfonamides with PCl5 has been elaborated. The interaction of (244)
with phosphites proceeds through different pathways depending on the subs-
tituents in the reagents, and leads to compounds (245), (246), (247) and (248)
(Figure 45).119
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3.1.4 Hydroxyalkyl and Epoxyalkyl Acids. Lipase-catalysed acylation of
ethyl(1-hydroxyalkyl)phenylphosphinates (249) and (250) afforded a single
diastereoisomer of the corresponding acetates (251) in high enantiomeric excess
(>98%) (Figure 46).120

Diastereoselective synthesis of b-substituted a-hydroxyphosphinates (252)
and (253) by hydroxyphosphinylation of a-silyloxy aldehydes (254) and a-
amino aldehydes (255) with ethyl allylphosphinate (256), catalysed with lithium
phenoxide, has been reported (Figure 47).121

Two methods for the first synthesis of partial amides (257), (258) and a
partial amide ester (259) of etidronate have been developed (Figure 48).122

The preparation of 1,1-bisphosphonates from tris(trimethylsilyl)phosphite
(260) and acid anhydrides (261) has been described. This synthesis allows a
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direct access to 1-hydroxymethylene 1,1-bis(phosphonic) acids functionalyzed
by a carboxylic function in the side chain (262) and (263) (Scheme 67).123

Alternative routes to acetylated etidronic acid derivatives have been inves-
tigated. (1-Acetoxyethylidene)-1,1-bisphosphonic acid (264) and its P,P-dime-
thyl (265), trimethyl-(266) and tetramethyl esters (267) were prepared
(Figure 49).124

Candida antractica lipase B- and immobilised Mucor miehei lipase- catalysed
alcoholysis and C-rugosa lipase- catalysed hydrolysis have been successfully
used for the highly effective synthesis of optically active trifluoromethylated 1-
and 2-hydroxyalkane-phosphonates (268) and (269) from their racemic O-
acylated precursors (270) and (271) (Scheme 68).125
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phosphono phosphates (273). Formation of the desired bisphosphonates was
not observed (Scheme 69).126

A facile procedure for highly regioselective and efficient synthesis of
a-hydroxyphosphonates (274) and (275) based on the reaction of trialkyl
phosphites with epoxides in LiClO4/Et2O has been presented (Scheme 70).127

b-Hydroxyalkylphosphonates (276) have been prepared under neutral con-
ditions by reaction of diethyl iodomethylphosphonates (277) and carbonyl
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compounds (aldehydes and ketones) in the presence of samarium iodide.
Similar reaction of iodomethylphosphonate (277) with esters leads stereoselec-
tively to 2-oxoalkylphosphonates (278). The above protocol has also been
applied to convert D-arabinonono-1,4-lactone, D-mannono-1,5-lactone and
L-rhamnono-1,5-lactone into the 2-hydroxyphosphonates (279), (280) acid
(281) respectively (Scheme 71) (Figure 50).128,129
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(3R,4S)-3,4-Dihydroxy-5-oxohexylphosphonic acid (282), an isosteric ana-
logue of 1-deoxy-D-xylulose-5-phosphate (DXP), the first C5 intermediate in
the MEP pathway for isoprenoid biosynthesis has been synthesized from
(þ)2,3-O-benzylidene-D-threitol (283) by a seven step reaction sequence. This
phosphonate (282) was next enzymatically converted into (3R,4R)-3,4,5-trihy-
droxyphosphonic acid (284), an isosteric analogue of 2-C-methyl-D-erythritol-
4-phosphate (Scheme 72).130

Enzymatic alcoholysis of 3-chloro-2-chloroacetoxy, 3-azido-2-chloroacetoxy
and 1-chloro-2-chloroacetoxypropyl phosphonates (285), (286) and (287) cat-
alysed by immobilized mucor miehei lipase (IM) and candida antarectica lipase
B was a particularly effective method for the formation of the corresponding
highly enriched enantiomerically chloroacetoxyphosphonates (288), (289) and
(290). Kinetic resolution by specially selected reaction sequences led to
phosphocarnitine (291), phosphogabob (292) and phosphomycin (293) respec-
tively (Scheme 73).131

3.1.5 Oxoacids. It has been shown that Cobalt(0) or magnesium-mediated
reactions of a-halomethylphosphonates (294) with esters constitute a novel
approach to 2-oxoalkylphosphonates (295) (Scheme 74).132

A versatile method for the preparation of diverse range of a-ketophospho-
nates (296) involves the alkylation of 2-(diethoxyphosphonyl)- 1,3-dithiane
(297) followed by hydrolysis of the resulting 2-alkyl-2-phosphonyl- 1,3-di-
thianes (298) (Scheme 75).133

Acylation of methythio-1-lithiomethylphosphonate (299) with 20- and 30-
substituted benzoyl chlorides (300) constitutes an efficient synthesis of diethyl
1-methylthio-2-oxo-2-phenylethylphosphonates (301) (Scheme 76).134

Phosphonoformic acid (PFC) – amino acid P-N conjugates (302) have been
obtained via coupling of C-methyl PFA dianion (303) with C-ethyl-protected
amino acids which gave stable monoanionic intermediates (304) that resisted P-
C cleavage during subsequent alkaline deprotection of the two carboxylate
ester groups (Scheme 77).135

An a-phosphono lactone derivative of farnesol (305) has been prepared in
both optically-inactive and -active forms to provide new analogues of farnesyl
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pyrophosphate. The best of the examined synthetic strategies appeared to be
that based on generation of enolate from racemic or enantiomerically enriched
farnesyl lactone (306) followed by trapping the enolate with diethyl phosphono-
chloridate and oxidation (Scheme 78).136
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It has been demonstrated that the reaction of a lactam enolate with diethyl
phosphoro-chloridate and subsequent oxidation is an equally attractive method
for transformation of different N-farnesyl lactams and imides (307) to the
corresponding a-phosphono lactams (308) (Scheme 79).137

Analogous reaction sequences performed in the presence of excess base and
phosphonylating reagent diethyl phosphorochloridate provided a series of new
a,a-bisphosphonates (309) (Scheme 80).138

A method for the simple synthesis of phosphonothioates (310) or phospho-
nothioic acids (311) has been reported. It uses standard reagents and should be
applicable to the preparation of phosphonothioic acids bearing a range of
functional groups (Scheme 81).139

Catalysed by Cs2CO3 and TBAI a mild and efficient one pot three compo-
nent coupling was performed using dialkylphosphite, CS2 and alkyl halide
leading to phosphonodithioformates (312) (Scheme 82).140
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3.1.6 Aminoalkyl and Related Acids. Various 1-aminoalkylphosphonic acids
(313) have been obtained in high yield by microwave assisted reaction of
ammonium hypophosphites (314) with aldehydes (Scheme 83).141

The same methodology has been successfully used in a simple synthesis of 1-
aminoalkylphosphonates (315) from 1-hydroxyalkylophosphonates (316) and
amines (Scheme 84).142

1,2-Diamino-, 1-amino-2-hydroxy and 1-amino-2-chloro-2-phenylphospho-
nates (317) have obtained in a stereo- and regio-selective manner from 2-amino-
1-hydroxy-2-phenylethylphosphonate (318) through the intermediacy of an
aziridinium ion (Scheme 85).143

The first enantioselective synthesis of 1-aminoalkylphosphinic acids (319)
based on the addition of phenylphosphinate (320) to chiral imines (321) and
standard removal of protecting groups from the adducts (322) has been realized
(Scheme 86).144

It has been found that addition of metalated isothiocyanomethylphospho-
nate (323) to aldehydes is a convenient route to diastereomeric, cis- and trans-5-
substituted-(2-thio-oxazolidin-4-yl)phosphonates (324) which can be smoothly
converted by a three step reaction sequence into syn- and anti- N-Boc 1-amino-
2-hydroxyalkylphosphonates (325) respectively (Scheme 87).145

Condensation of the new pentacoordinate oxaphospholene (326) with azadi-
carboxylate, followed by reduction of the resultant ketone (327) produce
cis- and/or trans-oxazolidones (328), potential precursors to phosphonate
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analogues of sphingomyelin, sphingosine 1-phosphate and ceramide 1-phos-
phate (Scheme 88).146

Catalytic hydrogenation of cis N-Boc aziridine 2-phosphonates (329) derived
from 3-amino-2-hydroxyalkyl phosphonates affords N-Boc a-amino-2-phos-
phonic esters (330) regioselectively (Figure 51).147

The reaction of oxazolines (331) derived from L-serine with diethylphosphite
leads to a mixture of racemic a- and b-phosphono alanines (332) and (333).
This new reaction proceeds without the use of any halogenated intermediate,
and offers a simple route for various phosphonoamino acids bearing suitable
protecting groups (Scheme 89).148

A modular method for the construction of polypeptides (334) containing the
Phe-Arg phosphinic acid isostere has been reported (Figure 52).149

A new and facile synthesis of various 2[alkylamino(diethoxyphosphonyl)me-
thyl] acrylic esters (335) has been developed. They constitute intermediates of
choice to each a-methylene-b-functional azetidinones (336) through a tandem:
hydrolysis-intramolecular lactamization (Figure 53).150
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A number of 1- and 2-aminoalkanephosphonates (337) were successfully
resolved by enzymatic, Candida antractic lipase B-catalysed acylation. The high
enantioselectivity and preparative simplicity of these reactions makes them an
attractive alternative for the preparation of optically pure aminoalkylphospho-
nates (Scheme 90).151
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An original modification of the Sharpless AA reaction using excess of N-
bromoacetamide as nitrogen/bromine source appeared particularly useful
method for the transformation of 2-aryl-vinylphosphonates (338) into syn-2-
aryl-2-amino-1-bromoethyl phosphonates (339) (Scheme 91).152

Two alternative routes to methyl- and trifluoromethyl- substituted b-amino
and b-hydroxy phosphonates (340) via hydrogenation of vinylphosphonates
(341) followed by aldol-type addition of ethylphosphonate to trifluoromethyl
substituted imines (342) and carbonyl compounds have been elaborated
(Scheme 92).153
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Olefination of aldehydes with a-silyl- and a-stannyl-stabilized phosphonate
carbanions derived from cyclo-[L-AP4-D-Val] allow a (Z)-selective access to
a,b-substituted vinyl phosphonates (343) that have been transformed into
enantiomerically pure 4-alkylidene 4PA derivatives (344) (Figure 54).154

Electrophilic fluorination of lithiated bis-lactim ethers derived from cyclo-[L-
AP4-D Val] (345) with commercial NFSi allow direct access to a-monofluor-
inated phosphonate mimetics of naturally occurring phosphoserine (346) and
phosphothreonine (347), in enantiomerically pure form and suitably protected
for solid-phase peptide synthesis (Figure 55).155

A novel preparation of racemic and enantiopure forms of phosphocarnitine
(348) from easily available 3-chloro-2-oxopropylphosphonate (349) has been
accomplished. The Baker’s yeast catalysed reduction of (349) followed by
kinetic resolution of the reduction product using AH-S AMNO lipase-catalysed
acylation and finally standard exchange of chlorine atom for trimethylamine
group are the key steps in the synthesis of enantiomers of phosphocarnitine
(Figure 56).156

A general method based on sequential reactivitives of bis-bromocycloalkenes
(350) has been elaborated for the synthesis of phosphonocycloalkenes (351), the
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constrained analogues of AP4. An additional congested AP4 analogue (352)
has also been obtained by a Rh(OAc)2 catalysed intramolecular cyclopropa-
nation of alkenylphosphonate (353) (Scheme 93).157

The reduction of N-benzylamino-b-ketophosphonates with Zn(BH4)2 shows
excellent levels of anti-stereoselectivity to give preferentially anti- a-benzylami-
no-b-hydroxyphosphonates (354) (Figure 57).158
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Palladium-catalysed addition of amines to 2-vinyl-1,1-cyclopropane bisphos-
phonate (355) has proven useful as a simple way to a new class of 5-amino-3-
pentenyl-1,1-bisphosphonates (356) (Figure 58).159

An optimized protocol for the preparation of difluoromethylene phospho-
nate (357) an analogue of b-aspartyl phosphate based on the coupling of
protected aspartic acid chloride (358) with difluoromethylphosphonate zinc
reagent (359) has been described (Figure 59).160

A two step synthesis of the first b-aminophosphotyrosyl mimetic (360) was
carried out. Addition of (�)(R)-tert-butanesulfinylamide to 4-phosphonome-
thyl benzaldehyde (361) gave chiral aldimine (362) which under treatment with
the titanium enolate of methyl acetate produced the target compound with high
diastereoselectivity (Figure 60).161

A convenient synthesis of new 2-substituted-2-(diethyl phosphono)-3-is-
opropenyl-2H-azirines (363) starting from phosphorylated allenes (364) has
been developed (Figure 61a).162

Dimethyl thiophosphite was found to undergo diastereoselective addition to
imines containing N-chiral auxiliaries derived from (S) and (R) phenylglycine
and esters of different a-amino acids. This reaction gives ready access to a range
of new a-aminophosphonothionates (365). Absolute stereochemistry of ad-
ducts resulting from the reaction conducted with (S)- and (R)-phenylglycine
was unequivocally confirmed by conversion to known enantiomeric phosph-
onophenyl glycines (Figure 61b).163

New g-ethoxycarbonyl- and a-amino-alkyl-hydroxyphosphinic acid deriva-
tives (366) and (367) were conveniently prepared by Michael addition or
Kabachnik-Fields reaction of a new precursor, benzyloxymethyl hydrogen-
phosphinate (368), with a,b-unsaturated esters or imines (Scheme 94).164
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N-terminus elongation of the adduct using the mixed anhydride procedure. The
latter step appeared to be a suitable method for N-terminal extension of
phosphinic pseudopeptide analogues without rearrangement during the hydro-
xyphosphinyl protection (Figure 62).165
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Thiourea-catalysed enantioselective hydrophosphonylation of imines (370)
using phosphite (371) provides a general and convenient route to a wide range
of highly enantiomerically enriched a-amino phosphonates (372). The depro-
tection of these products yields the corresponding a-amino phosphonic acids
(373) (Scheme 95).166

It has been reported that 1-arylidene-1-amino-1-arylmethylphosphonates
(375) can be conveniently prepared by direct reaction of hydrobenzamides
with diethyl phosphite (Figure 63).166,167

1.3.7 Phosphorus Containing Ring Systems. 1-Acyl allyl phosphonates (376)
exposed to the action of m-CPBA in the presence of MgSO4 are readily cyclized
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to provide 3-acyl-1,2-oxaphosphol-3-enes (377). Addition of alkyl cuprates
gives rise to the corresponding trans-3-acyl-4-1,2-oxaphospholanes (378) ster-
eoselectively (Scheme 96).168

The first successful preparation of phosphorus-containing heterocyclic fatty
acid derivatives has been presented. Reaction of a-keto allene (379) with
trimethyl phosphite gave oxaphosphole derivative (380). Similar transforma-
tions with a-keto and a-chloro-a-ketoallenes (381) and (382) led to the forma-
tion of alkenylphosphonates (383) and (384), respectively (Figure 64).169

4-Iodophosphaisocoumarins (385) were obtained in good yields and with
high regioselectivity by the reaction of 2-(1-alkynyl)phenylphosphonates (386)
with I2 or ICl. This reaction represents the first example of a phosphono
iodocyclization onto a C-C triple bond (Figure 65).170
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Conformationally constrained a-Boc-aminophosphonates (387), (388) (389),
(390) and (391) were made via a transition metal catalysed Curtius rearrange-
ment. The conformational constraint involved either a ring-closing metathesis
reaction catalysed by the first generation Grubbs catalyst or intramolecular
cyclopropanation mediated by Rh2(OAc)4 (Figure 66).171

A two step synthesis of 2-oxo-2-vinyl-1,3,2-dioxaphospholanes and dioxa-
phosphorinane (392) involves transesterification of diethyl phosphite with
selected diols followed by palladium catalysed coupling of the resultant cyclic
phosphites (393) with vinyl bromide (Figure 67).172

It has been observed that the reaction of methyl 2,3-di-O-benzyl-4,6-benzyli-
dene-a(b)-D-glucopyranoside with triethyl phosphite and trimethylsilyl triflu-
oro-methanesulfonate leads unexpectively to seven-membered phostone (394).
Removal of protecting groups from the phostone is also reported (Figure 68).173

The simple transformation of carbohydrate-derived g-hydroxyphosphonic
acids (395) into the corresponding phostones (396) using standard acylation
conditions has been described (Scheme 97).174

ButO2C P(O)(OR)2

R= Me, Allyl

O
P

O
O

NHBocO
P

BocHN

O
O

(388)

(389)

BocHN P(O)(OMe)2

(390)

SO2

BocHN P(O)(OMe)2

(391)

PCy3

Ru

PCy3

Ph

Cl

Cl

a =

b = Rh2(OAc)4
O

P
O

O
NHBoc

H

(387)

"potential"
amine

tetrahedral
carbonyl surrogate

a a

a

b b, a

Figure 66

OH

OH

EtO

P

EtO

O

H
+

130-140 C°
p= 150 Torr

O

P

O

O

H

(393)

Pd(PPh3)4, (5 mol%)

vinyl bromide, NEt3
toluene, 70-100 C°

O

P

O

O

(392)

Figure 67

232 Organophosphorus Chem., 2006, 35, 169–264



The first synthesis of arabino-configured cyclic phosphonomethylphosphin-
ates (397) has been accomplished. The crucial step of this synthesis consisted in
the condensation of H-phosphinylphosphonate (398) with hydroxyaldehyde
(399) derived from D-arabinol derivative followed by cyclization of (398)
induced under acylation conditions (Scheme 98).175

Intramolecular transesterification of aminoalkylphosphinate (400) and direct
intramolecular esterification of the related phosphinic acid (401) provided a
simple route to a new 2-oxo-1,4,2-oxazephosphinane (402) (Figure 69).176

Dimethylsulfonium methylide opening of the oxirane ring of erythro-
phospholane epoxides (403) constitutes a simple approach to the synthesis of
one carbon atom homologated allylic alcohols of phospholane oxide (404)
(Figure 70).177

A convenient preparation of a new class of 1-L-a-amino acid derivatives
of 2-phospholene oxides (405) involves amination of (�) 1-chloro-2-phospho-
lene oxides (406) with enantiomerically pure L-a-amino acid esters (407)
(Figure 71).178

New phosphono containing pyrimidine analogues, diazaphosphinine oxides
(408), were obtained by cyclization of metalated primary enamine phospho-
nates with nitriles (Figure 72).179
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The eight membered 1,5,3,7-diazadiphosphocine-1,5-diacetic acid (409) was
synthesized in a one pot reaction of glycine, formaldehyde and hypophospho-
rous acid in acidic aqueous medium (Figure 73).180
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3.2 Reactions of Phosphonic and Phosphinic Acids and their Derivatives. –
Diethoxyphosphinyl acetic acid (410) has been used as a unique reagent for a
one-pot transformation of aldehydes and alkoxyimines (411) into fused [5,5]-
[5,6]- and [5,7]-3[(E)-2-arylvinyl] 1,2,4-triazoles (412) (Figure 74).181

ROMP gel supported 1-azo-2-oxopropylphosphonate (413) has been syn-
thesized and the immobilized reagent successfully employed to convert a
number of aldehydes possessing different substitution patterns into the corre-
sponding terminal alkynes (414) (Figure 75).182

The [Rh2(OAc)4] catalysed cyclization of a-diazo-a-(diethoxyphosphonyl)ac-
etamides (415) led to a- and g-lactams (416) and (417). Conformational and
electronic effects responsible for trans-stereochemistry of the g-lactam ring
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closure were studied. It was found that the steric effect exerted by the N-
substituent of the amide determined the stereoselectivity of the b-lactam
formation. A similar reaction of diazo-a-(dialkoxyphosphoryl)acetate was
not so effective (Figure 76).183

The feasibility of the use of acylphosphonates as a carbonyl group radical
acceptor have been demonstrated. Radical cyclization of the acylphosphonate
(418) in the presence of hexamethylditin gave the cyclopentanone (419) in 91%
yield. Additionally, various electrophilic alkyl radicals from activated olefins
bearing a-electron-withdrawing groups smoothly reacted with alkenyl
acylphosphonates (420). Furthermore, similar results were obtained with al-
kynylarylphosphonates (421) (Scheme 99).184

Arylphosphonic acids (422) have been discovered to react with a variety of
alkenes in the presence of Pd(OAc)2 and Me3NO providing Heck-type adducts
(423). The reaction requires TBAF as the activator (Figure 77).185

The first example of the NaIO4 promoted oxidative C-P bond cleavage in
a-aminophosphono acids has been observed. Strong evidence on its reaction
mechanism was obtained from NMR, EPR and UVvis data collected by
spectroscopic monitoring of the reaction.186 It has been demonstrated that
under treatment with EtSLi difluorophosphonomethyldithioacetate (424)
undergoes clean monodefluorination. Thioacylation of amines, aminoesters
and aminoalcohols of the resultant fluoromethyldithioacetate (425) led to
fluorophosphonothioacetamides (426)-both potential HWE reagents
(Scheme 100).187

Self-catalysed Michael Addition reactions of selected nitroalkanes (427) with
dicyclohexylammonium 2-(diethoxyphosphoryl)acrylate (428) afforded 4-nit-
roalkanoates (429) (Scheme 101). It was also demonstrated that the Nef
reaction on the resulting primary and secondary 4-nitroalkanoates involved
intramolecular catalysis by the carboxylic acid group.188

The conjugate addition of enolisable carbonyl compounds (430) to indoles
appeared useful as a source of the phosphonates (431) and (432) (Figure
78).189,190

O-Phenylphosphonoamidates (433) including optically pure isomers were
obtained according to a strategy based on hydrolytic removal of the phenoxy
substituent from routinely accessible common precursor (434) and nucleophilic
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exchange of a chlorine atom for the amine or amino acid ester moiety. (Scheme
102). The results of a study on the chemical behavior of (433) indicate that they
may represent a new promising class of compounds useful for the design and
construction of effective and specific inhibitors for serine protease family
members.191
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The diastereoselectivity in the alkylation of N-substituted 2-oxo-2-propyl-
1,3,2-oxazaphosphorinanes (435) is influenced by the bulkiness of the nitrogen
substituent. The a-carbanion derivatives of (435) when R ¼ CHPh2 and R ¼
CPh3 are unstable in the presence of DMPU and afford unexpected products
(Figure 79).
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Studies of structurally related phosphonoamidates possessing P- and
C-stereogenic centers indicated that the alkylation of diastereoisomer (436) is
mostly influenced by the chirality of the asymmetric phosphorus atom, while
the alkylation of l diastereoisomer (437) depends on a combination of both the
chirality of phosphorus and carbon atoms (Scheme 103).192,193

It has been demonstrated that methylsulfanyl difluoromethyl phosphonate
(438) has an excellent potential as a freon-free source of phosphonodifluoro-
methyl carbanion. A simple preparative procedure involving sequential
treatment of the former with butyl lithium and different electrophiles allowed
the preparation of a wide range of new fluorinated building blocks (439)
(Figure 80).194

Acylation of a-lithio-a-phosphonylalkyl sulfides (440) with carboxylic acid
esters was utilized as a facile route to a-alkylsulfenyl substituted b-ketophos-
phonates (441). Keto-enol tautomerism of these new compounds in different
solvents as well as regiochemistry of alkylation and acylation reactions and
usefulness for HWE olefination reactions were studied (Scheme 104).195

It has been reported that xanthane derivatives of tetraalkylmethylene-1,
1-bisphosphonate (442) are smoothly added to different olefins to give various
functionalised geminal bisphosphonates (443) via a radical chain reaction
initiated by lauroyl peroxide (Figure 81).196

N

PO O

CH2Ph

Ph

N

PO O

CH2Ph

Ph
E

N

PO O

CH2Ph

Ph
E

+

major minor

N

PO O

CH2Ph

Ph

N

PO O

CH2Ph

PhE

N

PO O

CH2Ph

PhE

(436)

(437)

+

Scheme 103

1. ButLi, THF, -78 C, 5 min.
inverse addition

2. electrophile, -78 C, 1h
3. NH4Cl

°

°

(Pr iO)2(O)PCF2SCH3 (PriO)2(O)PCF2-E

(438) (439)

Figure 80

239Organophosphorus Chem., 2006, 35, 169–264



Acyl phosphonates (444) have been converted into tertiary a-hydroxy al-
kenylphosphonates (445) through an indium mediated allylation. The allylation
proceeds equally well with different allylic bromides and does not appear to be
sensitive to steric hindrance at the b-carbon atom (Figure 82).197

The particularly high reactivity of N-benzyloxycarbonyl a-amino-
phosphonochloridate (446) has been shown to arise from intramolecular
catalysis by the carbonate group. This reactivity is not diminished when the
hydrogen of the NH moiety is replaced by an alkyl group or when alkylation of
a-carbon impedes intramolecular nucleophilic attack at the phosphoryl center
(Figure 83).198

Bacterial phosphonotriesterase has proven to be a useful catalyst in enzyma-
tic hydrolysis of (�) aryl methyl phenylphosphonates (447). Stereoselectivity of
the natural phosphonotriesterase can be manipulated by alternation of the pKa
value of the leaving phenol. For the wild-type enzyme the stereoselectivity has
been enhanced in excess of 3 orders of magnitude (Figure 84).199
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Diethyl a-hydroxyphosphonates (448) were converted into the corresponding
a-thiocyanatophosphonates (449) using triphenyl phosphine, 2,3-dichloro-5,6-
dicyanobenzoquinone and ammonium thiocyanate under neutral conditions
(Figure 85).200

The first aza-Perkov reaction between N-sulfonyltrichloroacetimidoyl-
phosphonates (450) and hydrophosphoryl nucleophilic reagents led to
C,N-diphosphorylated dichlorovinylsulfonamides (452). Intermediacy of the
bis-phosphonates (451) in this transformation has been unequivocally corrob-
orated (Scheme 105).201

A concise and straightforward hydrolytic kinetic resolution of (�) 1,1-
difluoro-3,4-epoxybutylphosphonate (453) using a chiral Salen-Co complex
was employed as a key step to obtain enantiomeric diols in 99% ee as important
intermediates. The enantiomerically homogenous 1,1-difluoro-2,3-di-
hydroxypropylphosphonates (454) and (455) were converted by stereoselective
esterification and deprotection into the novel phosphatase resistant analogues
of lysophosphatidic acid and phosphatidic acid (456) and (457), respectively
(Figure 86).202
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Stereoselective alkylation of chiral oxazolopyrrolidine phosphonate (458)
occurred with a complete retention of stereochemistry on the a-stereogenic
center. Removal of the chiral auxiliary from the resultant diastereomeri-
cally pure phosphonates (459) by catalytic hydrogenolysis gave rise to
enantiomerically homogenous a-substituted pyrrolidin-2-yl-phosphonates
(460) (Scheme 106).203

Di- or tri-substituted vinylphosphonates (461), (462), (463) and (464) were
selectively synthesized from 1-alkynylphosphonates (465) via intermediate
phosphonates containing titanacycle (466), manipulated by Ti(O-iPr)4/2i-Pr
MgCl (Scheme 107).204
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Addition of zircona- and titanacyclopropane metallocenes to conjugated
enones was investigated. Analysis of the products shows that the reaction
course is strongly controlled by both the metallocyclic and the enone moiety.
The zirconacycle affords the rearranged (467). On the other hand, rearranged
adducts, 1,3-butadienylphosphonates (468) are formed when titanacycles are
used (Scheme 108).205

a-Keto-b,g-unsaturated phosphonates (469) undergo Lewis acid catalysed
cyclocondensation reactions to give hetero Diels-Alder products with cyclo-
pentadiene, cyclohexadiene, dihydrofuran and dihydropyran with high endo
stereoselectivity. Diels-Alder cycloadducts with cyclopentadiene (470) appear
to be initially formed and undergo [3þ3] Claisen rearrangement in the presence
of Lewis acid. These cyclocondensations are further examples of inverse
electron demand hetero Diels-Alder additions where the diene acts as a 2p
component (e.g. Scheme 109).206
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Synthetically attractive arylation and alkenylation of a-bromoalkenyl
phosphonates (471) with organo-boranes and -borates have been performed.
Arylation was successful with the aryl boronic acids and a palladium catalyst,
while alkenylation proceeded best with alkenyl borates, and a nickel catalyst
(Figure 87).207

Several benzo[d]-1,2-oxaphosphole 2-oxides (472) were examined as poten-
tial precursors of stabilized C-centered radicals (473) (Figure 88).208

The formation of phosphonates RP(X)(OH)OR 0 (R ¼ iPr, t-Bu, R0 ¼Me or
i-Pr) from RP(X)(OH) NH t-Bu and R0OH in CDCl3 is non-sensitive to steric
effects when X ¼ S but not when X ¼ O (>103 times slower with R ¼ t-Bu, R0

¼ i-Pr than R ¼ i-Pr, R0 ¼ Me), pointing to a dissociative elimination –
addition mechanism via metathiophosphonate intermediate (474) when X ¼ S
but the usual associative SN2(P) mechanism when X ¼ O (Figure 89).209
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Thermally induced and UV-light mediated alcoholysis reactions of 2,3-
oxaphosphabicyclo [2.2.2] octenes bearing sterically demanding substituents
at the P-atom (475) with different alcohols were studied. The observed sensi-
tivity to steric effects suggests that phosphonylation of alcohols follows two
parallel pathways which are consistent with EA and SN(2)P (or AE) mecha-
nisms (Figure 90).210

The intermediacy of phosphonoamidic-sulfonic anhydride (476) in the rear-
rangement of O-sulfonyl-N-phosphinoylhydroxylamine (477) with tert-butyla-
mine was confirmed. The observed products, phosphonoamidate anion (478)
and phosphonic diamide (479) correspond to attack of tert-butylamine at
sulphur and phosphorus atoms of the anhydride (Scheme 110).211
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It has been discovered that the one-pot reaction of alkynylzirconocenes
with alkynyl imines (480), dimethylzinc and a zinc carbenoid, leads to unprec-
edented C,C-dicyclopropylmethylamines (481) as single isomers. This reaction
proceeds via the rare bicyclo[1.1.0]butane intermediates (482). This novel
methodology tolerates a number of common protecting groups used in syn-
thesis (Scheme 111).212

Both Me-DuPHOS (483) and Me-DuPHOS monoxide (484) have been
successfully used as chiral ligands in the copper catalysed highly enantio-
selective addition of dialkylzinc to N-phosphinoyl imines (485). A simple
deprotection of N-protecting group from (486) provided a-chiral amines
(Figure 91).213,214
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The highly enantioselective and diastereoselective asymmetric Mannich–type
reaction of N-phosphinoylimines (487) with hydroxyketone (488) was catalysed
by (S,S) linked BINOL, affording N-phosphinylated aminoalcohols (489). The
observed complementary anti-selectivity, in combination with the facile re-
moval of diphenylphosphinoyl group make this reaction synthetically attractive
(Figure 92).215

Systematic studies on the asymmetric Strecker reaction of N-dip-
henylphosphinoyl imines (490) catalysed by Gd(O-iPr)3 complexes with D-
glucose derived ligands has been reported. A wide range of aliphatic, alicyclic,
aromatic and heterocyclic imines were investigated. Particularly high enantio-
selectivity was obtained with the combined use of a catalytic amount of
TMSCN and a stoichiometric amount of HCN as reagents and with a chiral
gadolinium complex of (491) as the catalyst. The products were converted to
disubstituted a-amino acids and their derivatives (Figure 93).216–218

The most effective route to aminoalcohol (493) was established by screening
various stereochemically homogeneous N,N-disubstituted-, N-monosubstitut-
ed-amino alcohols and iminoalcohols as chiral additives to promote asymmet-
ric addition of alkylzinc to N-diphenylphosphinoyl imine (492). The addition
reactions that were performed in the presence of this compound resulted in
excellent enantioselectivity (Figure 94a).219

Three deuterated analogues of 5-diethoxyphosphonyl-5-methyl-1-pyrroli-
dine N-oxide (DEPMPO) (494), (495) and (496) were synthesised and used to
trap tert-butylperoxide radical (Figure 94b).220
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It has been observed that the lithium salts of phosphono acetates (497) and
(498) undergo base catalysed D/H proton exchange and C-OR esterolysis as
well as acidic hydrolysis mediated by Th41 and Zn41 (Figure 95).221

Three new phosphonate derivatives of C60 methanofullerenes (499), (500)
and (501) were synthesized. Their electrochemical behavior and the path-
ways involved in the retrocyclopropanation reactions were also investigated
(Figure 96).222

Acid-base properties of (1H-benzimidazol-2-yl-methyl)phosphonate
(Bimp2�) (502) were investigated. Evidence for intramolecular hydrogen bond
formation in aqueous solution between (N-1)H and the phosphonate group was
presented (Figure 97).223
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The cyclization reaction of organosilicon and organotin compounds containing
the O–C–O coordinated Pincer-type ligand {4-tertBu-2,6-[P(O)(OR)2]2C6H2}

� (R
¼ i-Pr,Et) has been studied. O18-labeling experiments revealed a mechanism
according to which hypercoordinated trioganoelement cations (503) were
transformed into benzoxaphosphastannols and benzoxaphosphasilole (504)
respectively, depending on the identity of M (Figure 98).224

Transformation of intermediate complexes L2PdMe[P(O)(OPh)2] (505) into
diphenyl methylphosphonate (506) has been studied using discrete model
substrates. The electronic and steric effects of the supporting ligands were
characterized by measurements of the reductive elimination rates from a series
of complexes containing nitrogen- or phosphine-based ligands (Figure 99).225

The cycloisomerization of various 1,6-enynes containing a modified chain
has been investigated to provide cyclopentanes (507) with a great potential as
novel conformationally – restricted analogues of farnesyl diphosphate FDP
(508) (Figure 100).226
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3.3 Selected Biological Aspects. – A novel series of phosphonamide based
TACE inhibitors were discovered. The (S)- form of D-leucine derivative (509)
showed potent inhibitory activity against TACE with a highly selective profile.
The different binding mode of this type of compound is likely to enhance its
selectivity for TACE. The study reveals the potential of the phosphonamide
derivatives as a new type of MP inhibitor, and provides a novel concept for the
design of selective inhibitors.227 A number of newly synthesized (Figure 101)
phosphonate esters were evaluated for their effects on microsomal triglyceride
transfer protein activity (MTP) e.g. (510).228 A series of phosphonothioic acids
(511) and corresponding phosphonic acids (512) have been synthesized and their
inhibitory properties were compared towards human placental and E. coli
alkaline phosphatases, the protein-tyrosine phosphatase from Yersinia, and
the serine/threonine protein phosphatases PP2C and lambda. It was found that,
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with some exceptions, differences in inhibitory properties were modest.229

Several alkyl- and cycloalkylcarbamoylphosphonic acids have been obtained
which (in vitro) inhibit selectively MMP-2 and are effective in preventing tumor
cell dissemination in vivo. Further, some of these compounds showed enhanced
anticancer properties. It was found that N-cyclopentylcarbamoylphosphonic
acid (513) is the most active compound in the series studied (Figure 102).230 The
activities of bisphosphonates as inhibitors of the Leishmania major mevalonate/
isoprene biosynthesis pathway enzyme, farnesyl pyrophosphate synthase, have
been reported. The results obtained represent the first detailed quantitative
structure-activity relationship study of the inhibition of an expressed farnesyl
pyrophosphate synthase enzyme by bisphosphonate inhibitors and show that
the activity of these inhibitors can be predicted within about a factor of 3 by
using 3D-QSAR techniques.231 The bisphosphonate (514) was the most active
(Figure 103).231–233 Bisphosphonates, e.g. (515), derived from fatty acids were
shown to be potent inhibitors of Trypanosoma cruzi farnesyl pyrophosphate
synthetase.234 2-Amino-3-phosphono propionic acid (AP3) (516) is a potent
multisubstrate inhibitor of GFAT.235 Phosphonate substrates (517) were pre-
pared and shown to act as competitive inhibitors of IM Pase, while product
mimics (518) showed various inhibitory modes of action (Figure 104).236 The
diastereoselective synthesis of a new class of potent phosphinic pseudopeptide
metalloprotease inhibitors has been reported. A strategy to produce rapidly P01-
deversified phosphinic pseudopeptides (519) led to the identification of inhibi-
tors able to discriminate MMP-11 from other MMPS with a two-order mag-
nitude of selectivity. This results confirm the efficiency of phosphinic peptide
chemistry for the development of highly selective inhibitors of zinc-metallopro-
teases (Figure 104a).237,238 The synthesis of phosphonate (520) and its use for
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the preparation of a Grb2 SH2 domain-directed tripeptide (521) has been
reported. In extracellular ELISA-based assays (521), exhibits potent Grb2
SH2 domain binding affinity (IC50 ¼ 8nM) (Figure 104) (Figure 105).239

The first Grb2 SH2 domain binding ligands derived from carboxamido-
based macrocyclization of the pTyr mimetic b-position (522) have been pre-
sented (Figure 105a).240

The enantiomers of a novel unsaturated phosphonocholine antitumor ether
lipid (523) were synthesized and found to have differential antiproliferative
effects against epithelial cancer cell lines. The basis of the enantioselective
effects on the cells was investigated in SK-N-MC and SK-N-SH neuroblastoma
tumor cells (Figure 106).241 The immunological characterization of (E)-4-
hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) (Figure 106) (524)
and its methylenediphosphonate analogue, HMB-PCP (525) has been de-
scribed. With an EC50 of 0.1�0.2 mM, HMB-PP is significantly more potent
in stimulating human Vg9/Vd2T cells than any other compound described so
far. However, replacing the pyrophosphate by a P-CH2-P function abrogates
the bioactivity drastically, with HMB-PCP having a EC50 of only 5.3 mM
(Figure 107).242

An antigenic peptide analogue consisting of HIV gp 120 residues 421–431 (an
antigen recognition site probe) with diphenyl amino(4-amidinophenyl)- meth-
anephosphonate located at the C-terminus (a catalytic site probe) (526) was
synthesized and its trypsin and antibody reactivity characteristics were studied
(Figure 108).243
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Prodrugs of FR900098 with increased oral anti-malarial efficacy were ob-
tained by masking the polar phosphonate moiety as acyloxyalkyl esters. The
acyloxyethyl ester (527), which is expected to release only acetic acid and
acetaldehyde upon hydrolysis in addition to the active compound, was at least
twice as active as FR900098 (Figure 109).244

The metabolically stabilized LPA analogue, 1-oleoyl-2-methyl-rac-gly-
cerophosphothioate (OMPT) is a potent agonist for the LPA3G-protein-
coupled receptor. A new enantiospecific synthesis of both (2R)-OMPT and
(2S)-OMPT has been described (Figure 109b).245
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4 Structure

2-Ethoxy-2-oxo-1,4,2-oxazaphosphinanes (2S,5S)- and (2R,5S) (528) were syn-
thesized. Both diastereomers were used in NMR and X-ray crystallographic
studies that permitted unequivocal configurational assignment, as well as
examination of the consequence of nO-O*P�O stereoelectronic interactions
on structural properties (Figure 110).246

1,3,2-Dioxaphosphorinane derivatives containing a substituent with different
steric arrangement at the C5 position (529)–(532) have been prepared. Their
conformations and configurations were determined by 1H, 31P NMR and X-ray
crystallographic techniques. Both chair-twisted-chair and chair-boat equilibra
were observed in solution. X-Ray analysis revealed in one case two independent
molecules per asymmetric unit, one with chair and the other one with a boat
conformation (Figure 111).247
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Diastereomeric 5-tert-butyl-4-methyl-2-phenoxy-2-oxo-1,3,2-dioxophos-
phorinanes were synthesized and studied by NMR and computational meth-
ods, assuming a novel criteria in which the conformations and configurations
depend upon the conformation and configuration of the corresponding diol
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precursors.248 The chemical structure of lipid A from the lipopolysaccharide of
the plant-associated bacterium Pseudomonas cichorii (533) was elucidated by
compositional analysis and the spectroscopic methods MALDI-TOF and 2D
NMR (Figure 112).249

The synthesis and structural elucidation of a copper mononuclear complex
(534) at three different temperatures 293, 203 and 93 K provides evidence
for the involvement of phosphoryl oxygen in the activation of the O–H bond of
the coordinated water molecule through intramolecular hydrogen bonding
while additional intermolecular C–H–O interactions shed light on the role of
natural ligands in the activation of phosphate ester linkages and provide useful
snap-shots of various steps in metal-catalysed phosphate ester hydrolysis
(Figure 113).250

References

1. O. Molt and T. Schrader, Synthesis, 2002, 2633.

2. J.M. Kuiper, R. Hulst and J.B.N. Engberts, Synthesis, 2003, 695.
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75. L.D.S. Yadov and R. Kapoor, Synthesis, 2002, 1502.

76. A. Chetia, A. Saikia, Ch.J. Saikia and R.C. Boruah, Tetrahedron Lett., 2003, 44,

2741.

77. M. Stratakis, C. Rabalakos and N. Sofikiti, Tetrahedron Lett., 2003, 44, 349.

78. Z. Li, Z. Zhou, K. Li, L. Wang, O. Zhou and Ch. Tang, Tetrahedron Lett., 2003,

43, 7609.

79. P. Marchand, L. Griffe, A.-M. Caminade, J.-P. Majoral, M. Destarac and F.

Leising, Organic Letters, 2004, 6, 1309.

80. C.-O. Turrin, V. Maraval, J. Leclaire, E. Dantras, C. Lacabanne, A.-M. Caminade

and J.-P. Majoral, Tetrahedron, 2003, 59, 3965.
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Pentacoordinated and Hexacoordinated
Compounds

BY C.D. HALL
Department of Chemistry, University of Florida, Gainesville Fl 32611, USA

Summary

The three years since SPR 33 have seen considerable activity in the field of
hypervalent phosphorus chemistry especially in the area of hexacoordinate and
pseudo-hexacoordinate phosphorus compounds. In this respect, the Holmes’
group have made further, substantial contributions to the subject of N, O and
S donor interaction at hypervalent phosphorus and the relevance of such
interactions to the mechanism of phosphoryl transfer enzymes. The utility of
proazaphosphatranes as catalysts (or co-catalysts) has been established by
Verkade et al. in an impressive range of synthetic procedures and both Kawa-
shima and Akiba have reported outstanding work on bicyclic phosphorane
systems, carbaphosphatranes and the relevance of anti-apicophilic phosphor-
ane systems to the mechanism of the Wittig reaction. The Lacour group has
detailed the use of C2-symmetric hexacoordinated phosphate anions for enan-
tiodifferentiation of organic and organometallic cations and last, but not least,
Gillespie et al. have produced a thought-provoking review on bonding in penta-
and hexacoordinated molecules.

Regrettably, this contribution must be my swan song. After 25 years, age, the
call of the golf course, choral singing, bridge and a part-time involvement with
the Katritzky group in Gainesville, Florida (home of the Gators) persuades me
that it is time to hand over the reins to a younger, more perceptive mind. I
should add, however, that it has been a great pleasure to work with a number of
patient and highly dedicated senior reporters plus of course, the talented
technical editing staff of the RSC. I am also indebted to Profesors Donald
Denney and Alan Katritzky for reading and commenting on the manuscript.
Finally, my sincere thanks are due to my wife, Jean Hall, who has typed all of
these articles (and quite a few more over the years) without, as she plainly says,
understanding a word. This, I am sure you will agree, is well above and beyond
the call of duty.
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1 Introduction

The three years since June 2001 have seen a mini-revival of interest in penta- and
hexacoordinated phosphorus chemistry. Several important reviews have ap-
peared, the first of which by Gillespie and Silvi,1 shows that there is no
fundamental difference between bonds in hypervalent and non-hypervalent
molecules and hence challenges the usefulness of the term ‘‘hypervalency’’. An
accompanying paper by Gillespie et al.2 emphasizes this point and shows that the
total population of the valence shell in phosphorus compounds varies from 9.44
(PMe5) through 7.15 (PCl5) to 5.37 (PF5) indicative of something close to five
pure covalent bonds in PMe5 but the equivalent of only ca. 2.5 covalent bonds in
PF5. Thus the latter molecule is largely ionic and could be represented approx-
imately by two resonance structures (1a and 1b) with either three or two covalent
bonds respectively. Group 16 (S, Se and Te) and Group 17 elements were
subjected to the same topological analysis of the electron localization function
(ELF) and although examples from the Group 17 elements were limited, similar
overall conclusions were reached. These important papers make a substantial
impact on the understanding of bonding in ‘‘hypervalent’’ molecules.

The synthetic utility of proazaphosphatranes, so admirably exploited by
Verkade and co-workers (vide infra), is reported in three comprehensive re-
views.3–5 Overall they deal with the synthesis, structure and basicity/nucleophili-
city of the proazaphosphatranes and then cover a wide range of synthetic
applications including synthesis of heterocycles (e.g. oxazoles), ylid generation,
cyclizations and base, nucleophilic or metal-catalyzed cross coupling (e.g.
Suzuki) reactions. Holmes has provided another substantial review, this time
on the role of hypervalent phosphorus chemistry in the mechanism of phos-
phoryl transfer enzymes and cAMP.6 The article delineates the tendency of
phosphorus to form the hexacoordinated state from a pentacoordinated one
and the influence of such a change on the mechanism of phosphoryl transfer
enzymes. Factors that are discussed include transition state or intermediate
anionicity, hydrogen bonding, packing effects (van der Waals forces), the ease of
formation of hexacoordinate phosphorus from lower coordination states and
the problem of pseudorotation as part of the mechanistic process. The fact that
X-ray crystallography of isolated intermediates in displacement reactions at
phosphorus does not necessarily represent the situation in solution is empha-
sized and the author concludes that donor bonds are likely to play a significant
role in determining active site interactions.

Density function calculations on metaphosphate, acyclic and cyclic phos-
phates and phosphoranes have been reported. Solvent effects calculated with
three well established solvation models were also analyzed and compared. The
results showed that microscopic solution pKa values increased in the order,
metaphosphates [P(O)2OH]ophosphates [P(O)(OH)n(OR)3�n, n ¼ 1–3, R¼H
or Me]ophosphoranes [P(OH)n(OR)5�n, n ¼1–5, R ¼H or Me] with values for
cyclic phosphates and cyclic phosphoranes lower than the respective acyclic
molecules. Furthermore protonation of the equatorial position in phosphoranes
is about 4 pKa units lower than that found for the axial positions. Finally in
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terms of bond energies, P–O single bonds in phosphates were found to be
stronger than in phosphoranes, axial P–O bonds in phosphoranes were weaker
than equatorial bonds by ca. 10 kcal mol�1 and P–OC bonds were more
apicophilic than P–OH bonds. The authors anticipate that the results may
afford quantitative insight into the structure and stability of phosphorus com-
pounds relevant to RNA catalysis.7

An account has appeared on the preparation, structure and reactivity of a
series of metallaphosphoranes.8 For example, the transition metal complex (2)
reacts with (3ab) to form (4ab). X-ray crystallographic analysis and spec-
troscopic data for these metallaphosphoranes reveal that the transition metal
fragment serves as a strong p donor towards the phosphorane fragment. The
account also reports the activation parameters for pseudorotation about
phosphorus in several metallaphosphoranes with values ranging from 67.8 to
89.7 kJmol�1 dependent upon the metal centre (Co, Ru or Fe) and the
substituents in the Cp ring.

2 Acyclic Phosphoranes

Ab initio quantum calculations and 35Cl NQR spectra show that chloropho-
sphoranes (5) and (6) have tbp structures with the pentafluorophenyl groups
located in equatorial positions9 consistent with the electronegativity of the
respective groups but contrary to earlier claims regarding the same mole-
cules.10,11 The structure of Me4PF has been investigated in the solid state, gas
state and in solution.12 In the solid state vibrational spectra (IR and Raman)
and a single crystal X-ray structure show an ionic tetramethylphosphonium
fluoride structure with the fluoride ion in an almost planar trigonal configura-
tion surrounded by three Me4P

1 cations. NMR spectra in a range of solvents
(water-benzene) again show an ionic structure (d31P NMR, þ 23.1 to þ 31.3
dependent on solvent) with 19F values matching those of tetramethylammoni-
um fluoride. In the gas phase, however, vibrational spectra, quantum mechan-
ical calculations using a variety of basis sets and gas electron diffraction (GED)
studies reveal a tbp structure with one methyl group and the fluorine in apical
positions. Thus in solution (e.g. in CH3CN) the salt may serve as an excellent
source of ‘‘naked’’ fluoride.
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The P–Cl� bond strengths in hypervalent tetrahalophosphorus anions,
PF2Cl

�
2 , POCl�4 and PSCl�4 (41–99 kJmol�1) were determined by measuring

thresholds for collision-induced dissociation in a flowing afterglow mass spec-
trometer and the differences attributed to rearrangement energies of the disso-
ciation products. Computational results gave generally good agreement with
experiment.13

Pentaphenylantimony (7) and pentaphenylphosphorus (10) react with phe-
nylmercuric chloride (8) to form (9) and (11) respectively with diphenylmercury
as the byproduct.14 A similar but slightly more complex reaction occurs
between (7) and ferrocenylmercuric chloride (C5H5FeC5H4HgCl).

The reaction of triphenylbismuth dichloride with sodium fluoride in acetone
led to the formation of Ph3BiF2 and an X-ray crystal analysis of the product
showed a tbp structure with both fluorines in axial positions.15 It should be
noted that the abstract in this paper states, erroneously, that the fluorine atoms
are in equatorial positions. Gloede has shown that the reaction of 2,4,6-
trichlorophenol with PCl5 in CH2Cl2 gives a mixture of aryloxychloropho-
sphoranes (C6H2Cl3O)nPCl5�n, n ¼ 1–4) depending on the ratio of reactants.16

3 Monocyclic Phosphoranes

Triphenylphosphine oxide has been shown to react with o-dihydroxyaromatic
compounds (e.g.12) to form (o-naphthalenedioxy)triphenylphosphorane (13)
showing that the phosphoryl group is, in fact, quite reactive towards acidic
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dihydroxy compounds probably as a result of the formation of a stable,
five-membered ring within the pentacoordinate structure.17

In a paper dealing with the reaction of dihydroxyarenes with PCl5, Gloede
et al. mention the formation of (15) from the reaction of (14) with phenol.18 The
compound was identified by its 31P NMR signal at – 48 ppm. A companion
paper19 deals with the reaction of bis(2-hydroxyphenyl)methane (16) with PCl5
and PCl3 yielding (17) and (18) respectively, with the latter forming (19) on
reaction with Cl2. There was no mention of pentaoxy phosphoranes analogous
to (15).

The phenylenedioxyphosphorane (20) does not react with benzonitrile but
interestingly, reacts with benzoisonitrile in the presence of HCl, albeit in low
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yield, to give a tetrameric dication (21) with two tetrachloro(phenyl-
enedioxy)phosphorate counterions.20 The structure of the product was estab-
lished unequivocally by X-ray crystallography.

Further data has appeared on the reaction of arylenedioxy trihalogenopho-
sphoranes (e.g. 20) with alkyl and aryl acetylenes.21 To give but one example,
(22) reacts with arylacetylenes to give a mixture of the expected product (23)
and two quinonoid-type structures (24a, cis) and (24b, trans). The same
products are obtained by the reaction of chloranil with PCl3 and arylacetylenes.
Full spectroscopic and X-ray crystallographic details of the products of these
reactions have also been published.22

The reaction of fluorinated halogenophosphoranes (25) with the silyl epoxide
(26) gives a mixture of (27, 70%) and (28, 15%) with X¼Cl and a lower yield of
(27, 27%) with X ¼ Br. The products were characterized by 13C and 31P NMR
and evidence is presented to suggest that the mechanism involves ring opening
of the epoxide to give (30) via (29) followed by cyclisation to (27).23
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The reaction of 1-phosphaindene (31) with arylacetylenes leads to the
formation of (32) and a single crystal X-ray diffraction study reveals an almost
regular tbp with axial chlorines and the benzophosphole ring in a diequatorial
configuration.24

Kawashima et al. have devised a new method for the synthesis of monocyclic
phosphoranes by the reaction of the thiophosphinate (33) with triethyloxonium
tetrafluoroborate to form the phosphonium salt (34) which, on exchange of the
CH2Cl2 solvent for Et2O, was converted quantitatively to (35) by fluoride
abstraction from the counterion.25

In a study of ylides containing bis(trifluromethyl) groups Röschenthaler et al.
also reported an unusual method for the formation of monocyclic phosphor-
anes (37ab) by the reaction of ylide (36ab) with hexafluoroacetone.26 The
products were characterized by 1H, 19F, 31P NMR, mass spectrometry and
elemental analysis.
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In an elegant extension of their pentacoordinate oxaphospholene methodol-
ogy which uses the phosphorane as an enolate equivalent, McClure and Mishra
synthesized (39) from (38) and triethyl phosphite and then proceeded to show
that (39) could be converted to (40) a potential precursor to the biologically
important sphingosine-1-phosphate (41).27

Allen et al. describe the synthesis and X-ray crystallographic studies of
(42) and (43) in which there appears to be hypervalent interaction between
the carbonyl oxygens and either the phosphonium or stibonium centres. The
conclusion relies largely on the oxygen ’onium center bond distance at 2.661Å
for (42) and 2.497Å for (43), both well within the respective van der Waals radii
of 3.35Å and 3.75Å. In both structures, the Group 15 element and the carbonyl
oxygen are bent out of the plane of the anthraquinone system but the extent of
the deformation is less with (43) suggesting a genuine hypervalent interaction.28
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The reaction of (44) with two equivalents of diethylaminotrimethylsilane (45)
gave (46) whereas use of excess (45) gave (47) which was hydrolysed to (48)
in the absence of base.29 All the products were characterized by single crystal
X-ray structure determinations.

A series of tetracoordinate and pentacoordinate heterocyclic compounds
containing P, S or Si within three-membered rings has been investigated by
applying an electron-pair bond model for hypervalent molecules.30 In the case
of pentacoordinated phosphorus, axial-equatorial configuration of the three-
membered ring (49a) is at a local minimum whereas the di-equatorial isomer
(49b) is a T.S. on the pseudorotation pathway. The same holds true for (50) but
with N in the three-membered ring, diequatorial disposition of the ring (as in
51) is preferred and the bond model analysis shows that the lone pairs on the N
atom in the equatorial position delocalize more than those in the apical position
into the equatorial P–F bonds. Hypervalent tetracoordinate three-membered
heterocycles containing P, S and Si are also discussed within this paper.
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4 Bicyclic Phosphoranes

Although strictly outside the realm of phosphorus chemistry, reaction of (52)
with benzylmagnesium bromide followed by treatment with lithium 2,2,6,6,tet-
ramethylpyridine (LiTMP), trifluoroacetophenone and aqueous NH4Cl gave
(53ab) which reacted with bromine to form (54ab). The bromostiboranes were
then cyclised to (55a) and (55b) and although (55b) was unstable to moisture,
(55a) was isolated as a colourless crystals from hexane. X-ray crystallographic
analysis of (55a) revealed a distorted tbp with both oxygen atoms in apical
positions and the phenyl group at position 3 of the oxastibitane ring cis to both
the aryl group on antimony and the phenyl group at position 4. Thermolysis of
(55a) in o-xylene-d10 at 2201C gave (56) with retention of configuration plus the
stibine (57) but there was no sign of the expected olefin (60). On the other hand,
thermolysis of (55a) in the presence of LiBr in CD3CN at 1401C gave a mixture
of (56), (57) and (58). Interestingly, thermolysis of (55a) in the presence of
lithium tetraphenylborate.3DME gave (60) in 85% yield together with trace
amounts of (56–58). It was suggested that the reaction proceeded through a
hexacoordinate antimonate (59) which collapsed to the olefinic product.31,32
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The utility of the Martin ligand has been exemplified once again in the synthesis
of the first 1,2-s5-selenaphosphirane (62) from (61), Scheme 1,33,34 and the first
1,2-s5-thiaphosphirane (64) from (63).35 An X-ray crystallographic study of (62)
showed a highly distorted tbp with O and Se in apical positions and an O1-P-Se
bond angle of 155.82(6)1 indicating a distortion from tbp to sp of 56%. In the solid
state, (62) had d31P�26.1 but in solution the d31P value varied from�26.6 (C6D6)
to �13.6 (CDCl3) over a range of solvents and the values showed an approximate
correlation with the acceptor number of the solvent used. A similar correlation
was found with Ha of the phenyl ring and the 77Se NMR signal moved to higher
field in line with the acceptor number of the solvents. The results were consistent
with increasing polarity of the P-Se bond with increasing solvent acceptor number.

A very similar X-ray crystallographic structure was obtained for (64) with an
O1-P-S angle of 155.60 (7)1 indicating a highly distorted tbp and a P–S bond
length of 2.2553 (13)Å, significantly longer than the sum of the corresponding
covalent radii (2.14Å). Thus the P–S bond is also polar as reflected in the
downfield shift of the Ha proton to 8.73 (cf 7.53 in 63) and a 3lP NMR signal

Scheme 1

275Organophosphorus Chem., 2006, 35, 265–303



which again responds to the acceptor number of the solvent from �48.8 in
C6D6 to �40.4 in CDCl3.

Iminooxaphospholens (65ab) can be stabilized by reaction with hexafluoro-
acetone to form (66ab).36 X-ray crystallography of (66a) showed that both
rings were disposed axial-equatorial with the oxygen atoms in axial positions
within a slightly distorted tbp.

During a study of spirocyclotetraalkylphosphonium salts, Schmidbaur et al.
reacted (67) with a series of organolithium reagents (RLi, with R ¼Me, Et, Bun,
Vi (vinyl) and Ph) to form (68) in good (R ¼Me, Et, Bun) to low (R ¼ Vi, Ph)
yields Single crystal X-ray analysis of (68) with R ¼ Me showed a tbp config-
uration with the rings axial-equatorial and the methyl group in an equatorial
position. All the pentacoordinate structures showed fluxional behaviour in
solution with a very low energy barrier to pseudorotation as evidenced by low
temperature NMR.37

In a short review of compounds containing the P–CH2–P fragment,38 She-
vchenko et al. mention the reaction of (69) with alkyl isocyanates,39 azides40

and hexafluoroacetone,41 all of which give penta- or hexa-coordinate phospho-
rus compounds. (e.g.70). An unusual reaction of (71) with (72) gave a similar
zwitterionic structure (73).38

By further exploitation of the Martin ligand, Akiba et al.42ab have extended
their work on the preparation of configurationally stable enantiomeric pairs of
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optically active phosphoranes43 and the isolation and characterization of an
‘‘anti-apicophilic’’ (O-cis) phosphorane44 to explore the reactivity of O-cis
phosphoranes. Thus the reaction of (74) with TBAF (Bu4N

1 F�) gave the
hexacoordinate structure (75) presumably by attack of the fluoride anion anti
to the P-O equatorial bond. Although the structure of (75) was not established
unequivocally a parallel was drawn with the X-ray structure of the antimony
analogue.45 The O-trans isomer (76) did not react with TBAF thus enhancing
the view that reaction with the fluoride ion occurs through the low lying O-cis
s* P–O orbital. Deprotonation of (77) followed by reaction with benzaldehyde
over a prolonged period produced diastereomer (78) as the only product,
presumably by equilibration of the stereoisomeric mixture and this, on reaction
with KH in the presence of 18-C-6 gave the isolable phosphate (79) whose
structure was determined by X-ray crystallography and shown to be the first
phosphate bearing an oxaphosphetane ring system.42aThermal decomposition
of (79) to trans stilbene required 4 days at 601C whereas decomposition of the
O-trans isomer was shown to be very much faster.42b

Several new spirocyclic phosphoranes (80a–e) have been isolated and exam-
ined by X-ray crystallography. For (80a–c), X was found to be apical but for
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X ¼ NH2 or NHPh (80d,e) the equatorial position was preferred. The possible
reasons for this are discussed and variable-temperature (1H, 31P) NMR spectra
reveal some unusual intramolecular processes within these compounds.46

In a related paper, Swamy et al. report the reaction of (81a–e) with diisop-
ropyl azodicarboxylate (DIAD) which in four of the five cases generates
pentacoordinate structures (82a–d) with nitrogen, rather than the expected
oxygen, in an apical position, i.e. a ‘‘reversed’’ apicophilicity. X-ray crystallo-
graphy reveals that in (82a-c) the group X is apical but in (82d) the NHMe
group is equatorial. In the case of (82e) oxygen is found in the expected apical
position but now the phenyl group is forced into an apical position.47
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Several macrocyclic bisphosphoranes (e.g. 83) have been prepared by con-
densing tris(dimethylamino)phosphine with isopropylidene-mannitols and their
structures determined by elemental analysis, MS, NMR, cryoscopy, polarimetry
and AM1 calculations.48

The reaction of 2-ketoglutaric acid (84) with phosphorus trichloride in THF
gave a mixture of three enantiomeric pairs (85a–c), as evidenced by 1H and 31P
NMR, which crystallized as (85c) identified by single-crystal X-ray analysis
(Figure 1). After several hours in acetonitrile solution the crystals (with d 31P,
�49.3) reverted to a mixture of the three isomers. The open enolate forms of
the lactone rings (e.g. 85c/) were also detected in solution. The reaction of the
spirophosphoranes with S8 in the presence of triethylamine to form (86), was
also described.49
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The crystal structure of the hydroxyphosphorane (88) prepared by N2O4

oxidation of (87) showed an almost perfect tbp structure with the unit cell
containing two molecules of the same helicity connected by H-bonds between
the P–OH and carbonyl groups.50 The phosphorus ester (89), fashioned from
two n-butyl tartrate moieties exists in solution due to intramolecular hydrogen
bonds. On treatment with triethylamine, however, it forms the triethylammo-
nium salt (90) of the corresponding hydroxyphosphorane. The pKa value of
(89) was determined to be 7.7 in DMF and 4.4 in DMSO, similar to values for
dichloroacetic acid in the same two solvents.51

Figure 1

280 Organophosphorus Chem., 2006, 35, 265–303



With trihydroxyethylenephosphorane (91) as a model for RNA hydrolysis,
Karplus et al. developed a protocol for calculating the values of pKa

1 and pKa
2

of (91) based on estimates of the pKa for phosphoric acid. The protocol used
density functional theory to calculate gas-phase protonation energies and
continuum dielectric methods to determine solvation corrections and arrived
at values of 7.9 and 14.3 for pKa

1 and pKa
2 respectively.52 These values are

within the experimental ranges of 6.5–11.0 for pKa
1 and 11.3–15.0 for pKa

2

proposed for the molecules.53

Novel bicyclic (92) and tricyclic (93ab) hydrophosphoranes have been synthe-
sized and shown to form complexes with PdCl2(COD), PdCl2(RCN)2, and
Pd(allyl)Cl2 containing an ‘‘open’’ form of the phosphoranes.54 The Pd-catalyzed
alkylation of 1,3-diphenylallyl acetate (94) with dimethyl malonate gave (95) in
up to 74% ee using complexes of (92) or (93ab).54

The reaction of (93b) with Pt(COD)Cl2 gave (96) and when the reaction was
carried out in the presence of silver tetrafluoroborate, the crystalline salt (97)
was formed. An X-ray crystallographic structure determination of (97) showed
a distorted tbp around phosphorus with the platinum fragment in an equato-
rial position and a near square-planar coordination geometry around the Pt
atom.55 On heating to 601C, (97) lost cyclooctadiene to form (98). Variable
temperature 31P NMR studies were reported for (96) and (97). This work, using
ligands (92) and (93a), was extended to complexes of Pt and Rh with similar
results.56
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The influence of the transition metal fragment on the activation barriers for
Berry pseudorotation have been determined for (99a–d) and (100ab).57ab Both
the 31P and 13C NMR of (99b–d) showed that the metal fragment was in an
equatorial position and the three possible pairs of enantiomers with the metal
fragment equatorial (0101, 0101, 0102, 0102, and 0202, 0202), were only
interconvertible via high energy isomers (MO1, MO2) with the metal fragment
apical (Scheme 2).57b The energy barriers (DG#) for the interconversion in
(99a), (99b) and (99c) were 84.2, 89.7 and 73.1 kJmol�1 respectively showing
that changing the substituent from Cp to pentamethyl Cp (Cp*) increased the
barrier. With (100ab), the DG# values were 67.8 and 67.9 kJmol�1 respectively.

The cycloaddition of an alkyne (102) to the iminophosphorane (101) gave
the first stable l,2-l5-azaphosphetene (103) whose structure, as determined by
X-ray crystallography, showed a distorted tbp with N and O atoms at the apical
positions.58 The variable temperature 31P NMR spectrum of (103) in C7D8 or
CD3CN showed a shift to lower field with decreasing temperature indicating
that (103) was in equilibrium with the corresponding ylid structure (104).
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Scheme 2
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In a related study,59 (101) was shown to give cycloadducts (103) when
reacted with (102), and it gave (105) with hexafluoroacetone, (106) with
phenylisothiocyanate and interestingly, (107) was obtained with dimethyl
acetylene-dicarboxylate and water. The structures were all confirmed by X-
ray crystallography.

In a sequel to the synthesis of 5-carbaphosphatrane (108),60 reported in SPR
33, Kawashima et al. described the oxidation, sulfurization and selenation of
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(109) to give (111), (112) and (113) respectively.61 The authors consider that the
reactions occur through the tautomeric cyclic phosphonate (110) although the
latter was not detectable by 31P NMR.

There follows a section on the synthetic applications of proazaphosphatranes
(PAP) developed extensively over the past few years by Verkade et al. The semi-
stabilized ylid (114) reacts with aldehydes to give alkenes in high yield with
quantitative selectivity despite changes in temperature, solvent polarity and the
metal ion of the base used to generate (114).62 It was suggested that the tricyclic
cage structure of the ylid played a pivotal role in affording a dominant l,2
interaction between the Ph and R1 groups of the T.S. (or intermediate, 115)
leading to the E olefin. Activated allylic compounds (116a-d) react with
aromatic aldehydes in the presence of proazaphosphatranes, specifically
P(PriNCH2CH2)3N, as catalyst at �93 to �631C to give a addition products.
When R ¼ H and Z ¼ CN, an allylic transposition occurs to give a Bayliss-
Hillman adduct as the only product. (Scheme 3).63
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The proazaphosphatrane sulfide (117) has been shown to facilitate rapid and
highly selective Bayliss-Hillman reactions between aromatic aldehydes and a,b-
unsaturated ketones in the presence of suitable Lewis Acids, with TiCl4
affording the best results. Thus p-nitrobenzaldehyde (118, 1mmol) reacted with
cyclohexenone (3mmol) catalyzed by (117, 0.05 mmol) and TiCl4 (1.0 mmol) in
CH2Cl2 under argon at room temperature to give a 94% yield of (119).64 The
yields from a wide range of aromatic aldehydes and activated alkenes were in
the region of 81-95% under extremely mild conditions.

Scheme 3
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Michael additions of a b,g-unsaturated ester (120a) or nitrile (120b) to a,b
unsaturated ketones (121a–e) were also catalyzed by P(PriN CH2CH2)3N to
give (122a–e) or (123d,e) in high yield but low diastereomeric selectivity. In one
case, however, using (120a) and (124) a diastereomeric ratio of 91: 9 was found
in the product (125) by NMR.65

Head-to-tail dimerisation of methyl acrylate to the dimethyl ester of 2-
methylenepentane-dioic acid (126) occurred in 82–85% yield in the presence of
catalytic amounts of P(RNCH2CH2)3N with R ¼ Pri, Bui, or Bz but the less
sterically hindered proazaphosphatrane with R ¼ Me, gave oligomer or pol-
ymer.66 The proazaphosphatrane, P(RNCH2CH2)3N with R ¼ Bui also acts as
an effective ligand for the palladium-catalyzed direct arylation of ethyl cyano-
acetate (127) with aryl bromides (e.g. 128) to form (129) in high yield.67

Proazaphosphatrane ligands in combination with Pd2(dba)3 also generate
highly active catalysts for Buchwald-Hartwig amination of aryl chlorides,
e.g. (132) from (130) and (131). The PAP ligand with R ¼ Bui was particularly
effective and the catalyst performed extremely well with sterically hindered
substrates.68

287Organophosphorus Chem., 2006, 35, 265–303



A family of proazaphosphatranes [P(R1NCH2CH2)2N (R2NCH2CH2)] with
R1¼ R2¼ Bui, and R1 ¼ Bz, R2¼ Bui and R1¼ R2 ¼ Bz have also been shown
to be effective ligands in the palladium-catalyzed Stille cross coupling of aryl
halides (ArX, 133) with aryl-, vinyl- and allyl-tri-n-butyltin (Bu3SnR,134) to
give (135) thus illustrating, once again, the versatile synthetic utility of these
powerful phosphorus ligands.69,70

The reaction of S,S,S-(136) with tris-dimethylaminophosphine/PCl3 in
CH3CN at 01C gave the chiral azaphosphatrane (137) in overall 56% yield.
Unfortunately (137) did not induce asymmetry in mandelonitrile formed from
the catalyzed reaction of Me3SiCN with PhCHO. It was also inefficient in
catalyzing the addition of alkyl cyanide to benzaldehyde, and was not sufficiently
basic to effect rearrangement of cyclohexene oxide to 2-cyclohexenol.71 Further
experiments with analogues of (137) are promised for future publications.

A new class of main group atranes has been afforded by the synthesis of
carbophosphatranes (141) and (142) from (138) via (139) and (140),- Scheme 4.72

X-ray crystallography of (141) reveals a typical tbp structure with hydrogen and
carbon atoms in the apical positions and three oxygen atoms equatorial indi-
cating that (141) is an example of an ‘‘anti-apicophilic’’ arrangement. The 1JPH
of (141) and 1JPC values of (141) and (142) were 852 and 215 Hz respectively,
large for apical coupling constants of phosphoranes in general but close to those
reported for 5-azaphosphatranes (e.g. 143). Force constant calculations indicate
that the transannular bond in (141) is about twice as strong as that in (143) and
three times stronger than that of the silatrane (144) reflecting the difference
between a substantially covalent C-P bond in (141) and the more ionic N-P and
N-Si dative bonds.
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In a discussion of the role of pentacoordinate phosphorus compounds in
biochemistry, Zhao et al. reported the isolation of a silicon-protected penta-
coordinate phosphorus compound (148) by the cyclisation of (147) formed
from (145) and (146). Phosphorane (148) was then discussed as a model for the
involvement of pentacoordinate phosphorus in activating the formation of
peptides from amino acids such as histidine, serine, threonine and a-alanine but
not b- alanine.73

In an extension of their studies on oxygen donor action at phosphorus,
Holmes et al. examined (149–153) as mimics for amino acid residues, especially
those containing carbonyl (Asn, Gln) or carboxylate (Glu, Asp) groups.
Phosphorane (153), without a donor group, was included for comparison
purposes. The structures of all five compounds were determined by X-ray
crystallography which revealed that P–O coordination occurred for (149–151)
in the presence of H-bonding and also in (152) where H-bonding is not possible,
leading to tbp geometry in all four cases. Evaluation of the energies associated
with both bonding types indicated a range for P–O coordination above and
below the hydrogen bond energy. It was concluded that phosphoryl transfer
enzyme mechanisms should benefit by donor interaction at P and also by
H-bonding interactions.74
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A similar conclusion was reached in a sequel to this paper in which (154ab,
155, and 156) were prepared from the respective neutral species by treatment
with di- or triethylamine.75 X-ray crystallography revealed hexacoordinated

Scheme 4
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anionic phosphoranates (154 ab), pseudo-tbp anionic phosphine (155) and tbp
anionic phosphine oxide (156). All three had stronger P–O bond interactions
than the corresponding neutral species as judged by P-O bond distances and all
three showed the energy of donor interactions exceeding those of the H-bonds
present. The basic coordination geometries were retained in solution as evi-
denced by 31P data.

The whole concept of P-donor interaction in the presence of a H-bonding
network and its relevance to the active site of phosphoryl transfer enzyme
mechanisms was also discussed in two companion papers 76,77 which reached
the conclusions that P-O donor interactions leading to hexacoordinate states,
hydrogen bonding, and conformational distortions due to van der Waals
forces, are all important in structuring the active site.

Reaction of RPCl2 (R ¼ Ph or Et) with (157) gave tricoordinate (158a) with
R ¼ Ph but hexacoordinate (159b) products with R ¼ Et and both structures
were confirmed by X-ray crystallography (Scheme 5). In addition, 31P NMR
showed that in solution the tricoordinate and hexacoordinate forms of both
compounds existed in equilbrium, an unprecedented interchange between
tricoordinate and hexacoordinate phosphorus (Scheme 6). Solid state 31P
NMR showed that (158) was in the tricoordinate state and (159) was hexaco-
ordinate in agreement with the X-ray data.78

As part of a study of the reaction of aminotriphenols with phosphites or
phosphonites, Holmes et al. reported the reaction of (160) with triphenyl phos-
phite or diphenoxyphenylphosphonite in the presence of N-chlorodiisopropyla-
mine to give a mixture of (161a, isolated) or (161b, not isolated) both of which
lost phenol to form (162a) or (162b) respectively with (163a) detected as a minor,
unisolated product. X-ray crystallography and NMR data support the proposed
structures and (162b) represents the first hexacoordinated tetraoxyazaphosphat-
rane; both (163a) and (163b) have pronounced P-N coordination.79 The results
were used yet again to support the concept of amino acid donor interaction at
active sites of phosphoryl transfer enzymes.
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Scheme 5

Scheme 6
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Research on sterically imposed hypercoordination by Woollins et al. revealed
that (164) collapsed its steric strain to form (165)80, found in both the solid
state and solution. Further to this work, (167) was prepared by the addition of
chlorine to (166) and shown by X-ray crystallography to adopt a near perfect
pseudo-octahedral coordination at P(2).81 Despite the relatively long P(2)-O
bond distance of 1.842Å, the data favour bonding in (167) as ‘‘sterically imposed
interaction of peri-substituents via a bridging O atom.’’ The interpretation is
supported by 31P{1H} which shows d31P(1)¼ 63.5 and d31P(2)¼�l82.7 with 2JPP
¼ 64 Hz. The chemical shift of P(2) clearly belongs in the hexacoordinate region
and the 2JPP value indicates significant electronic P–P interation in (167).
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In an effort to determine whether apical oxygen or apical carbon (as
represented by (168ab) is the reactive intermediate in the Wittig reaction,
Akiba et al. synthesized and characterized (170a) by reaction of (169) with BuLi
followed by I2. The compound was formed as a mixture of (170a) and (170b)
but (170a) crystallized from the reaction mixture and its structure was deter-
mined by X-ray crystallography. Heating a sample of (170a) at 1201C for 5 min.
converted it to (170b, O-apical) whose structure was also defined by X-ray
crystallography. Prolonged heating of (170b) at 1401C eventually gave olefin
and phosphine oxide and and thus the strength of the apical P–C bond in (170a)
makes bond cleavage a much higher energy process than stereomutation.82

5 Hexacoordinate Phosphorus Compounds

The oxidation of (171) with (172) gave the zwitterionic compound (173) that
was analyzed by X-ray crystallography and shown to contain both l4P1 and
l6P� atoms and a P–H bond. The 31P{1H} NMR data on (173) in CDCl3
showed a high field doublet of triplets at �134.2 ppm, characteristic of
hexacoordinate phosphorus with the splitting pattern due to one nonequivalent
and two equivalent fluorines.83

The benzylic anion (175) generated from (174) reacted with N-a-diphenyl-
nitrone (176) to give the phosphorate (177), characterized by 31P NMR, and
subsequent protonolysis products. A similar reaction of the O-trans isomer of
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(174), compound (178), led to the formation of the O-trans phosphorate (179)
which proved to be less stable than (177) mainly due to the stabilizing influence
of the s* orbital of the trans P–O bond in (177)84, c.f. reference 42ab.
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The work of Lacour et al. has focused attention on the use of C2-symmetric
hexacoordinated phosphate anions for enantio differentiation of chiral cationic
dyes85and chiral quaternary ammonium cations.86 Thus the BINPHAT anion
(180) whose configuration is controlled by the BINOL ligand, behaves as an
efficient NMR shift reagent and chiral inducer of monomethinium dyes (181) as
determined by CD and 1H NMR.85

Likewise, the same BINPHAT anion acts as an efficient NMR shift reagent
for quaternary ammonium cations (182–186) including the biologically active
methacoline (187).86,87 Furthermore, the BINPHAT anion has been shown to be
an efficient NMR chiral shift reagent for triphenylphosphonium salts containing
stereogenic centres on an aliphatic side chain, e.g. (188ab) and (189).88

296 Organophosphorus Chem., 2006, 35, 265–303



In a variation on the same theme, a novel C2-symmetric hexacoordinated
phosphorus cation (191) was synthesized from tropolone (190), R-BINOL and
PCl5 and shown to be an efficient NMR shift reagent for chiral anionic
phosphate (e.g. BINPHAT, Figure 2) and borate anions.89

Figure 2
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The one-pot synthesis of a series of C2-symmetric hexacoordinated phos-
phate anions (192a–d, D or L isomers) containing tartrate esters as chiral
auxiliaries, has been described.90 The presence of the chiral tartrato ligands
(usually 2R,3R) led to the formation of diastereomeric anions (D2R,3R/
L2R,3R) with significant, but variable control over the D or L configuration
depending on the nature of the ester chains and the solvent. The asymmetric
induction improved with increasing size of the group R from a diastereomeric
ratio of 65: 35 for Me to 84: 16 for But (D: L).

The search for an enantiopure hexacoordinated phosphorus anion that
would be highly stable, easily and stereoselectively synthesized and asymmet-
rically efficient with both organic and organometallic cations was finally
satisfied by the synthesis of (194) from tetrachlorocatehol and the a-D-man-
nopyranoside (193).91 Multinuclear NMR data (1H,13C and 31P) suggested the
presence of only one diastereomer in the crystalline precipitate of the product
and this was confirmed as the L isomer by X-ray crystallography and circular
dichroism. The asymmetric efficiency of (194) was tested with organic (195) and
organometallic (196) cations and compared with the asymmetric efficiency of
D-1 TRISPHAT and D-2-BINPHAT. A modest diastereomeric excess of 34%
was found with (195) by NMR and CD analysis, but better results were
obtained with (196) for which the de varied from 89–30% as the polarity of
the solvent was increased. A useful review on hexacoordinated phosphate
anions as chiral auxiliaries has appeared recently.92
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Reaction of the p-t-butylcalixarene (197) with PCl5 forms the hexacoordinate
structure (198) with two S–P donor bonds.93,93 Although not isolated, the
compound was characterized by a 31P NMR signal at �133 ppm and by
hydrolysis to (199).
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A substantial paper by Akiba et al. describes the synthesis and characteri-
zation of a series of phosphorus (V) octaethylporphyrin derivatives of the type
[P(OEP)(X)(Y)]1Z�where OEP ¼ octaethylporphyrin; X ¼Me, Et, Ph or F; Y
¼ Me, Et, OH, OMe, OEt, OPr, OPri, OBusec, NHBu, NEt2, Cl, F, O�;
Z¼ClO4, PF6. X-ray crystallographic analysis of eleven of these compounds
revealed octahedral geometry about phosphorus, but a greater degree of
‘‘ruffling’’ in the porphyrin core coupled with shorter P–N bond distances as
the electronegativity of X and Y increased. Comparison with arsenic analo-
gous95 showed a much smaller ring current in the phosphorus compounds due,
at least in part, to the ruffling. Features of these unique hexacoordinate
compounds were also investigated by density functional calculations on two
models, (Por)P(Et)(O) and (Por)P(F)(O) where Por refers to unsubstituted
porphyrin.

Ab initio density functional calculations afford theoretical evidence of hexa-
coordinate main group atoms, Si, P, and As centred in planar, hexagonal
hydrocopper complexes, Cu6H6X where X ¼ S, P or As.96

Finally, as a further contribution to understanding of bonding in hypervalent
molecules, Sun has offered an alternative model of bonding in hexacoordinated
molecules, eg SF6 and PF�6 , which does not involve d-orbital participation but
employs the concept of the three center, four electron bond.97 The model was
supported by the use of a partial charge analysis using Allen’s electronegativity
approach.98
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91. C. Pérollier, S. Constant, J.J. Jodry, G. Bernardinelli and J. Lacour, Chem.

Commun., 2003, 2014.

92. J. Lacour and V. Helbe-Viton, Chem. Soc. Rev., 2003, 32(6), 373.

93. J. Gloede, S. Ozegowski, D. Weber and W.D. Habicher, Phosphorus, Sulfur Silicon

Relat. Elem., 2003, 178, 923.

94. K.-y. Akiba, R. Nadano, W. Satoh, Y. Yamamato, S. Nagase, Z. Ou, X. Tan and

K.M. Kadish, Inorg. Chem., 2001, 40(2), 5553.

95. W. Satoh, R. Nadano, G. Yamamoto, Y. Yamamoto and K.-y. Akiba, Organome-

tallics, 1997, 16, 3664.

96. S.-D. Li, G.-M. Ren and C.-Q. Miao, Inorg. Chem., 2004, 43, 6331.

97. X. Sun, Chemical Educator, 2002, 7(5), 26l.

98. L.C. Allen, J. Am. Chem. Soc., 1989, 111, 9115.

303Organophosphorus Chem., 2006, 35, 265–303



Nucleic Acids and Nucleotides:
Mononucleotides

BY M. MIGAUD
Department of Chemistry, David Keir Building, Queen’s University, Belfast,
Stranmillis Road, Belfast, BT9 5AG, UK

1 Introduction

Extensive work has been reported on the chemistry of polyphosphates, in
particular that of dinucleoside and sugar nucleoside pyrophosphates. This
reflects the reliability and flexibility of the phosphoramidate methods which
have been developed over the past few years. Similarly, a wide range of
oligonucleotide building blocks, incorporating extensive structural modifications
when compared to the natural nucleoside structures, have been described.

2 Mononucleotides

2.1 Nucleoside Acyclic Phosphates. – 2.1.1 Methodologies. A scaleable one-pot
method to access H-phosphonate derivatives of 20,30-dideoxy-20,30-di-
dehydrothymidine (d4T) and AZT that employs PCl3 as reagent and an acid
catalysed Arbuzov dealkylation subsequent to a bis-alcoholysis, has been reported
by Zhao.1 While developing a method for the direct thiation of 20-deoxy-5,6-
dihydropyrimidine nucleosides with Lawesson’s reagent, Clivio has identified a
number of oxathiaphosphepane intermediates (1) which resulted from the heat
reversible incorporation of an AnPS2 moiety within the 20-deoxyribose unit
(Scheme 1).2 Wolter reported the synthesis in four steps from 50-O-DMT-thymi-
dine of a ‘‘user-friendly’’ solid reagent, the phosphoramidite (2), that converts
terminal hydroxyl groups of oligonucleotides into phosphate monoesters.3
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2.1.2 Mononucleoside Phosphate Derivatives. To identify potential leads for new
anti-mycobacterium tuberculosis treatment, Van Calenberg synthesized a number
of 20- and 30-modified thymidine 50-O-monophosphate analogues (3–6). These
were evaluated amongst other known inhibitors of the mycobacterium thymidylate
kinase.4 Compound (7) was prepared in four steps from 20-deoxyguanosine as a
suitable building block for DNA synthesis.5 Similarly, Beigelman reported the
scaleable preparation of the 20-deoxy-20-N-phthaloyl nucleoside phosphoramidites
(8–10) for use in oligonucleotide synthesis.6 Eschenmoser described the synthesis of
the a-threofuranosyl nucleoside phosphoramidites (11–14), starting either from
1,2,3-tri-O-acetyl erythrose or from a-L-threofuranosyl thymine.7 20-Fluoro-L-
uridine and 20-fluoro-L-cytidine phosphoramidites, (15) and (16) respectively, were
synthesized from L-arabinose and used as building blocks in the synthesis of 20-
fluoro-Spiegelmers binding to a D-neuropeptide.8 To facilitate phase determina-
tion in X-ray crystallography and the 3-D-structure identification of nucleic acids,
the selenium containing phosphoramidite (17) was prepared from the 2-Se-uridine
and incorporated in DNA and RNA oligonucleotides.9 Similarly, to further
investigate the role played by the 2-hydroxyl group in RNA, the phosphoramidite
derivative of 20-deoxy-20-C-b-methylcytidine (18) was prepared from 1,2,3,5-tetra-
O-benzoyl-2-C-b-methylribofuranose.10
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iPr2N CN

(7)

N

N
H

O
P

S
TBDMSO

TBDMSO

S

CH3O

O
S

N
NH

O

TBDMSO

TBDMSO

O

S

dioxane 85oC

(1)

Scheme 1
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N

B
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O

DMTO

P
iPr2N

ONC

O

O

(8)   B= Ura
(9)   B= N4-Ac Cyt
(10) B= N-Bu, N-Bz Ade

O

NH

O
P O

iPr2N CN

B

MMT

O

O
B

P

O

iPr2N

CN

NH
MMT

(11)  B= T
(12)  B= ABz

(13)  B= T
(14)  B= ABz

O

O
P O

iPr2N CN

ODMT
B

F

(15)  B = Cyt
(16)  B = N4-AcThy

SeCH3

Cac
O

O

DMTO

P
iPr2N

ONC

(17)

N

N

O

O

DMTO

P
iPr2N

ONC

CH3

NHBz

O

H

(18)

Leumann has reported the synthesis of various types of modified phos-
phoramidites. He described the synthesis of pyrrolidino-C-nucleoside
phosphoramidites incorporating a pseudo-uracyl, pseudo-thymine or pseudo-
isocytosine, (19), (20) and (21), respectively.11 He also reported the preparation
of the enantiomerically pure adenine and thymine cyclopentane amide phos-
phoramidites (22) and (23).12 Herdewijn reported the use of lipases for the
preparative scale resolution of (þ/�) (4aR, 7R, 8aS)-2-phenyl-4a,7,8,8a,tetra-
hydro-4H-1,3-benzodioxine and the synthesis of eight enantiomerically pure
phosphoramidites of D- and L-cyclohexyl nucleosides (24(þ), 24(�), 25(þ),
25(�), 26(þ), 26(�), 27(þ), 27(�)).13 The phosphoramidite derivatives (28) and
(29) were synthesized from 1-(5,6-di-O-acetyl-2,3-dideoxy-3-phthalimido-a-D-
arabino-hexofuranosyl)thymine and incorporated into oligodeoxynucleotides
as putative conformationally restricted acyclic nucleosides.14 Starting from
adenine b-D-nucleosides with ribo-, xylo- and arabino- configurations, the
phosphonate derivatives (30-35) were synthesized after phosphonomethylation
with diisopropyl tosylmethylphosphonate of the suitably protected nucleoside
precursors. The phosphonomethyl derivatives were then incorporated into
oligonucleotides using solid phase synthesis protocols.15
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N

O

DMTO

P
iPr2N

ONC

B
fmoc

(19)  B= pseudo-Ura
(20)  B= pseudo-Thy
(21)  B= pseudo-isocytosine

O

P
iPr2N

ONC

O

O

N
H

O
B

(22)   B= Thy
(23)   B= N6-anIsoyl-Ade

O

P
iPr2N

ONC

B
MMTO

(24) (+) and (-) B= N6-Bz Ade
(25) (+) and (-) B= N2-iBu Gua
(26) (+) and (-) B= N4-Bz Cyt
(27) (+) and (-) B= Thy

OPhth
Y

X

T

(28)  X= ODMT; Y= OP(NiPr2)(OCH2CH2CN)
(29)  X= OP(NiPr2)(OCH2CH2CN); Y= ODMT

P
iPrO O

O

O
Abz

ODMTBzO
OiPr

P
iPrO O

O

O
Abz

ODMT

OBz

OiPr

(30) (31)

DMTO

O
Abz

BzO O
P OH

O OMOP

DMTO

O
Abz

OBz

O

P OH
O OMOP

(32)
(33)
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O
Abz

O

ODMT

P

O

MOPO
OH

BzO
DMTO

O
Abz

ODMT

O
P OH

O OMOP

(34) (35)

Extensive work has been reported with regard to the synthesis of phosphor-
amidites, building blocks for the synthesis of locked nucleic acids. For instance,
Koch has developed a synthesis of the 20-thio-LNA ribothymidine phosphor-
amidite (36), which is convergent with the previously reported procedures to
access LNA and 20-amino-LNA.16 However, Wengel has been the most prolific
in this area. He has reported the synthesis of four conformationally restricted
bicyclic 20-spiro nucleoside phosphoramidites (37–40). The nucleoside precur-
sors showed no anti-viral activities and their introduction into oligonucleotides
induced decreased duplex thermostabilities compared with the corresponding
DNA:DNA and DNA:RNA duplexes.17 He also described the syntheses and
antiviral activities of conformationally locked 30-deoxy and 30-azido-30-de-
oxynucleoside derivatives (41–46) as pro-drugs of potential 50-O-triphosphory-
lated anti-HIV drugs.18 In addition to reporting the syntheses of locked
nucleosides based on natural nucleobases, he has described the synthesis of
conformationally locked aryl C-nucleoside phosphoramidites, either in a D-
ribo configuration (47–51)19 or in a b-L-ribo configuration (52), (53).20 He has
also prepared the non-locked a-L-ribofuranosyl phosphoramidite (54) for
incorporation in a-L-RNA/DNA; a-L-RNA/a-L-LNA chimeras.21 Finally,
he has described the synthesis of a methylphosphonamidite locked nucleic acid
thymine derivative, (55). The two diastereoisomers of this phosphonamidite
were obtained by treating the locked thymidine nucleoside suitably protected
with bis(diisopropylamino)methylphosphine in the presence of 1H-tetrazole.22

N

NH

O

O

DMTO

P
iPr2N

ONC

O

S

O

(36)
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O
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O

(39) (40)

P

O

O

O

N

NH

O
O

O

O

O O
P

O

O

O

N

NH

O
O

O

O

O
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O

(41) (42)
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O

O
N

NH

O
O

O

O

O

N3

O
O P

O

O

O
O

R

O
B

NH

O

OMe

CH3

(43)

(44)   B= Ade; R= N3

(45)   B= Ade; R= H
(46)   B= Thy; R= N3
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O

O
DMTO

O

Ar

PN
O CN

O
ArO

DMTO

RO

(47)  Ar= phenyl
(48)  Ar= 4-fluoro-3-methylphenyl
(49)  Ar= 1-naphthyl
(50)  Ar= 1-pyrenyl
(51)  Ar= 2,4,5-trimethylphenyl

(52) Ar= phenyl; R= P(OCH2CH2CN)(NiPr2)
(53) Ar= 1-pyrenyl; R= P(OCH2CH2CN)(NiPr2)

O
OTBDMS

DMTO

Thy
O

P

CNCH2CH2O

iPr2N

(54)

O

N

NH

O
O

O

DMTO

O
PCH3

N

(55)

The Lewis acid-mediated N-glycosylation of 2,3-dideoxyribofuranosides
having a (diethoxyphosphorothioyl)difluoromethyl group at the 3a-position
with silylated nucleobases has been reported to be successful for the diastereo-
selective synthesis of b-N-pyrimidine-nucleotide analogues, (56–59).23

N

N

O

CF2

TBDPSO

P

NHBz

O

S OEt

OEt

N

NH

O

CF2

TBDPSO

P

O

S OEt

OEt

O

R

(57) R= H
(58) R= F
(59) R=CH3

(56)

The a-phosphonolactones, (60) and (61), analogues of cytidine and cytosine
arabinoside diphosphates, have been synthesized in an attempt to bypass
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metabolic adaptations and resistance known to be occurring during the treat-
ment of myeloid leukemias by cytosine arabinoside.24 These phosphonates were
prepared via ring closing metathesis on acrylate esters of homoallylic alcohols
and reduction of the a,b-unsaturated lactones followed by a base-catalysed
carbon-phosphorus bond formation using chlorodiethylphosphite. Chan has
reported a novel class of tetrahydrofuran phosphonates with potential antiviral
activity (62) and (63).25 His work further extended to the preparation and
evaluation of a series of substituted tetrahydrofuran derivatives (64–73).26

O

N

N

O

OR

NHAc

O

OR

O

P

O

OEt
EtO O

N

N

O

OR

NHAc

O

OR

O

P

O

OEt
EtO

R= TBDMS

(60) (61)

N

N

N

N

O

OH

NH2

P

O

OH
O

X Yz

N

N

N

N

O

OH

NH2

P

O

OH
O

R

(62) X= Y= Z= H
(64) X= OH; Y= H; Z= H
(65) X= F; Y= H; Z= H
(66) X=H; Y= F; Z= H
(67) X=OCH3; Y= Z= H
(68) X= OH; Y= H; Z= OH

(63) R= H
(69) R=OH

N

N

N

N

O

NH

NH2

P

O

OH
O

NH

N

N

N

N

O

NH2

P

O

OH
O

R

(70) R= H
(71) R= OH

(72)
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N

N

N

N

O

NH2

NH2

P

O

OH
O

OH
(73)

N

NR

P

O

Ph

O

O

X

OH

(74) X= CN; R= CH3

(75) X= CN; R= p-Cl-Bn
(76) X= CN; R= H
(77) X= COCH3; R= H
(78) X= COOEt; R= H
(79) X= CH3; R= H
(80) X= H; R= H

Oshikawa described an efficient method for the synthesis in racemic form of
several deoxyphosphasugar pyrimidine nucleosides (74–80). The synthetic
route involved the treatment of 2-aminophospholane 1-oxide with several a-
cyano, acetyl, ethoxycarbonyl-b-ethoxy-N-ethoxycarbonylacrylamides, precur-
sors of the substituted uracyl ring systems.27 The phosphonate derivatives of
methylenecyclopropane nucleoside analogues (81–92) have been synthesised by
Zemlicka via an alkylation-elimination method.28 Stec reported the synthesis of
novel acyclic nucleosides (93–100) based on a bis(hydroxymethyl)phosphinic
acid backbone and obtained by condensation of its bis-(4,40-dimethoxytrityl)
derivative with N-1 or N-3-(2-hydroxyethyl)thymine in the presence of 1-(2-
mesitylensulfonyl)-3-nitro-1,2,4-triazole as activator.29 Balzarini reported the
synthesis and biological activity as antiproliferative agents of a series 2,4-
diamino-6-[(2-phosphonomethoxy)ethoxy]pyrimidine derivatives (101–108).30

Stang described the reaction of (1-chloro-4-diethoxyphosphonyl)alka-2,3-die-
nes with purine and pyrimidine heterocyclic bases in the presence of cesium
carbonate. This afforded acyclic nucleoside analogues (109–120), containing a
1,2-alkadiene skeleton.31

B

PO3H2

B

PO3H2

(81) B= Ade
(82) B= Gua
(83) B= Cyt

(84) B= Ade
(85) B= Gua
(86) B= Cyt

PO3H2

B

PO3H2

B

(87) B= Ade
(88) B= Gua
(89) B= Cyt

(90) B= Ade
(91) B= Gua
(92) B= Cyt
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P O
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P
N

O

ODMT

X

R

B

(93) R= CH2CH2CN; X= O; B= N1-Thy
(94) R= CH3; X= O; B= N1-Thy
(95) R= CH2CH2CN; X= NH; B= N1-Thy
(96) R= CH2CH2CN; X= O; B= N3-Thy
(97) R= CH3; X= O; B= N3-Thy
(98) R= CH2CH2CN; X= NH; B= N3-Thy

N

N

NH2

R

ONH2

O

PO(OH)2

N

N

NH2

R

ONH2

O

O(OH)2OP

(101) R= Allyl
(102) R= Benzyl
(103) R= CH2CN
(104) R= CH2COOH

(105) R= Allyl
(106) R= Benzyl
(107) R= CH2CN
(108) R= CH2COOH

(HO)2OP

X Y

B

(109) X= Y= H; B= Ade
(110) X=H; Y= n-C4H9; B= Ade
(111) X=CH3; Y= n-C3H7; B= Ade
(112) X=CH3; Y= n-C4H9; B= Ade
(113) X= Y= H; B= Ura
(114) X=H; Y= n-C4H9; B= Ura
(115) X=CH3; Y= n-C3H7; B= Ura
(116) X=CH3; Y= n-C4H9; B= Ura
(117) X= Y= H; B= Thy
(118) X=H; Y= n-C4H9; B= Thy
(119) X=CH3; Y= n-C3H7; B= Thy
(120) X=CH3; Y= n-C4H9; B= Thy

Extensive work has been reported on the synthesis of nucleoside phosphor-
amidite and H-phosphonate derivatives incorporating modified-nucleobases.
To target the stabilization of RNA bulges, Stromberg synthesized the H-
phosphonate derivative of 20-naphthylmethyl-20-deoxytubercidine, (121).32

Lonnberg developed the synthesis of the phosphoramidites (122) and (123) to
learn more about the effects that the in vivo base modification of adenosine to
the 11-carboxy-1, N6-etheno adduct exerts on the duplex stability and coding
properties of DNA.33 To similar ends, Cadet synthesized the phosphoramidite
derivative of 1-hexanol-1, N6-etheno-20-deoxyadenosine, (124) and incorpo-
rated it into modified oligonucleotide chains.34 Yaekura has shown that the
treatment of guanine nucleotides with an excess of crotonaldehyde in pH 8
phosphate buffer containing an equimolar amount of arginine at 501C for 2h
resulted in the selective formation of the corresponding cyclic 1, N2-propano
adducts (125–127).35,36
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(122) R= CH3

(123) R= CH2CH3
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In order to expand on the number of thioguanosine-modified building blocks for
the synthesis of RNA-type oligonucleotides, Zheng has developed a synthetic
route to (128), which employs 2,4-dinitrophenyl as thiol protecting group for the
starting material 6-thioguanosine. The 2,4-dinitrophenyl group was subsequently
removed in high yield using mercaptoethanol under very mild alkaline conditions
once the oligonucleotides had been synthesised.37 Seela reported the syntheses of
the phosphoramidites of 8-aza-7-deazaguanine N8-(20-deoxy-b-D-ribofurano-
side) (129),38 the halogenated 7-deaza-20-deoxyxanthosine derivatives (130–
132)39 and the N7-(20-deoxy-b-D-erythro-pento-furanosyl) isoguanine (133).40
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(131a) X= H; Y= DPCO
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Benhida described the synthesis of a 2-deoxy-C-nucleoside analogue and its
phosphoramidite derivative featuring 6-(thiazolyl-5)-a-benzimidazole nucleobase
(134).41 A more efficient route to the expanded adenosine analogue (135) was
developed by Kool, who also described the synthesis of the expanded thymidine
analogue (136) starting from 5-methylanthranilic acid. Both nucleosides
were found to be efficient fluorophores.42 30-Cyanoethyl phosphoramidites
of 6-methyl-3-(20-deoxy-b-D-ribofuranosyl)-3H-pyrrolo[2,3-d]pyrimidin-2-one
(137) and of 6-methyl-3-(b-D-ribofuranosyl)-3H-pyrrolo[2,3-d]pyrimidin-2-one
(138) were synthesized and used as fluorescent analogues for deoxycytidine and
cytidine in oligonucleotides, respectively.43
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(137) R= H
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Ph Ph
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(139)

A selective method which involves the selective pivaloyloxymethyl protection
of the N1 of pseudouridine followed by methylation at N3 was developed to
prepare the 5-benzhydryloxybis(trimethylsilyloxy)silyl, bis(2-acetoxy-ethoxy)me-
thyl- protected phosphoramidite derivative (139) of the nucleoside 3-methylpseu-
douridine. The methylated pseudouridine phosphoramidite was successfully used
in oligonucleotide synthesis for the NMR study of helix 69 of E. coli 23S
rRNA.44 2-Thiouridines incorporating 20-modified nucleoside phosphoramidites
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(140) and (141) have been synthesized from the 20-modifed uridine via a 5-O-
DMT-2-O-MOE-2-O-ethylthymidine prepared from a 50-mesylate precursor.45

Richert described the synthesis of the 50-protected 30-phosphoramidite of 1-(20-
deoxy-b-D-ribofuranosyl)-2-ethynyl-4-fluorobenzene, (142).46 The C-nucleoside
was obtained from the a-chlorosugar and a cadmium-activated arene anion as a
mixture of a and b diastereoisomers, with the undesired a-anomer formed in
excess. Harusawa reported the synthesis of the C4-linked imidazole ribonucleo-
side phosphoramidite (143). This C-nucleoside, prepared from tribe-
nzylribofuranosylimidazole, was incorporated into an RNA sequence to study
its capacity as a general acid and base catalyst of ribozymes.47
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(140) R= OCH2CH2OCH3
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PO

N
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O

P
O

OR
OR

(144) R= CH2CH2CN
(145) R= CH2CH3

The synthesis and incorporation into oligonucleotides of the N-phosphory-
lated deoxycytidine 30-phosphoramidites (144) and (145) obtained either from
the O-protected 20-deoxycytidine and bis(2-cyanoethyl) N,N-diisopropyl phos-
phoramidite or diethylphosphorochloridite, respectively, was described by
Sekine.48 Sekine also reported that the N-phosphorylated derivatives of 20-
deoxy adenosine decomposed readily and were unsuitable for incorporation
into oligodeoxynucleotides.
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Kool described the synthesis of the phosphoramidite derivative of a C-
nucleoside incorporating a porphyrin moiety, (146).49 His approach was to
assemble the porphyrin de novo on the sugar moiety starting from 3,5-bis-
O-toluoyl-protected deoxyribose-C1-carboxaldehyde, benzaldehyde and dip-
yrromethane under Lindsey conditions. Similarly, to fluorescently label
oligonucleotides, Burgess reported the synthesis of phosphoramidite (147),
for which the nucleoside precursor was prepared from 5-ethynyl thymidine
and iodofluorescein via Sonogashira’s coupling procedure.50

NH
N

N
NH

O

O

DMTO

PO

N

NC

Ph

(146)

O

O

NH

O
N

O

O

DMTO

PO

N

NC

OAcO

AcO

O

(147)

Methoxyoxalamido and succinimido precursors were used in conjunction
with ETT as catalyst in the synthesis of the uridine phosphoramidites (148a)
and (148b). Both compounds possess a biotin moiety linked via a long and
uncharged tethering arm at the 20-position.51 The 30-O-lysophosphatidyl-2 0-
nucleosides (149–152) were synthesized from the regioselective lipase-catalysed
transacylation at the C1-hydroxyl of the glycerol moiety with activated palmitic
acid ester in an organic solvent. The glycerol phosphate diester substrate
was prepared from the protected nucleoside phosphoramidites and [(4S)-2,2-
dimethyl-1,3-dioxolan-4-yl]methanol.52 Shirokova reported the synthesis of
uncharged 50-aminocarbonyl and 50-aminocarbonylmethylphosphonate deriv-
atives of AZT and d4T, (153–162) and their activity in cell cultures infected
with HIV-1. These compounds were prepared by treatment of the correspond-
ing 50-ethoxycarbonylphosphonyl nucleosides with primary amine followed by
esterification.53 Synthesis and cytotoxic activity of 1-dodecylthio-2-decyloxyp-
ropyl-3-phosphatidic acid conjugates of gemcitabine (163) and cytosine ar-
abinoside (164) have been reported.54 These compounds were prepared by
direct conjugation of 1-S-dodecyl-2-O-decylthioglycero-3-phosphatidic acid to
the 50-OH of the nucleosides in the presence of 2,4,6-triisopropylbenzenesulfo-
nyl chloride in pyridine. Waldmann has developed a mild enzymatic deprotec-
tion method using penicillin G acylase for the synthesis of the nucleopeptides
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(165–168). This enzyme catalyses hydrolysis of the N-phenylacetoxybenzyloxy-
carbonyl group from the terminus amine.55
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(149) B= Ade
(150) B= Gua
(151) B= Thy
(152) B= Cyt
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(153) R= H; X= OCH2CH3; Nu= AZT
(154) R= CH3; X= OCH2CH3; Nu= AZT
(155) R= CH2CH2Ph; X= OCH2CH3; Nu= AZT
(156) R= H; X= OCH2CH3; Nu= d4T
(157) R= CH3; X= OCH2CH3; Nu= d4T
(158) R= CH2CH2Ph; X= OCH2CH3; Nu= d4T

(159) R= H; X= OCH2CH3; Nu= AZT
(160) R= H X= OC6H11; Nu= AZT
(161) R= CH3; X= OCH2CH3; Nu= AZT
(162) R= H; X= OCH2CH3; Nu= d4T
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(165) AA= Val
(166) AA= Phe
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AA2

(167) AA2-AA1= Pro-Val
(168) AA2-AA1= Ala-Phe

Perigaud reported the synthesis of the H-phosphonamidate of AZT (169). It
was synthesized by the successive coupling of AZT to bis(diisopropylamino)
chlorophosphine and in situ hydrolysis in the presence of tetrazole and water.56

Phosphorodiamides (170–179) have also been reported as prodrugs for antiviral
nucleosides.57 These were prepared by quenching the reaction between phosphorus
oxychloride and the nucleoside with an excess of amine in methanol or dioxane.
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(169)

N

O

NO P OR
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(170) R= AZT
(171) R= d4T
(172) R= d2T
(173) R= acyclovir
(174) R= ara-A
(175) R= ribo-A
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Meier reported two improved cycloSal-masking phosphate groups which
once attached to the anti-HIV drug d4T (180a, 180b), possessed a reasonable
chemical half-life and high cell selectivity, achieved TK-bypass and had no
inhibitory effect on butyryl-cholinesterase.58 He also described the synthesis,
hydrolytic properties and biological activities of 3-unmodified and 3-O-esteri-
fied cycloSal-5-[(E)-2-bromovinyl]-2-deoxyuridine derivatives (181a–f ),
(182a–g) and (183a–g).59 Other analogues containing benzyl-substituted mono-
phosphates of cycloSal-d4T (184a–g) were prepared and evaluated for their
ability to release d4T selectively and were found surprisingly stable.60 Cyclo-
saligenyl-tiazofurin monophosphate (185) has also been synthesized and its
biological activity as pronucleotide against human myologenous cell line has
been confirmed despite being four-fold less active than its nucleotide parent.61

However, it was also found to be A1 adenosine receptor agonist.
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(180a) X=Y= H
(180b) X=Y=tBu
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X

(182a)  X=3-Me; R=Ac 
(182b)  X=3-Me; R=C2H5CO 
(182c)  X=3-Me; R=i-C3H7CO 
(182d)  X=3-Me; R=t-C4H9CO
(182e)  X=3-Me; R=C5H11CO 
(182f)   X=3-Me; R=C10H21CO 
(182g)  X=3-Me; R=Lev 
(183a)  X=3-Me; R=Gly 
(+/-183b)  X=3-Me; R=Ala 
(+/- 183c) X=3-Me; R=Val 
(+/- 183d) X=3-Me; R=Leu 
(+/- 183e) X=3-Me; R=Ile 
(+/- 183f)  X=3-Me; R=Phe 
(+/- 183g) X=3-Me; R=Pro 

(181a)  X=5-Cl; R=H 
(181b)  X=H; R=H 
(181c)  X=5-OMe; R=H 
(181d)  X=3-Me; R=H 
(181e)  X=3,5-diMe; R=H 
(181f)   X=3-tBu; R=H 
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(184a) R= CH3, X=Y=H
(184b) R= CH3, X=CH3; Y=H 
(184c) R= CH2Cl, X=Y=H 
(184d) R= CHCl2, X=Y=H 
(184e) R= CCl3, X=Y=H 
(184f) R= CH3, X=H; Y=Cl 
(184g) R= H, X=H; Y=Cl  

S N
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O O
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O

OHOH

CONH2

(185)

Perigaud reported an extensive amount of work on the synthesis of phos-
phodiester and triester derivatives and their ability to act as pro-drugs. For
instance, the S-acyl-2-thioethyl phosphoramidate diesters of AZT (186a–m)
were prepared by a one-pot procedure via the hydrogenphosphonates, which
underwent oxidative coupling with the corresponding amines.56 Similarly, he
reported the synthesis, antiviral activity and stability study of phosphotriester
derivatives of AZT bearing modified L-tyrosinyl residues where the carboxylate
group of L-tyrosine has been replaced by an alcohol (187a,b) or an amide
(187c–f) function.62 They were synthesized via the phosphoramidite AZT
derivative and showed potent antiviral activity in particular against TK-defi-
cient cell lines. Mononucleoside SATE glucosyl phosphorothiolates (188a,b)
were also found to be potent antiviral agents in TK-deficient cell lines.63
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(186a)  n=1 R=H, R'= CH3 
(186b)  n=1 R=H, R'= H 
(186c)  n=1 R=H, R'= CH2Ph  
(186d)  n=1 R=H, R'= CH2PhOH 
(186e)  n=1 R=H, R'= C2OTBDMSH 
(186f)   n=1 R=H, R'= CH2OAc
(186g)  n=1 R=CH3, R'= H 
(186h)  n=1 R=CH3, R'= CH3 
(186i)   n=2 R=H, R'= H 
(186j)   n=3 R=H, R'= H 

n
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(186k)  R=NHiPr  
(186l)   R= pyrimidine
(186m) R= CH2Ph
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(187c)  R=H; R'=R"=tBoc
(187d)  R=Ac; R'=R"=tBoc
(187e)  R=R'=R"=H
(187f)  R=Ac; R'=R"=H
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(188a)  R=H
(188b)  R=Ac

The syntheses of the 50-hydrogenphosphonothioate derivatives of AZT, d4T
and ddI (189a–i) have been reported.64 They were prepared through sequential
one-pot reactions, i.e. coupling of triethylammonium phosphinate with differ-
ent alcohols in the presence of pivaloyl chloride, following oxidation with
elemental sulfur and further condensation with the nucleoside analogues in the
presence of pivaloyl chloride.
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(189a)  R=hexadecanyl
(189b)  R= isopropyl
(189c)  R=cyclohexyl

(189d)  R=hexadecanyl
(189e)  R= isopropyl
(189f)  R=cyclohexyl

(189g)  R=hexadecanyl
(189h)  R= isopropyl
(189i)  R=cyclohexyl

Shaw reported the synthesis of P-tyrosinyl-(P-O)-5-P-nucleosidyl boranophos-
phates (190a,b) obtained in a one-pot synthetic procedure via a phosphoramidite65

and that of the nucleoside 30,50-cyclic boranophosphorothioates (191a,b) prepared
from a cyclophosphoramidite intermediate.66 The cyclophosphoramidite, ob-
tained by heating the nucleoside with HMPA was transformed to the phosphite
triester by reaction with 4-nitrophenol in the presence of 5-ethylthio-1H-tetrazole.
The boranophosphite was oxidized with Li2S after boronation with BH3.SMe2.
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(191a) (191b)

3-Phosphonodifluoromethylene analogues of nucleoside 30-phosphates
(192a–e) were synthesized from readily available ketones. Their syntheses
involve addition of the lithium salt of difluoromethylphosphonothioate. The
beneficial presence of the sulfur atom in this reagent translates into increased
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yields, reproducibilities, and ease of purification.67 Wiemer reported the syn-
thesis of the 5-amino-5-phosphonate analogues of uracyl, cytidine and cytosine
arabinoside monophosphates, (193a–d).68 These were synthesized via the ad-
dition of phosphite to an imine intermediate. He also reported the synthesis of
the alcohol analogues of cytidine and cytosine arabinoside (194a–d), prepared
via phosphite addition or a Lewis acid mediated hydrophosphorylation of the
appropriately protected 50-nucleoside aldehydes.69
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(192a)  B=Thy
(192b)  B=Ura
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(192e)  B=N2-Ac-O6-(Ph2NCO)-Gua

N

N

O
O

NH2

OH

P

O

NH3+O

O

OH

N

NH

O
O

O

OH

P

O

NH3+O

O

OH

(193a) (193b)

N

N

O
O

NH2

OH

P

O

NH3+O

O

OH
N

N

O
O

NH2

OH

P

O

NH3+O

O

OH

(193c) (193d)

N

N

O
O

NH2

OH

P

O

OH
O

O

OH

N

N

O
O

NH2

OH

P

O

OH
O

O

OH

(194a) (194b)
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A procedure, which involved the highly b-stereoselective sialylation of the
peracetylated sialic acid methyl ester with mercaptoalkyl- and mercaptoaryl-
trichloroacetate, followed by removal of the trichloroacetate protecting group
and phosphitylation of the 50-nucleoside phosphoramidites, was developed to
prepare cytosine monophosphate-N-Ac-neuramic acid derivatives containing
tethered alkanes and arenes (195a–d).70 Schmidt reported the asymmetric
synthesis of the potent phosphoramidate a(2-6)sialyltransferase transition state
analogue inhibitors, (196a,b). These were synthesized by condensation of
cytidine phosphitamide with the non-racemic a-aminophosphonates, prepared
byMitsunobu azidation followed by Staudinger reduction of the corresponding
chiral a-hydrophosphonates.71 The bisubstrate-type inhibitors of sialyltransf-
erases, (197a–c), reported by Ito, have CMP-NeuAc and lactose moieties
connected by an alkanedithiol linker.72 Sekine has furthered his work on
phosmidosine by reporting the synthesis of chemically stabilized analogues
(198a–c) and establishing phosmidosine’s structure-activity relationship.73
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(198a)  R= Et
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2.1.3 Polynucleoside Phosphate Derivatives. Saigo has developed novel
dialkyl(cyanomethyl)-ammonium tetrafluoroborate activators to be used in the
diastereocontrolled cyclic-phosphoramidite-based syntheses of oligodeoxy-
ribonucleoside phosphorothioates (Scheme 2).74 He further developed the stereo-
controlled syntheses of such oligodeoxynucleotide derivatives by investigating the
reaction conditions for the preparation of the 50-TBDPS-thymidine-3-O-ox-
azaphospholidines (199) and proposed a mechanism for the diastereoselective
formation of nucleoside 3-O-oxazaphospholidine derivatives on the basis of ab
initio molecular orbital calculations.75 To achieve best selectivity in the synthesis
of thymidyl(5-3)thymidine phosphorothioate, Sekine developed new thymidine 3-
phosphoramidite building blocks having a covalent linker between the trityl type
50-hydroxyl protecting group and the phosphorus atom attached to the 30-
hydroxyl group of thymidine (Scheme 3). The ring structures were designed to
reduce the conformational freedom around the phosphorus center (200a–c). The
cyclic phosphoramidite gave preferentially the Rp diastereoisomer. This stereo-
selectivity was achieved without any chiral sources other than the 2-deoxyribose
moiety itself.76 Stawinski’s approach to achieve diastereoselectivity was based on
intramolecular nucleophilic catalysis. To this end, he developed the thiophos-
phorylating reagent (201), prepared by condensation of 9-fluorenemethyl phos-
phonate with 4-methoxy-2-pyridinemethanol 1-oxide followed by in situ
sulfurisation with elemental sulfur. Compound (201) was then coupled to a 50-
protected thymidine in the presence of 2-chloro-5,5-dimethyl-2-oxo-1,3,2-di-
oxaphosphinane (Scheme 4) and subsequent removal of the Fmoc group yielded
(202) which was then coupled to a 30-protected thymidine using the same coupling
reagent.77 Vigroux reported the synthesis of a diastereopure dinucleotide (203)
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incorporating a 1,3,2-dioxaphosphorinane linkage in which two out of the six
torsion angles of the natural phosphodiester backbone have been constrained.78

N

NH

O
O

OH

O

OO
P

N

NH

O
O

O

O

OH

O

S

R

(203)
N

NH

O
O

ODMT

O

O

P

N

NH

O
O

O

O

DMTO

SN

N

NH

O
O

ODMT

O

O

P

N

NH

O
O

O

O

DMTO

S
N

(204a) (204b)

Stromberg has reported a detailed kinetic study of the pivaloyl chloride-
promoted nucleoside H-phosphonate condensation step with a suitably pro-
tected nucleoside in the presence of differently substituted pyridines.79 He also
investigated the stability of H-phosphonate nucleosidic dimers under various
organic and aqueous basic conditions. Strong bases such as DBU and fluoride
ions cleaved the dinucleoside H-phosphonates rapidly, as also did a combina-
tion of protic solvent and a base.80

The base-promoted reaction of a suitably protected dithymidine H-
phosphonothioate with N-methoxypyridinium tosylate in acetonitrile or with
trityl chloride yielded the dithymidine analogues incorporating a 2-pyridyl or a
4-pyridyl moiety directly attached to the phosphorus center, (204a–b), after
treatment with iodine.81 Stawinski also described the synthesis of the arylphos-
phonates (204c,d) possessing metal complexing properties and prepared by
palladium-catalysed coupling reaction between the bromopyridine derivatives
and the dithymidine H-phosphonate precursor.82 Nawrot reported the diastereo-
selective synthesis from the H-phosphonate dimer of the parent dinucleoside
pyridinyl-phosphonates (205a–c) for use in oligonucleotide synthesis.83 Meier
used similar chemistry to synthesize a phthalidyl-phosphonate thymidine-thymi-
dine dimer (206) and established its absolute P-configuration.84 Saigo reported the
use of the BH3 group as an effective protecting group for phosphonic acid
diesters. Starting from the dithymidine boranophosphate diester derivative, the
dithymidine H-phosphonate was obtained by removal of the BH3 group in the
presence of triarylmethyl cations.85 He also described the synthesis of compounds
(207a–d) which were obtained from the appropriately protected nucleobases after
condensation with dialkylboranophosphate in the presence of N,N0-bis-(2-oxo-3-
oxazolidinyl) phosphinyl chloride, 3-nitro-1,2,4-triazole and Hunig’s base.86
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(207a)  B= Ade
(207b)  B= Gua
(207c)  B= Thy
(207d)  B= CytBH3

331Organophosphorus Chem., 2006, 35, 304–354



Ora reported kinetic and mechanistic studies on hydrolytic reactions of
di-ribonucleoside 3 0,50-(30-N-phosphoramidates) and 3 0,50-(30-N-thiophos-
phoramidates).87,88 Sequential esterification of diphenylphosphite with
5 0-O-DMT-thymidine and hydrogen sulfide yielded the H-thiophosphonate
derivative of thymidine which was subsequently condensed with AZT or d4T
in the presence of diphenyl chlorophosphate and offered compounds (208a–f)
as new anti HIV-prodrugs after treatment with L-amino acid methyl esters.89

Nawrot described the synthesis of the dinucleoside (N3 0-MeP50)-methane-
phosphonamidates (209a,b) starting from the appropriately protected
amino-nucleobase and either dichloromethylphosphine or dichloromethane-
phosphonate.90
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(208a)  R= H
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(209a)  B= Thy
(209b)  B= Cyt

Mickelfield reported a new route to prepare sulfamide- (210a) and 30-N-
sulfamate- (210b) modified dinucleosides.91 For this synthetic approach, the
4-nitrophenyl 30- or 50-sulfamates, prepared from 4-phenyl chlorosulfate, were
coupled with alcohol and amine functionalities of other nucleosides. Benner
reported the synthesis of two bis-methylene sulfone dinucleoside deriva-
tives, (211a) and (211b).92 These were synthesized from 30-carboxaldehyde
nucleoside starting materials, which after reduction to the corresponding
alcohols, were thioacetylated under Mitsunobu conditions and hydrolysed to
the corresponding thiols. These were then reacted with the 50-monohalogenated
thymidine and oxidized with Oxones. The synthesis of thymidine dimers (212)
in which the natural phosphodiester linkage has been replaced by a 2,5-
disubstituted tetrazole ring has been described by Pedersen93 while Vanek
reported the synthesis of nucleotide analogues and the related dimers (213a,b),
mimics of the a- and b-D-20-deoxyadenosine 30-phosphate, containing a
pyrrolidine ring instead of the sugar unit.94 Cyclic dinucleotides (214a–d),
containing a butylene nucleobase-phosphotriester connection, synthesized by a
tandem ring-closing metathesis and hydrogenation reaction, have been re-
ported by Nielsen.95,96 However, these cyclic dinucleotides are not compatible
with standard solid phase oligonucleotide synthesis as they are reactive towards
bases.
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Kool reported the synthesis of macrocyclic nucleotide-hybrid compounds
(215a–h), putative inhibitors of the HCV polymerase, polymerase C NS5B. The
compounds were prepared by solid phase synthesis on controlled pore glass.97
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Clivio described the synthesis of an oligonucleotide building block containing a
syn-cis thymine cyclobutane dimer photoproduct (216)98 and that of the
phosphoramidite (217), and the thio analogue at the 5,6-dihydropyrimidine
C5 position of the thymidyl(30-50)thymidine (6–4) photoproduct (218).99
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(215a)  B=B'=H; R=R'= H
(215b)  B=U; B'=T; R= OMe; R'=H
(215c)  B=T; B'=U; R= H; R'=OMe
(215d)  B=C; B'=C; R= OMe; R'=OMe
(215e)  B=C; B'=U; R= OMe; R'=OMe
(215f)  B=C; B'=G; R = OMe; R'=OMe
(215g)  B=C; B'=A; R= OMe; R'=OMe
(215h)  B=H; B'=C; R= H; R'=OMe
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3 Nucleoside Polyphosphates

3.1 Polyphosphorylated Nucleosides. – The first C-nucleotide analogue (219)
to be reported as displaying P2Y1-receptor antagonist activity and being stable
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in vivo has been synthesized by Bourguignon. This compound is a C-nucleoside
pyrazolo[1,5-a]-1,3,5-triazine 30,50-bisphosphate and its synthesis involved,
amongst the crucial steps, a regio- and stereo-specific palladium-mediated
coupling reaction of the unprotected glycal 1,4 anhydro-2-deoxy D-erythro-
pent-1-enitol and the 8-iodo-2-methyl-4-(N-methyl-N-phenylamino)-pyrazolo-
[1,5-a]-1,3,5-triazine.100 Similarly, Jacobson reported the preparation of
P2Y1-receptor antagonists with enhanced potency, which incorporated substi-
tution at the 2-position of the adenine ring of the parent nucleotide and
contained a bicyclo[3.1.0]hexane ring system locked in a northern conforma-
tion, (220a–j).101 Two cyclic nucleotide analogues of adenosine diphosphate,
(221a–b), thought to be putative P2Y1 antagonists, were reported by Shibuya
and incorporated an isosteric difluoromethylene phosphonyl group.102
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CF2P(O)(OH)2

(221b)

Potter described the synthesis and Ca21-mobilizing activities of purine-
modified mimics of adenophostin A incorporating modifications at the C-6
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and C-2 of adenine, (222a–g).103 These compounds were synthesized via a
convergent route involving a modified Vórbr +uggen condensation of either
6-chloropurine or 2,6-dichloropurine with a protected disaccharide.
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(222a) R= OMe
(222b) R= BNHcyclopentyl
(222c) R= NHMe
(222d) R= NMe2

(222e) R= NHC6H11

(222f) R= NH-(3-noradamantantyl)

(222g)

3.2 Nucleoside Pyrophosphates. – The reaction of ADP (disodium salt) with
amino acid methyl esters mediated by trimethylsilyl chloride in pyridine pro-
duced adenosine 50-phosphoramidates. This reaction was regiospecific, with the
nucleophilic attack of the amino acid methyl esters only occurring on the a-
phosphorus of ADP after silylation of all oxyanions.104 Scott reported the one-
pot synthesis of the isoprenoid conjugates (223a–c). These were obtained by
nucleophilic displacement reactions of either isoprenyl chlorides or isopentenyl
tosylate with nucleoside diphosphates.105 Bertozzi described the synthesis of
a bisubstrate analogue (224), targeting estrogen sulfotransferase.106 This syn-
thesis required the use of an orthogonally-protected 30-phosphoradenosine 50-
phosphate derivative, allowing for the selective functionalisation of the
50-phosphate with the sulfate acceptor mimic. The 20- and 30-deuteriocytidine
50-diphosphates (225a,b) were synthesized from 50-MMT-3 0-OTBDMS and
20,50-O-diTBDMS cytidine derivatives, respectively, by oxidation followed by
acidic removal of the 50-protecting group, reduction with NaBD(OAc)3 and
finally displacement of a tosyl group by pyrophosphate.107
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Based on his study of hydrolytic reactions of diadenosine 50,50-triphosphate,
Mikkola reported that Ap3A was very resistant towards nucleophilic attack
and that efficient hydrolysis was only observed under acidic conditions.108 Stec
described the synthesis of novel diadenosine polyphosphate analogues (226a–d)
as putative inhibitors of ADP-triggered blood platelet aggregation. The most
active compounds incorporated a sulfur atom replacing one or both non-
bridging oxygens of the phosphorus bound to the adenosyl residues or with
hydroxymethyl groups on the bis(hydroxymethyl)phosphinic acid moiety.109

Pyrophosphonate analogues, the diaryl dinucleoside phosphonate-phosphate
derivatives (227a–c), were synthesised by reacting arylnucleoside H-phospho-
nates and aryl nucleoside P-acylphosphonates generated in situ from
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appropriateH-phosphonate and acylphosphonate monoester precursors, in the
presence of a tertiary amine.110 The syntheses of the polyphosphates (228a–h),
linked by a 50-50 phosphate bridge and composed of modified 7-methylguano-
sine and guanosine, have been reported. These compounds were designed as
tools for studying the mechanism of protein translation.111 Franchetti reported
the synthesis of two dinucleoside polyphosphate NAD analogues (229a–b), as
putative NMN adenylyltransferase inhibitors. These were synthesised by cou-
pling ATP (as a sodium salt) with nicotinamide riboside monophosphate
imidazolide.112 The synthesis of mycophenolic adenine biphosphonates,
(230a,b), analogues of mycophenolic adenine dinucleotide, has been described
by Pankiewicz.113 These were prepared by diisopropylcarbodiimide coupling of
20,30-O-isopropylideneadenosine 50-methylenebisphosphonate with mycophe-
nolic alcohols.
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Klaffke developed a scaleable three step synthetic method to prepare uridine
diphospho-D-xylose and UDP-L-arabinose from D-xylal and L-arabinal
respectively and UDP.114 The synthesis of ADP- L-glycero- and D-glycero-
D-manno-heptopyranoses (231a,b) and of GDP- D-glycero-D-manno-
heptopyranose (231c) has been reported by Kosma.115,116 The a-anomers of
the heptosyl phosphates were obtained using the phosphoramidite procedure,
whereas the b-phosphates were formed by reacting diphenyl phosphorochlori-
date with the reducing heptoses. Schmidt reported the UDP-glycal derivatives
(232a–d) as transition state analogues, inhibitors of UDP-GlcNAc 2-epim-
erase.117 He also described the synthesis of UDP-C-glycosidic derivatives of
2-acetamidoglucal (232e) and of ketosides (232f–g). Three O-methylated UDP-
GalNAc analogues (233a–c) have been synthesised from appropriate 3,6-di-
pivaloyl GlcNAc derivatives.118 N-acylated UDP-GalNAc derivatives (234a–c)
have been synthesised using Khorona’s morpholidate coupling method, start-
ing from D-galactosaminyl-1-phosphate after selective N-acylation of its amino
group with appropriate N-acetyloxysuccinimides.119 Rice reported the synthe-
sis of 50-(2,3,4-tri-O-acetyl-6-S-acetyl-6-thio-a-D-galactopyranosyl-uridine di-
phosphates (235)120 while Palcic described the synthesis of GDP-5-thiosugars
(236a–b) and their use as substrates for glycosyltransferases.121
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Inhibition properties and the syntheses of a conformationally restricted probe
for the mutase-catalysed UDP-galactose/furanose interconversion (237a) and of
a C-glycoside derivative of UDP-Galf (237b) have been reported by Sinay.122,123
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To establish the SAR analysis of adenosine diphosphates (hydroxyme-
thyl)pyrrolidinediol inhibition of poly(ADP-ribose) glycohydrolase, Jacobson
has synthesised a series of guanosine- and adenosine-modified pyrrolidinediol
pyrophosphates (238a–j).124

N

NH

O O

OH OH

OP

O

OH

OP

O

OH

OH

O

O

OH

OH

O

(237b)

343Organophosphorus Chem., 2006, 35, 304–354



Much synthetic work has been reported by various groups on cyclic adenosine
diphosphate ribose. Potter described the synthesis and biological evaluation of a
series of 8-substituted analogues (239a–d) of cyclic ADP-carbocyclic ribose,125 a
stable mimic of cADPR, and also the first enzymatic synthesis of the N1-cyclic
cADPR analogue (240) incorporating a hypoxanthine partial structure.126 An-
other type of cADPR mimic, (241), incorporating a pyranose and a pyrimidine
residue, was reported by Piccialli and was synthesized by a chemical strategy
employing a Mitsunobu reaction for the condensation of the glucosyl moiety on
the protected uridine and a Matsuda procedure for the cyclisation.127 A similar
cyclisation procedure was used by the same laboratory to prepare the N1-pentyl
analogue of cyclic inosine diphosphate ribose, (242).128
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(238a) X=Z=H; Y= NH2; R=R'= OH
(238b) X=Z=H; Y= NH2; R= OH; R'= H
(238c) X=Z= H; Y= NH2; R=R'= H
(238d) X= H; Y= NH2; Z=N3; R=R'= OH
(238e) X= N3; Y= NH2; Z=H; R=R'= OH
(238f)  X= H; Y= NH2; Z=NH(CH2)6NH2; R=R'= OH
(238g) X= H; Y= NH2; Z=NH(CH2)6NHCOCF3; R=R'= OH
(238h) X= H; Y= NH2; Z=S-C6H5-pCl; R=R'= OH
(238i)  X= H; Y= NHCH2C6H5; Z=H; R=R'= OH
(238j)  X= H; Y= NH(CH2)5-CH3; Z=H; R=R'= OH 
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A synthetic method for the synthesis of 8-vinyl adenosine 50-di and tri-
phosphate (243a–b) has been developed. This procedure eliminates unwanted
depurination side-reactions under acidic conditions by introduction of acetyl
protecting groups at the 20 and 30 positions of adenosine. The di- and tri-
phosphate esters were obtained by treatment of the adenylic acid with phos-
phate and pyrophosphate anions.129 6,6-Bicyclic pyrimidopyridazin-7-one
nucleoside triphosphate (244) was synthesized by nucleophilic ring-opening
and rearrangement of a furanopyridine nucleoside in the presence of anhydrous
hydrazine.130
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Borowski reported the synthesis of so called ‘‘fat’’ or ring expanded nucleoside
triphosphates (245a,b) and evaluated these compounds and others previously
synthesized in his laboratory against Flaviviridae NTPases and helicases.131 2-
Deoxycytidine nucleoside triphosphates, (246a–c), bearing amino and thiol
groups appended to the 5-position of the nucleobase have been chemically
synthesized and enzymatically incorporated into oligodeoxynucleotides.132

Kulikowski reported the synthesis of thiated analogues of 20,30-dideoxy-30-
fluorothimidine triphosphate, (247a–c).

N

N

N

N

O

OH OH

O

P O

OH

OH P

O

O

OH
NH2

n

(243a)  n=1
(243b)  n=2

NN

N

N
H

O

OH OH

O

P O

OH

OH

O

n

 

(244)  n=3

345Organophosphorus Chem., 2006, 35, 304–354



N
N

N

N

O

OH OH

O

P O

OH

OH P

O

O

OH

n
 

NH2

NH

NH2

NH
N
H

NH

N

N

O

OH OH

O

P O

OH

OH P

O

O

OH

n
 

O

O

(245a) n=2 (245b) n=2

The nucleoside 50-monophosphate was prepared by regioselective enzymatic
phosphorylation of a nucleoside employing wheat shoot phosphotransferase
while the triphosphates were obtained by a modification of the Ludwig procedure
employing direct phosphorylation with POCl3 and a tri-N-butylamine/bis-tri-N-
butylammonium pyrophosphate mixture.133 Shaw used the synthetic procedure
well-established in her laboratory to achieve the synthesis of the Rp-stereoisomers
of 50-(a-P-borano)triphosphates of 20-deoxycytidine and 20,30-dideoxycytidine,
(248a) and (248b) respectively, and examined their incorporation into oligonuc-
leotides by MMLV reverse transcriptase and Taq DNA polymerase.134 She also
reported the synthesis of an acyclonucleoside-(a-P-borano)triphosphate, (249),
achieved via a phosphoramidite approach in a one-pot reaction. This compound
was effectively incorporated by the MMLV retroviral reverse transcriptase.135

Mikhailopulo used an enzymatic procedure to synthesize adenosine-50-O-(1-
thiotriphosphate), (250),136 while Huang used the chemical approach based on
the chemical synthesis of 50-(a-P-thio)triphosphates to prepare nucleoside tripho-
sphate analogues containing a-non-bridging selenium, (251).137 Non-natural
azole carboxamide nucleoside triphosphates (252a–c) have been synthesized as
alternative substrates for DNA and RNA polymerases. Tosylate intermediates
were employed to introduce the diphosphate ester which was subsequently
enzymatically converted to the triphosphate ester as the conventional nucleoside
triphosphate synthetic methods failed for non-purine and non-pyrimidine nu-
cleosides.138 A series of non-natural b-C-nucleoside triphosphates, (253a–e),
bearing an aromatic nucleobase with phenolic hydroxy groups, has been synthe-
sized by Shionoya and evaluated as inhibitors against DNA polymerase.139
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Burgess reported the synthesis of a set of energy transfer dye-labeled
nucleoside triphosphates (254a–f). To achieve this synthesis, the coupling of
the dye to the nucleosidic moiety had to be performed after formation of the
triphosphate esters.140
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Nucleotides and Nucleic Acids; Oligo- and
Poly-Nucleotides

BY DAVID LOAKES
Medical Research Council, Laboratory of Molecular Biology, Hills Road,
Cambridge CB2 2QH, U.K.

1 Introduction

Nucleic acid chemistry and biology has significantly advanced since the struc-
ture of DNA was solved just over 50 years ago. It is a constantly expanding
area of research, and the applications of nucleic acids have become incredibly
diverse. This review covers a two-year period (2002–2004) and is focussed on
oligonucleotide modifications. The largest group of modifications involves
novel nucleobases that are used not only for duplex stabilisation and tertiary
structures, but find application in understanding the mode of action of other
biological molecules, conjugation with small molecules as well as macromol-
ecules and in nanotechnology devices. A number of advances have also been
achieved with sugar and backbone modifications, especially LNA and PNA,
and as in previous years, there have been a large number of structures solved
for nucleic acids. There are also some noteworthy emerging areas of research,
which includes templated organic synthesis, single molecule detection and, as
noted above, nanodevices.

1.1 Oligonucleotide Synthesis. – 1.1.1 DNA Synthesis. Whilst DNA synthe-
sis has been routinely carried out for many years, there are still many reports on
methods for improving synthesis. These range from new protecting group
strategies and new solid support methodologies (which make up the majority of
new reports), to new reagents for oligonucleotide synthesis. Possibly the most
important paper in this field during this review period is a new synthesis
strategy developed by Caruthers and co-workers. The method makes use of a
50-aryloxycarbonyl group, the usual 50-dimethoxytrityl protecting group being
used instead to protect exocyclic amino groups. The internucleotide phosphite
group is then oxidised by a buffered (pH 9.6) peroxy anion solution, which
additionally removes the 50-protecting group thus reducing the number of steps
involved in the synthesis cycle.1
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A synthesiser has been developed which allows for the synthesis of 1536
oligonucleotides in parallel. Reactions are carried out in microwells, and
oligonucleotides up to 119 nucleotides have been synthesised.2 Various miscel-
laneous methods are reported for DNA synthesis. These include photosensitive
nitrobenzyl esters which yield a-chloro-substituted acetic acid derivatives
which may be used for 50-deprotection with reduced depurination;3 synthesis
of 30-modified oligonucleotides using reverse synthesis (i.e. in the 50-30

direction);4 a method for the synthesis of H-phosphonate oligonucleotides
using N,N-diisopropylamino-p-methoxybenzylphosphoramidites;5 synthesis of
phosphonoacetate and thiophosphonoacetate oligonucleotides using 30-O-
phosphinoamidite monomers6 and a non-enzymatic chemical template synthe-
sis of RNA using imidazole-activated 50-monophosphates.7 Non-enzymatic
templated transcription of DNA may be carried out using monophosphates
activated by 2-aminoimidazole. Using such transcription reactions, it has been
shown that diaminopurine is a much better cognate base for 5-propynyluracil
than adenine.8 For large-scale oligonucleotide synthesis, solution phase is the
preferred method. Two reports deal with solution phase synthesis, one using
phosphotriester chemistry to synthesise a G-rich iso-oligonucleotide9 the other
H-phosphonate chemistry to synthesise a phosphorothioate oligonucleotide.10

A few new protecting group strategies have been reported. Methyl-SATE
(2S-AcetylThioEthyl) pro-oligonucleotides can be prepared using fluoride-
labile protecting groups.11,12 SATE oligonucleotides have the advantage that
their phosphate groups are fully protected and are therefore more readily taken
up into cells where they may be hydrolysed. 6-(Levulinyloxymethyl)-3-
methoxy-2-nitrobenzoyl has been introduced as a base-labile 50-hydroxyl pro-
tecting group,13,14 and 50-hydroxyl protection has also been carried out using
modified pixyl groups that are more acid-labile than dimethoxytrityl.15 Dime-
thylacetamidine can be used as a selective protecting group for exocyclic amines
in conjunction with other ultra-mild deprotection groups. It is stable to
potassium carbonate in methanol, and is removed by methanolic ammonia.16

Two alternative phosphate-protecting groups, 3-(N-tert-butylcarboxamido)-
1-propyl17 and 2-[N-methyl-N-(2-pyridyl)]aminoethyl-phosphates,18 have been
described, both protecting groups being removed thermolytically.

Terminal phosphate groups have been introduced via an oxime-derived solid
support19 and a phosphoramidite building block,20 as well as for the introduc-
tion of phosphorothiolates.21 New sulfurising agents have also been described
such as dimethylthiuram disulfide22 and diethyldithiodicarbonate23 for intro-
ducing phosphorothioate linkages, and a novel solid support to allow the
synthesis of 30-phosphorothioate oligonucleotides.24 Stereocontrolled synthesis
of Rp or Sp phosphorothioates may be carried out using new oxazaphospholi-
dine derivatives.25 A method for desulfurisation of phosphorothioates has also
been described.26

Sekine et al. have described the synthesis of oligonucleotides which does not
require all protecting groups. Synthesis without exocyclic amino protecting
groups involves protonation with 5-nitrobenzimidazolium triflate27 whilst a
novel HOBt-mediated coupling strategy reduces the phosphitylation at
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exocyclic amino positions28 and allows for no internucleotide phosphate
protecting groups.29

New reagents useful during DNA synthesis include NBS in DMSO as a non-
basic reagent for the oxidation of phosphite to phosphate triesters,30 and a
solution of CCl4 and N-methylmorpholine in pyridine for the oxidation of H-
phosphonate diesters to phosphates.31 Removal of dimethoxytrityl protecting
groups can be accompanied by depurination side-reactions, but the latter may
be reduced by use of buffered (pH 3.0-3.2) sodium acetate solution.32 2-Methyl-
5-tert-butylthiophenol and triethylamine in acetonitrile can be used to remove
phosphate methyl protecting groups.33 An on-column method for cross cou-
pling of alkynylated nucleobases via a copper-catalysed oxidation reaction has
also been described.34

Various new solid supports have been used for oligonucleotide synthesis.
Two cis-diol universal supports have been developed, one which is conforma-
tionally preorganised for more efficient oligonucleotide synthesis,35 and one
which is compatible with polyamine-assisted oligonucleotide deprotection,36,37

as well as a photocleavable universal support which uses long wavelength UV
light to avoid photolytic damage to the oligonucleotide.38 A polymeric solid
support has been described which has a 10-12 fold higher loading of functional
groups for increased oligonucleotide loading.39 It is reported that attachment
of the dA to a solid support via its exocyclic amino group leads to reduction of
(n-1)-mer formation.40 Solid supports for 30-modified oligonucleotides include
a support that allows synthesis of 30-amino-modified oligonucleotides41 and a
method for attachment of ligands via a 20-succinyl linker.42 Linker phosphor-
amidites, such as (1) are described which are suitable for attachment of the first
nucleoside to underivatised solid supports.43
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1.1.2 DNA Microarrays. The synthesis of DNA on microarrays is now an
established procedure, but there are further developments in this field. There
are methods for light-directed synthesis, one dealing with 50-30 synthesis,44

and another with the effects of stray light on the fidelity of oligonucleotide
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synthesis.45 Methods for removal of contaminating fluorescence from DNA
microarrays have also been described.46 Triplet-sensitised deprotection of
oligonucleotides bearing the photolabile 2-(2-nitrophenyl)propyl-protecting
group has also been reported.47 DNA sequencing on a chip has been demon-
strated using photocleavable fluorescent nucleotides such as (2).48 After incor-
poration of the fluorescent dNTP, the fluorescence signal was detected and then
the fluorophore cleaved by 340 nm irradiation. The labelling of probes for
microarray studies usually requires about 20 mg of total RNA. A method has
been described which allows the synthesis of fluorescent probes using as little as
1 mg of RNA.49 The method uses random DNA hexamers that have a free
amino group at the 50-terminus, which are then incorporated into cDNA using
aminoallyl-dNTPs and fluorescent dyes are then attached to the free 50-amino
groups. Fluorescently-labelled cRNA libraries have also been produced by
using Cy-modified aminoallyl-UTP.50 Microarray-bound oligonucleotides can
also be biotinylated using the aryldiazomethane reagent (3).51–53
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Analysis of microarrays is important for quality control of data obtained
from hybridisation experiments. An analysis of probe density demonstrated its
correlation to the efficiency of hybridisation and kinetics of capture.54 The
manufacture of microarrays from unpurified PCR products to aminated glass
slides has been described which reports a signal intensity of 94% compared to
that for purified PCR products.55 The effects of linkage to solid support have
been studied using C5-thymidine and N4-dC as the linkage point.56 A three-
colour cDNA array has been developed to allow for assay of the microarray, by
using fluorescein-labelled probes which are compatible with Cy3 and Cy5 target
labelling dyes,57,58 whilst scanning electrochemical microscopy may be used as
a label-free method for examining electrostatic interactions of DNA probes
binding on a microarray.59 A thin-film amorphous silicon photodetector has
been used to quantify the density of both immobilised and hybridised oligonuc-
leotides labelled with a fluorophore.60

There are a number of novel methods for the attachment of oligonucleotides
to various solid surfaces. Oligonucleotides have been attached to glass surfaces
coated with polycarbodiimide, and un-modified oligonucleotides may be at-
tached by UV-irradiation, which increases coupling efficiency, and hence signal
intensity.61 A bifunctional reagent (NTMTA, 4) has been reported that reacts
with the glass surface whilst the trifluoromethansulfonyl group reacts with
aminoalkyl- or mercaptoalkyl-modified oligonucleotides.62,63 Amino-modified
glass surfaces can be functionalised with dendrimers bearing aldehyde groups
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for the attachment of 50-amino-oligonucleotides.64 Commercial aldehyde-mod-
ified glass has also been used to attach oligonucleotides containing oxyamino
groups by oxime bond formation.65 High uniform loading of oligonucleotides
to glass surfaces can be attained by functionalisation of the glass with g-
aminopropyltriethoxysilane or 3-glycidoxypropyltrimethoxysilane followed by
a poly-L-lysine or polyacrylic acid polymer coating.66,67 Following activation,
amino-modified oligonucleotides may be attached. Zirconium phosphonate-
derivatised glass surfaces allow for oligonucleotides with terminal phosphate
groups to bind tightly to the organophosphonate groups.68 Attachment of
oligonucleotides has also been achieved using polylysine and other polyamine-
modified oligonucleotides.69
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The functionalisation of poly(methyl methacrylate) (PMMA) using hexa-
methylene diamine generates an aminated surface suitable for the attachment
of oligonucleotides.70 A comparison of the oligonucleotide hybridisation signal
with other PMMA-modified surfaces and silanised glass demonstrated that the
new surface is highly robust. The impact of surface chemistry and blocking
strategies on DNA microarrays has been studied in detail.71,72

Advances in applications of microarrays are varied and include SNP detec-
tion,73,74 gene analysis,75–78 DNA cleavage,79 fingerprinting,80 combinatorial
decoding of nucleic acids,81 nucleic acid quantification,82 nucleic acid amplifi-
cation83 and purification.84 Methods for the synthesis of PNA microarrays
have also been reported.85

1.2 RNA Synthesis. – There are few reports concerning modifications to RNA
synthesis. A new base-labile 50-OH protecting group has been introduced,
the (2-cyano-1-phenylethoxy)carbonyl group, which is removed 0.1M DBU.86
15N-labelled uridine and cytidine {[(triisopropylsilyl)oxy]methyl} (tom)-pro-
tected phosphoramidites have been prepared for use in NMR studies,87 and
20-Se-methyl pyrimidines for X-ray crystallography.88 The thermolabile
4-methylthio-1-butyl group has been introduced for protection of phosphate/
thiophosphate groups during RNA synthesis,89 and can be removed under
neutral aqueous conditions. A pivaloyloxymethyl (POM)-protected C-linked
imidazole ribonucleoside has been prepared to study its role as a general acid
and base catalyst in ribozymes.90

RNA oligomers (35–40 mers) were formed within one day in a reaction
catalysed by montmorillonite clay at 251C in aqueous solution.91,92 The reac-
tions used imidazole-activated monophosphates (5), and gave ladders, which
increased with increased reaction time. 5–17 Mers could be formed in ice
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eutectic phases when dilute solutions of activated monomers (5) and Mg(II)
and Pb(II) catalysts are maintained at �181C for periods of up to 38 days.93

5
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HO OH
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OH
N

N

1.3 Synthesis of Modified Oligodeoxyribonucleotides and Modified Oligo-

ribonucleotides. – 1.3.1 Oligonucleotides Containing Modified Phosphodiester
Linkages. A number of different internucleotide linkages have been examined
for their effects in oligonucleotides. Of these, most reports are concerned with
PNA or PNA analogues. Amongst oligonucleotide modifications, some reports
are concerned with mixed DNA/RNA backbones but these are excluded from
this review as this is such a common modification. Oligonucleotides containing
2-5 linkages are discussed in section 1.3.2.

Since introduced by Eckstein, probably the most widely studied modified
phosphodiester linkage is the phosphorothioate.94 Phosphorothioate-linked
oligonucleotides are of significant interest because they have enhanced resist-
ance to nuclease degradation, and have therefore been used in antisense,95,96

siRNA97 and enzyme studies.98,99 A study of the effect of duplex stability of
stereodefined phosphorothioate oligonucleotides100 demonstrated that oligo-
nucleotide stability is sequence-dependent, but Rp linked DNA showed
generally higher stability than Sp with complementary RNA. Most phosphor-
othioate oligonucleotides involve substitution by sulfur of a non-bridging
oxygen. However, replacement of the 30-bridging oxygen has been shown to
increase duplex stability, and induces a conformational shift as demonstrated
by NMR studies.101,102 Phosphorothioate oligonucleotides bearing an addi-
tional 30-terminal phosphorothioate ester have been investigated for the effect
of the additional negative charge, and has been shown that there was no effect
for the recruitment of RNase H.103

Other phosphorothioate analogues that have been examined include
methylthiophosphonate oligonucleotides,104 and the biochemical properties of
N30-P50 thiophosphoramidates105 and thiophosphonoacetates.106 Phosphor-
oselenoates have been used for heavy atom replacement for phase determina-
tion in X-ray crystallography.107,108

A few other reports describe oligonucleotides containing minor modifica-
tions to the internucleotide linkage. Oligonucleotides containing boranophos-
phate in place of a non-bridging oxygen are still able to induce RNase H
activity.109 DNA containing a single ethyl phosphotriester linkage was found to
be a substrate for T4 DNA polymerase and E. coli DNA polymerase I.110 The
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replacement of a phosphate non-bridging oxygen by an alkyl group leads to
neutralisation of charge on the phosphate backbone. Methyl phosphonates
have previously been widely studied, but are used less frequently now. The
effect of charge neutralisation in a DNA duplex has been studied using
methylphosphonates where it was shown that the minor groove became nar-
rower, particularly in GC rich regions.111 The thermal stability of ODN
duplexes containing various alkarylphosphonates has been measured. Short
alkyl linkers gave higher stability with Rp isomers, whilst this trend was
reversed with longer linkers.112 a-Hydroxyphosphonate linkages between thy-
midine dimers have similarly been examined for thermal and nuclease stabil-
ity.113 A phosphoramidite derivative of the dinucleotide (6) was incorporated
into a TFO where one of the diastereoisomers strongly enhanced the triplex
stability.114
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A popular strategy for triple helix formation is the use of an oligonucleotide
that will hybridise to adjacent purine tracts by switching strands at the junction
between an oligopurine-oligopyrimidine domain. In order to maintain the
direction of hydrogen bonding (parallel or antiparallel) a 30-30 linkage is
introduced. A number of examples of these alternate-strand TFOs have been
examined,115–117 including those in which an intercalating agent is introduced
to aid thermal stability.118–120 The immunostimulatory effect of oligonucleo-
tides containing 30-30- or 50-50-linked CpG domains was found to enhance or
suppress immunostimulation, respectively.121,122

Cyclic and lariat oligonucleotides have attracted much attention since they
were shown to be unusually good substrates for polymerases and as splicing
intermediates, respectively, and a number of reports have dealt with their
synthesis. A variety of methods have been used to cyclise oligonucleotides, the
most common being a ligation method using linear templates.123–125 Ligation
methods have also been used for the synthesis of branched oligonucleo-
tides.126,127 Other methods of cyclisation use chemical ligation, for example
ligation of a 50-iodo-modified oligonucleotide to a 30-phosphorothioate128 and
ligation of a 50-oxyamino group to a 30-aldehyde.129 Branched RNA oligonuc-
leotides have also been synthesised using the 20-O- and 30-O-positions as
branching sites.130
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Applications of cyclised oligonucleotides are varied. They have been used to
produce artificial human telomeres by rolling circle DNA synthesis,131 as
inhibitors of viral replication in influenza virus132 and as structural motifs for
quadruplex formation.133,134 A further form of ‘cyclic’ oligonucleotide figures
in a recently described method in which a self-complementary oligonucleotide,
e.g., a hairpin structure, is denatured and allowed to re-anneal in the presence
of circular DNA such as a plasmid (7). The effect is that the short oligonuc-
leotide traps the plasmid in what has been termed a padlock.135 Such structures
have been successfully used to inhibit transcription elongation reactions based
on triple helix formation of the padlock structure.136

7

Phosphoramidates have received much attention, and a number of reports
have dealt with this modification. The most widely studied modification has been
the N30-P50 amidate linkage. This has recently been demonstrated to be effective
in an antisense therapy as an inhibitor of human telomerase.137 Substitution by
nitrogen at the 50-end, P30-N50 linkages, are less well studied, but oligonucleo-
tides containing P30-N50 modified 20-fluoroarabinonucleosides have been pre-
pared and shown to be substrates for certain RNases.138 A P30-N50 linkage has
also been used to investigate cleavage reactions by an adjacent ribonucleotide (8).
Upon protonation, the phosphoramidate linkage is attacked by the 20-hydroxyl
group to generate a 20,30-cyclic phosphate with cleavage of the amidate link-
age.139 Further substitution of phosphoramidate linkages by aminooxyethyl
groups convey enhanced protection against exo- and endonucleases.140
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The above phosphoramidates involve substitution of a bridging oxygen of
the phosphate linkage. Examples have been reported in which the amino group
replaces a non-bridging oxygen. Compound (9), in which the amidate contains
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pendant groups with either terminal hydroxyl or amino functions, has been
used to stabilise TFOs.141 The Rp modifications were found to exert the
greatest stability, particularly with multiple substitutions. A method for post-
synthesis modification to form cationic oligonucleotides has been described for
the guanidine analogue (10).142 The presence of a pendant imidazole group on a
phosphoramidate-linked oligonucleotide improved affinity towards target nu-
cleic acids.143 Oligonucleotides containing the cationic amidate (11) efficiently
target ssDNA and ssRNA, and have been shown to inhibit translation by
Hepatitis C virus.144
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Alkyl linkers have been incorporated into oligonucleotides for a variety of
uses. Incorporation of alkane-diol and hexaethylene glycol linkers to investi-
gate stability of DNA quadruplexes demonstrated that the quadruplex stability
increased with chain length.145 The presence of an alkyl linker (C2-C12) within
a CpG site neutralises the immunostimulatory effect of the CpG.146 Phosphor-
amidate linkages containing pendant alkyl thiol groups form disulfide cross-
linked duplexes, which may have application in nanostructures.147–149

Likewise, calix[4]arene-linked nucleoside building blocks incorporated into
oligonucleotides can be of use for the construction of oligonucleotide nano-
structures.150 Linkers have been used for the synthesis of branched151,152 and
dendritic153,154 oligonucleotide structures.

Various other internucleotide linkages have been introduced into oligonuc-
leotides. Bruice et al. examined oligonucleotides in which the internucleotide
linkage is replaced by the guanidine linkage (12). The resulting oligonucleotide
bound to complementary DNA with enhanced affinity for homopolymers, but
with reduced affinity in mixed sequences,155,156 in both duplex and triplex
structures.157 The replacement of the phosphate group by an amide linkage led
to a slight increase in thermal stability towards an RNA target,158 but the use of
a tetrazole group as internucleotide linkage led to considerable duplex des-
tabilisation.159
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The neutral bis(methylene) sulfone internucleotide linkage (13) was
introduced into oligonucleotides by solution phase synthesis, but was found
to be considerably destabilising in duplexes and triplexes.160,161 Replacement
of the phosphate linkage by a squaryl diamide unit also caused duplex
destabilisation, though NMR studies revealed that the overall structure of
the duplex was largely unperturbed.162,163 The presence of a single vinylphos-
phonate linkage within an oligonucleotide does not affect templating by a
DNA polymerase, but multiple consecutive substitutions inhibits DNA syn-
thesis. The presence of the vinylphosphonate linkage does not infer nuclease
stability.164 However, the incorporation of the disaccharide nucleoside linkage
(14) into DNA does infer nuclease stability without loss of genetic informa-
tion, whilst the modification can be used for chemical cleavage following an
oxidation step.165,166

Base
O

CH2

SO

O

O

CH2
Base

O

O

Base
O

O

O

O

OH OH

O P

O

O

O

13 14

PNA, first introduced by Nielsen et al.167, is able to form stable structures
with either DNA or RNA, but has the unique property that it is able to strand-
invade a DNA duplex, and is best accomplished with pyrimidine-rich PNA
sequences. It has been reported that a pyrimidine hexamer of PNA combined
with a mixed sequence decamer can strand-invade both duplex and triplex
structures. Decreasing the pyrimidine region below six residues leads to a
decrease in effectiveness of strand-invasion.168 Two PNA strands connected by
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a flexible linker forming a clamp structure (triplex) with DNA is known as
bis-PNA. A bis-PNA conjugated to a 40 nucleotide DNA strand homologous
to an adjacent region of the PNA clamp underwent site-directed recombination
with a plasmid substrate in cell-free extracts.169 Strand-invasion using PNA has
also been used to initiate polymerase extension on dsDNA by opening the
duplex structure to leave ssDNA primer binding sites.170 PNA-DNA chimeras
have been used to form stable duplexes171 and TFOs172 with DNA, which also
exhibit enhanced protection against exonucleases. Chimeras of 20-O-methyl
RNA and PNA have similarly been used for enhanced binding towards
complementary RNA.173 PNA may be used for the detection of single-nucleo-
tide polymorphisms (SNPs). When PNA binds to fully complementary ssDNA,
the DNA is protected from restriction digestion, but in the presence of a DNA
mismatch the DNA is digested.174

PNA is well known for stabilising duplex and triplex structures, and there
are now reports of PNA involved in quadruplex structures. One report
described the synthesis of four PNA-DNA chimeric quadruplexes, but con-
cluded that the quadruplexes do not form well-defined structures as deter-
mined by NMR.175 However, a second report describes a PNA-DNA chimeric
structure studied by CD, UV and FRET in which the quadruplex adopts a
parallel structure.176 A four-stranded PNA quadruplex has also been reported
in which an antiparallel structure is adopted, and the quadruplex exhibits
many of the properties of a DNA quadruplex.177 Cyclic PNA corresponding to
the loop region of the TAR RNA of HIV-1 has been synthesised and examined
as an inhibitor of the HIV-1 dimerisation process. The cyclic PNA was
designed to form a kissing complex with the loop region of TAR RNA. In
a preliminary report it was suggested that the cyclic RNA was able to inhibit
HIV dimerisation,178 but a later report claimed that no interaction occurred
between the cyclic PNA and the RNA, though some interaction was observed
with the linear form of the PNA.179

The original PNA consisted of an aminoethylglycine backbone (15) to which
the nucleobases were attached. PNA has attracted much attention, and as a
result many novel backbones have been reported. The analogue (16) has been
used as a mimic of 20,50-RNA linkages.180 However, PNAs derived from (16)
were destabilising against both DNA and RNA compared to (15), and it was
suggested that the glycylalanine backbone is not of optimal length for hybrid-
isation. Replacement of glycine with arginine introduces a guanidinium group
into the PNA backbone (17), which was developed to facilitate cellular uptake
of the resultant PNA. This PNA was shown to preferentially form duplexes
rather than triplexes, but enhanced cellular uptake was observed.181 The use of
ornithine in the PNA backbone has also been reported, and whilst there was no
comparison with PNA it was reported that it formed more stable duplexes with
DNA than DNA-DNA duplexes.182 PNA derived from serine, (18), forms a-
helical PNA structures composed of a repeating tetrapeptide unit.183 These
structures are able to hybridise to ssDNA, forming more stable parallel than
antiparallel structures.
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The previously described PNA analogue (19)184 pairs with thymidine when
in a Hoogsteen strand of a bis-PNA. The conformationally constrained
analogue of (19, 20), was evaluated in bis-PNA, but there was no improvement
of stability compared to (19).185 The conformationally constrained PNA
monomer (21, X¼F) targeted towards DNA, formed stable structures, but
was sequence dependent.186,187 PNA containing (21, X¼H) preferentially forms
stable parallel duplexes with DNA rather than antiparallel.188 PNA containing
the peptide ribonucleic acid derivatives (22) are reported, but no additional
data is provided.189
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Various cyclic PNA analogues have been reported where a ring structure is
incorporated to add conformational restraint. A number of pyrrolidine-based
structures have been synthesised, but were found to be destabilising towards
complementary DNA or RNA.190–194 However, the pyrrolidine derivative (23,
cis-L-derivative shown) demonstrated sharper melting profiles than (15),195

whilst (24) exhibited unprecedented kinetic binding selectivity for ssRNA over
DNA.196 In an attempt to mimic the negative charge of the DNA backbone,
phosphono derivatives of PNA have been examined. The phosphono-PNA
derivative (25) derived from trans-4-hydroxy-L-proline was found to form
exceptionally strong duplexes with either DNA or RNA.197 The pyrrolidinyl-
PNA (26) exhibits discrimination towards DNA in that when paired with a
mismatch, the duplex is significantly destabilised compared to natural PNA.198

Cyclopentane or cyclohexane modified PNA (27) show enhanced binding
towards DNA and RNA.199–202 Incorporation of pipecolyl (28) and piperidine
units into the PNA backbone also enhance duplex stability with complemen-
tary DNA.203–205 The incorporation of an aromatic ring into the backbone of
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PNA (29), however, was destabilising towards complementary DNA, though
inclusion of carboxyl groups improves the aqueous solubility of the PNA.206
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As well as backbone modifications, a number of nucleobase modifications
have been reported for PNA. 5-Propynyl- and 5-hexynyluracil have been
incorporated into PNA where surprisingly it was found to be destabilising.207

N7-substituted guanine (30) has been used as a mimic of protonated cytosine in
a triplex with dsDNA.208 A Janus-Wedge triple helix is a motif in which the
incoming base from the third strand forms hydrogen bonds with the Watson-
Crick faces of the target duplex.209 6-Amino-pseudocytidine forms a Janus-
Wedge between a thymidine and cytidine in a bulge-loop.210 A G-clamp PNA
monomer (cf 106) has been incorporated into PNA and targeted towards both
complementary DNA and RNA, where it was shown, as with the DNA/RNA
G-clamp, to significantly enhanced duplex stability.211
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Demidov et al.212–214 have described a method of DNA duplex recognition
by modified PNA. Using strand-invading PNA containing diaminopurine and
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2-thiouracil in place of adenine and thymine, respectively, it was shown the
PNA recognises its A-T or G-C counterpart, forming unstable duplexes due to
steric interference with the modified nucleobases. The concept, known as
pseudocomplementary-PNA, induces DNA bending at the target site and
modifies protein activity of duplex DNA. A method for discriminating between
dC and MedC in DNA has been described.215 The method involves using PNA
to strand-invade the target sequence bearing dC or MedC such that the target
sequence binds to a further strand of DNA bearing a fluorophore. The complex
is then digested and, if dC is in the target sequence, there is an enhancement of
fluorescence as the fluorophore is released, but there is no increase in fluores-
cence from the MedC containing complex. A similar system of using PNA to
strand invade a DNA duplex was used to selectively cleave one strand of DNA
at a designated site by a restriction enzyme.216

Various fluorinated aromatic nucleobases have been synthesised for PNA.217

As is found with similar fluorinated aromatic bases in DNA (section 1.3.3), they
behave as universal bases with complementary DNA. PNA with a terminal 9-
aminoacridine has been prepared to examine binding of monovalent ions.218 A
T10 PNA oligomer was found to be sensitive to increasing the concentration of
K(I) ions, but the presence of the terminal acridine significantly reduced the
sensitivity. The incorporation of naphthalene diimide at the N-terminus of
PNA stabilises DNA-PNA duplexes,219,220 whilst the bis-functionalised PNA
(31) not only stabilises the duplex with DNA but also can be used to photo-
crosslink to DNA.221 The presence of the phosphonium ion in (31) aids
mitochondrial location of the PNA.
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PNA has been synthesised using an azido-group as a masking group for the
terminal amine; mild deprotection is carried out with phosphines.222 Various
terminal-modification groups (aromatic, metal-binding and aliphatic) have been
incorporated onto PNA to assess the thermal stability with complementary
DNA.223 PNA has also been synthesised bearing an N-terminal spin-label
(cf 44) to investigate binding of PNA to DNA by EPR.224 A series of trifunc-
tional PNA conjugates has been examined for cellular uptake and ribonuclease
activity.225 The conjugates consist of PNA to target RNA, the ribonuclease
unit diethylenetriamine (DETA) and a cell-penetrating peptide. Various
length spacers were incorporated between the PNA and the peptide. The
pharmacokinetic properties of PNA can be modulated by sugar residues. The
galactose-modified PNA monomer (32) in PNA is slightly destabilising towards
complementary DNA but was effectively targeted to the liver compared to the
unmodified PNA.226
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PNA analogues have been designed for metal binding (see also section 3.3).
The neocuproine-Zn PNA monomer (33) has been used to target the RNA
component of human telomerase.227 Incorporation of the Zn(II) binding units
(34) and (35) at the termini of PNA substantially increases binding affinity
towards DNA,228,229 while (36) has been used to deliver radiometals, in
particular 111In.230 The dioxime modification (37) was designed for chelation
to metal ions. Synthesis was carried out using iron(II)-clathrochelates as
protection for the dioxime unit, and the modified PNA was found to bind
Cu(II) and Ni(II) at micromolar concentrations.231
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There are also reports in which PNA has been used in antisense. PNA has
been targeted at the initiation codon of the p75 neutrophin receptor where it
showed a dose-dependent inhibition,232 for inhibition of murine CD40 expres-
sion by redirecting constitutive splicing,233 and down-regulation of microsomal
triglyceride transfer protein expression in hepatocytes.234 A 13-mer antisense
PNA was used to inhibit expression of the bcr/abl oncogene by binding to the
junction of bcr/abl mRNA,235,236 and, by targeting Ha-ras mRNA translation,
elongation was arrested.237 A 14-mer PNA was used to inhibit inducible nitric
oxide synthase (iNOS) in macrophages.238 PNA was used to inhibit the
expression of human caveolin-1 and to discriminate between its a and b
isoforms, selectively blocking the a isoform.239

The degradation of dsDNA by exonuclease III can be inhibited in specific
and non-specific manners in the presence of PNA.240 A promoter targeted PNA
acted as a strong inhibitor of basal transcription in HeLa cells, but when
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conjugated with a Gal80-binding peptide it activated transcription.241 A Cy3-
labeled PNA was targeted to telomeric DNA in living cells to observe the
dynamics of telomers, where it was observed that a majority of telomers
undergo constrained diffusive movement.242 BisPNA has been used to target
duplex DNA, where it was shown that it could inhibit transcription.243,244

1.3.2 Oligonucleotides Containing Modified Sugars. There are many new sugar
derivatives, with modifications at each of the ribose carbon atoms, though 20-
modifications are the largest group. There is one 10-modified analogue, the
homo-N-oligonucleotide (38).245 Oligonucleotides (38) can form duplexes with
either (38) or natural oligomers. Duplex homo-N-oligonucleotides form left-
handed helices, whilst with RNA they form right-handed helices.

OHO

Base

OH

38

The most common C20-modification is 20-O-methyl, which has been widely
used because 20-O-methyl modified oligonucleotides are more thermally stable
and nuclease resistant. For this reason they are widely used in oligonucleotides
which need to be stable in cellular environments. This modification is so well
known that reports which describe 20-O-Me oligonucleotides are only included
for completeness.246–253 Polymerases have been evolved by directed evolution
that can efficiently synthesise oligonucleotides using 20-O-methyl 50-tripho-
sphates,254 and 20-O-methyl oligonucleotides conjugated to a phenanthroline
derivative can cleave target complementary RNA sequences.255

20-O-Alkyl-2-thiouridine-modified RNA duplexes were studied to show that
the addition of an alkyl substituent to O-20 of 2-thio-U gave higher Tms,
though it was destabilising compared to 2-thio-U.256 20-O-alkyl modifications
in siRNA are generally tolerated at the 50-end, especially 20-O-allyl, but at the
30-end low tolerance was exhibited.257 20-O-(2-Methoxy)ethyl (20-MOE) subs-
tituents in ODNs are known to give rise to higher duplex stability with
complementary RNA.258 The 2-MOE derivative of 2-thiothymidine in ODNs
was therefore found to exhibit very high duplex stability with complementary
RNA as well as enhanced resistance to nuclease degradation.259 20-O-(2-
methylthio)ethyl-modifications (39) also exhibited high binding to RNA tar-
gets, but are more susceptible to nuclease degradation.260 The synthesis of
20-MOE phosphorothioates has been studied and it has been shown that
diastereomeric control may be achieved by varying activators and phosphate
protecting groups.261 20-MOE gapmers targeted towards telomerase were able
to diffuse across cell membranes and inhibit telomerase without the use of a
cationic lipid carrier.262 A cytidine bearing a 20-O-ribose sugar modification
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within an ODN has been oxidised to yield an aldehyde derivative that could
then be used to crosslink to the methyltransferase Eco-RII.263

Many C20-modifications have been examined for their potential use in
antisense therapy. 20-O-{2-[2-(N,N-Dimethylamino)ethoxy]ethyl} (20-DMAOE)
modified nucleosides (40), cationic analogues of 20-MOE nucleosides, when
incorporated into ODNs exhibit high binding to RNA but not DNA tar-
gets,264,265 and are exceptionally stable towards nuclease degradation. Gapmer
oligonucleotides with one or two regions of 20-DMAOE modified nucleotides
and a phosphorothioate DNA region were able to inhibit mRNA expression in
vitro and in vivo.266 A 20-O-hydroxyethyl modified nucleoside also suppressed
gene activity when incorporated into TFOs.267 20-O-(2-Amino)-2-oxoethyl
derivatives (41) considerably stabilise duplexes with RNA but not with
DNA,268 particularly (41, R¼CH2CH2N(CH3)2). The guanidinium derivative
(42), however, stabilises duplexes with both DNA and RNA, and has been used
for triplex stabilisation.269 Psoralen-linked 20-O-(2-aminoethyl) oligonucleo-
tides have been used in TFOs in a gene knockout assay, and maximum activity
was achieved when four such modifications are clustered within the TFO.270

ODNs have been prepared in which adenosine bearing a 20-O-pyrrolepoly-
amide ligand was incorporated to aid duplex stability.271
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There are a few reports detailing the use of 20-50 linked oligonucleotides, the
best well known being 20,50-A which is associated with the antiviral effect of
interferon. Antisense ODNs have been synthesised containing 20-50-A tetramers
at the 50-end and shown to have enhanced nuclease stability,272–274 and were
able to activate RNase L activity.272,273 DNA containing 2-5 linked uridine can
direct DNA synthesis with either Klenow fragment or HIV-RT polymerases.275

2-5 Linked xylose oligonucleotides shows a preference for base-pairing with
RNA, and is unable to form a duplex with ssDNA.276 A 20,50-oligoribonuc-
leotide derived from 1-methyl-6-thioinosinic acid showed no organised second-
ary structure, but was found to be a potent inhibitor of HIV-1-RT.277
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Amethod has been described which allows for post-synthesis modification of
the 20-hydroxyl group within an oligodeoxynucleotide. The silyl-protected 20-
hydroxyl group is deprotected prior to cleavage from the support, and then
treated with carbonyl diimidazole followed by an amine.278 The O20-position
has been used to attach a number of reporter groups. Highly conjugated pyrene
and anthracene derivatives (43) have been attached via O2-carbamate linkages
which show strong dye emissions at 401 and 485 nm respectively, but are not
ideally suited for FRET analysis.279 Pyrene, as its arabinoside, has been
incorporated via a 20-carbamate linkage and is a strong interstrand excimer
in DNA duplexes.280 Pyrene has also been used as a probe in RNA for acceptor
sites by antisense.281,282 A Dansyl fluorophore at the 20-position of cytidine
shows some quenching when base paired with guanosine.283
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20-Selenium modifications have been prepared as an aid to crystallography
by multiple anomalous dispersion (MAD). The synthesis and incorporation
into DNA of 20-methylseleno-dC for this purpose has been described,284,285 as
have phosphoroselenates.286

The 50-triphosphates of 20-C-branched-uridine derivatives have been synthe-
sised and examined as substrates for T7 RNA polymerase.287 20-Hydro-
xymethyluridine-50-triphosphate is a substrate and is specifically incorporated
into short RNA transcripts, whilst the 20-hydroxyethyl derivative is not.

20-Aminonucleosides are often used as a route for post-synthesis modifica-
tion in oligonucleotides. Using this approach, RNA oligonucleotides were
synthesised incorporating 20-N-amido and 20-N-ureido groups to assess them
for thermal stability. All analogues were found to be destabilising in RNA
duplexes, the 20-N-ureido modification being the most stable.288 A series of 20-
N-amido and 20-N-ureido modifications were introduced into the hammerhead
ribozyme to assess the affect of bulky residues on ribozyme activity.289 A
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number of such modifications were found that inhibited cleavage by preventing
the formation of the active conformation. A method for the selective acylation
of 20-N-amino cytidine nucleotides at a nucleotide bulge site of an ODN was
used to study the DNA flexibility. It was shown that a bulged (non-hydrogen
bonded) 20-N-amino dC was acylated 20 times faster than one involved in a
hydrogen-bonded pair.290 The synthesis of RNA with a 20-cap at the 30-end is
reported,291 where the incorporation of uridine bearing a 20-N-aminoacyl
anthraquinone significantly increases the Tm of short RNA duplexes.

Various reporter or reactive groups have been incorporated into oligonuc-
leotides via 20-N-amido or ureido linkages. The spin label (44) was incorporated
into RNA duplexes to measure distances between labels by pulsed electron
double resonance (PELDOR).292 Two 20-N-acylaminopyrene modified nucleo-
sides were substituted into DNA duplexes to measure the formation rate of the
pyrene dimer radical cation on one-electron oxidation.293 Formation of the
radical cation in less than 5 ms was observed. The synthesis of ODNs containing
the naphthalimide nucleoside (45) as a fluorescent probe in DNA duplexes has
been described.294 The presence of the fluorophore did not significantly desta-
bilise the duplex, and it is suggested that (45) could be used as an energy
acceptor in FRET analysis. Arylazide-mediated photocrosslinking has been
examined using the internally tethered derivative (46) in an RNA duplex.
Crosslinking occurs broadly with functional groups in RNA, and is independ-
ent of the RNA local environment.295

44

O
HO

U

HO HN
H
N

N

Me
Me

Me Me
O

O

45

O

HO HN

U

HO

N

O

OO

46

O

HO HN

U

HO

O OH

N3

A 20-deoxy-20-fluoro-b-D-ribofuranoside can be considered a substitute for
the natural b-D-ribose in RNA as it favors a C30-endo sugar pucker and A-type
conformation when hybridised with RNA. However, 20-fluoro containing
oligonucleotides are not substrates for RNase H,296 and are inhibitors of
human RNase L.297 20-Deoxy-20-fluoro-b-D-arabinonucleoside oligomers
(20-F-ANA) are substrates for RNase H, and oligonucleotides of alternating
DNA and 20-F-ANA nucleosides (altimers) have been shown to induce RNase
H cleavage of complementary RNA.298 Oligonucleotide gapmers, in which the
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central portion is comprised of acyclic nucleoside residues and the termini from
20-F-ANA, also induce RNase H activity299 Oligonucleotides comprised of 20-
deoxy-20,200-difluoro-b-D-ribofuranosyl thymine as well as the a-D-analogue are
destabilising in duplexes with RNA or DNA.300 Various 20-modifications,
including amino, methylamino, thiol, O-methyl and fluoro, have been used to
probe for exposed 20-hydroxyl groups involved in solvation during group II
intron catalysis.301

The synthesis of pyrimidine 30-phosphorothioamidites has been carried out
to prepare ODNs containing 30-S-phosphorothiolate linkages for mechanistic
studies.302 The stereospecific synthesis of 30-deuterated pyrimidine nucleosides
for NMR studies of ODNs has also been reported.303,304 The incorporation
into DNA of a thymidine analogue bearing a 30-methyl group was shown to be
destabilising with both complementary DNA and RNA, though less so with
RNA.305

Marx et al. reported a number of C40-substituted alkyl-, alkenyl- and
alkynyl-modified thymidine derivatives to investigate their effect on hybridisa-
tion and in primer extension reactions. In hybridisation studies, C40-modified
substituents caused some duplex destabilisation, increasingly with increasing
size/chain length.306,307 In a primer extension assay with various DNA polym-
erases, C4 0-methyl TTP was found to be a slightly better substrate than TTP,
but longer alkyl chains decreased incorporation efficiency.308 Probes containing
C40-modified thymidine derivatives were used to detect SNPs, and it was shown
that the use of C40-vinyl thymidine gave enhanced SNP discrimination.309,310

The C40-piperazinomethyl derivative (47), and its N-pyrenylcarbonyl deriv-
ative have been incorporated into DNA duplexes.311 With complementary
DNA, each stabilised the duplexes, particularly the pyrene derivative, but
there was reduced stability towards RNA. Various C40-alkylamino-modified
5-methyl-dC derivatives were used in TFOs to aid thermal and nuclease
stability. Aminoethyl and aminopropyl linkers were found to stabilise triplexes,
but other linkers were destabilising.312 A range of other C40-modifications,
including 40-N3, 4

0-MeO and 40-CH3OCH2CH2O, have also been used to aid
stabilisation in TFOs.313 The pyrrolidino nucleoside (48) was designed to
introduce a positive charge within oligonucleotides for stabilisation in triplexes.
Using pseudo-isocytosine as the nucleobase the analogue was stabilising in
TFOs.314
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A few phosphoramidites have been used to prepare 50-modified ODNs. The
synthesis of a 50-13C-labeled ODN has been described to enable NMR analysis
by 2D 1H-13C HMQC NOESY experiments.315 A formamidine-protected
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50-amino-dG phosphoramidite was used to prepare 50-acyl end-capped
ODNs.316 50-Iodo-dT-containing ODNs have been used in enzyme-less tem-
plate-directed ligation reactions to a 30-phosphorothioate-linked ODN.317 The
ligation was considerably enhanced in the presence of the intercalator profla-
vine. A trimethoxymethyl group was used to protect a 50-thiol group during the
synthesis of ODNs bearing 50-thiol or thiol-modified groups.318 The hexofura-
nosyl derivative (49) in ODNs causes a decrease in stability with complemen-
tary DNA or RNA, though a single substitution in a homopolymer showed a
slight increase in stability against DNA.319,320 The (50S)-50-C-modified nucleo-
sides (50, R¼H or CH3) were incorporated into ODNs to explore alkyl-zipper
formation between opposing alkyl groups in the minor groove, though both
were destabilising in DNA duplexes.321 The presence of 50-chloro- and 50-
amino-dG modifications in RNA hairpin ribozyme structures inhibited hair-
pin-catalysed RNA-RNA ligation reactions.322
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There are two reports describing the use of nucleosides with other sugar
conformations. A method for preparing internally 32P-labelled L-DNA
has been described using T4 polynucleotide kinase.323 Chimeric DNA
composed of tandem a- and b-anomeric strands have been used in TFOs and
shown to have enhanced thermal stability compared to all a- or b-anomeric
oligonucleotides.324

Locked Nucleic Acids (LNA) were first reported by the groups of Imanishi325

and Wengel,326 the Imanishi group terming the analogues as bridged nucleic
acid (BNA). LNA (51) contains a methylene bridge between the 20-oxygen and
the C40-carbon, which results in a locked 30-endo conformation, reduced
conformational flexibility of the ribose ring, and increasing the local organisa-
tion of the phosphate backbone. The entropic constraint in LNA leads to
significantly enhanced binding of LNA to complementary DNA and RNA.
LNA-modified oligonucleotides have enhanced resistance to nuclease degrada-
tion, and have proven to be effective in antisense strategies. The properties
of LNA have been widely investigated, and in this review period, publications
regarding LNA fall into three categories, new analogues of LNA, other locked
nucleosides and the use of LNA oligonucleotides, including in antisense
therapy.
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Analogues of LNA contain a methylene bridge between O20 and C40, but
there have been modifications to the sugar, phosphate backbone and base
modifications. The substitution of the phosphate group by a methylphospho-
nate still showed enhanced binding affinity towards DNA, but less so than
normal LNA.327 The 20-amino analogue of LNA bearing an N-acyl group
bound preferentially to RNA with higher affinity than DNA, but again less
efficiently than LNA.328 However, LNA bearing a P3 0-N50 phosphoramidate
linkage exhibited slightly higher binding affinity towards DNA, RNA than
LNA.329

The LNA derivatives of hypoxanthine, 2-aminopurine and diaminopurine
have all been prepared and incorporated into oligonucleotides. As found with
their DNA/RNA derivatives, each LNA analogue forms stable base pairs with
their cognate nucleobase.330,331 A series of aryl C-nucleoside derivatives of
LNA were assessed for binding affinity towards both RNA and LNA. The
analogues were generally destabilising, the pyrene analogue was the most
stabilising where it behaved as a universal base.332,333 As with DNA analogues
there are base-modified LNA analogues for stabilising triplexes. 2-Pyrid-
ones334,335 and 1-isoquinolone336,337 have been used to stabilise CG interrup-
tions in TFOs. Each analogue was found to have high selective binding to their
target sequence.

The usual configuration of LNA is b-D-ribose, but other configurations of
LNA have been examined. a-D-LNA and b-L-LNA nucleosides have very high
affinity with complementary RNA in a parallel-stranded duplex.338,339 Aryl C-
nucleosides in the a-L-configuration (cf 52, base¼aromatic residue) demon-
strate preferential binding to DNA, with a pyrene derivative showing highest
affinity and, as with the b-D-derivative332 it behaves as a universal base.340
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A number of other locked nucleosides have been studied, and Imanishi and
Obika have reviewed a series of bridged nucleic acid analogues.341 20-O,40-C-
ethylene (53) and propylene analogues also have C30-endo conformations and
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form duplexes and triplexes in the same way that LNA does. Oligonucleotides
(53) have enhanced binding affinities towards RNA, with stability similar to
LNA. However, the propylene analogue has decreased affinity towards
RNA.342 Oligonucleotides (53) also form stable triplexes at physiological
pH.343
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The C10-O20 locked pyrimidine analogues (54) also adopts a C30-endo
conformation. They have lower binding efficiency than their corresponding
DNA analogues, but still elicit RNase H activity.344 20-Spiro ribo- and arabino-
nucleotides (etheno and propano rings) are also destabilising compared to
DNA, and it is suggested that this is due to steric constraints.345,346 The
piperazine derivatives (55) and (56) were prepared to introduce basic function-
ality into the minor groove of DNA duplexes. Each analogue induced signif-
icant increase in thermal stability when in a DNA duplex.347 Oligonucleotides
containing the modified backbone bicyclo[3.2.1]amide-DNA (57) will form
duplexes with DNA and RNA, but exhibit considerable destabilisation.348–350

An anucleosidic analogue of (57) has also been used to study melting cooper-
ativity in a helix-bulge-helix DNA model.351 Tricyclo-DNA (58) exhibits
significantly enhanced stability with complementary RNA, but it does not
elicit RNase H cleavage. However, in an antisense assay compared to 20-O-
methylphosphorothioate oligonucleotides, tricyclo-DNA exhibited an anti-
sense activity in the absence of lipofectamine.352 The locked L-nucleoside
derivatives, e.g., derived from thymine, (59), were destabilising in a duplex
with DNA. However, the homo-uridine analogue showed enhanced binding
with homo-rA compared to that formed with homo-dT.353
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LNA has been used in a number of applications. As probes, the effect of
incorporation of a single LNA into an ODN has been studied by thermal
denaturation experiments.354 LNA substitutions stabilise the duplex either by
preorganisation or by improved stacking, but not both. The effects of mRNA
target sequence and DNA-LNA chimera design have been examined,355 and a
method for the capture of poly(A)1 RNA using oligo-LNA-thymidine has been
reported.356 LNA oligonucleotides also bind to plasmid DNA by strand
displacement without interfering with plasmid conformation or gene expres-
sion.357 LNA oligonucleotides are effective in the detection of SNPs358,359 and
have been used for SNP genotype analysis by real-time PCR.360 The presence of
LNA or a-L-LNA monomers stabilise duplexes towards endo- and exo-nuc-
leases,361 including resistance to DNA polymerase exonuclease activity.362

DNA partially substituted by LNA has also been used to direct the repair of
single base mutations in a yeast chromosomal gene.363

LNA has frequently been used to stabilise duplex structures, but in triplex
structures the effect is mixed. Partial substitution of a DNA TFO by LNA
increases triplex stability, whilst complete substitution leads to destabilisat-
ion.364 Optimal stabilisation was found with substitution every 2-3 nucleotides
of the TFO. The incorporation of LNA into a G-quadruplex structure was
shown to alter the orientation of the quadruplex from antiparallel to parallel.365

The primary application of LNA has been in antisense therapy due to the
aforementioned properties. It has been used to knock down human protein
kinase C-a (PKC-a) with greater efficiency than the corresponding phosphor-
othioate ODN,366 as an inhibitor of human telomerase,367 to block the syn-
thesis of RNA polymerase II368 and to inhibit human vascular smooth muscle
cell growth.369 LNA-modified oligonucleotides have also been used in RNA
interference (RNAi).370,371

Other locked nucleic acid derivatives have also been used in an antisense
strategy. a-L-LNA chimeras with b-D-LNA are shown to be effective with
enhanced nuclease stability and to recruit RNase H activity,372 and are shown
to be effective inhibitors of HIV-1 when targeted at TAR RNA.373 a-L-LNA
has also been used as a decoy for the transcription factor kB.374 The tricyclo
locked nucleic acid (58) has been used to target the splice sites of exon 4 of
cyclophilin A (CyPA) pre-mRNA,375 whilst the ethylene-bridged nucleic acids
(53) have been targeted at VEGF mRNA376 and rat organic anion-transporting
polypeptide.377
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Other sugar modifications include acyclic nucleoside analogues that have
been incorporated into oligonucleotides. The analogues (60-62) were found to
be destabilising towards DNA and RNA.378–380 The hydroxymethylphosphinic
acid analogues (63-64) have also been reported, though no data concerning
their effects in oligonucleotides were reported.381 An acyclic synthon for the
introduction of a label or as a branching point for oligonucleotide synthesis382

and one bearing two nucleobase units383 have also been reported.
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Various other sugars have also been incorporated into nucleosides. A method
for the synthesis of arabinopyrimidine nucleosides has been described which are
prepared from O2,20-anhydronucleosides.384 The inclusion of arabinonucleosides
into ODNs was shown to be slightly destabilising. Xylose-modified nucleosides
(XNA), including a xylose locked nucleoside, when incorporated into DNA
oligomers show a preference for pairing with complementary RNA rather than
DNA. In homopolymers with either RNA or DNA, triplex structures are formed
with two XNA strands385,386 in which one XNA strand is parallel and the other
antiparallel.387 Phosphoramidate morpholino oligomers (65) have been used as
antisense agents. Conjugation to arginine-rich peptides was found to significantly
enhance cellular uptake.388 Hexitol nucleic acids based on 1,5-anhydrohexitol as
the sugar component have previously been studied as an alternative backbone
system, and it has now been shown that methylation of the free hydroxyl groups
(66) gives rise to a system which is an exceptionally good binder with RNA.389
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a-L-Threose nucleic acids, TNA, (67) is a nucleotide system built from sugar
units with only four carbon atoms and therefore a shorter backbone. It
efficiently forms Watson-Crick base pairs with TNA, RNA and DNA, and
has been a topic of much investigation (for a review see Schöning et al.390).
Recent developments with TNA have been polymerase recognition; the incor-
poration of the thymine derivative as its 30-triphosphate into DNA with either
Vent (exo-) DNA polymerase or HIV-RT was found to be quite efficient,
comparing favourably with dTTP.391 Various DNA polymerases were used to
try to synthesise DNA on a TNA template.392 Despite the differences in the
sugar-phosphate backbone, several polymerases were able to copy limited
stretches of a TNA template with good fidelity. TNA synthesis on a DNA
template was also found to be efficient, with Deep Vent (exo-) DNA polym-
erase being the most efficient polymerase.393
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1.3.3 Oligonucleotides Containing Modified Bases. Oligonucleotides contain-
ing modified nucleobases represent the largest group of analogues. Purine and
pyrimidine analogues are reviewed first, followed by a series of artificial
nucleobases. There are then sections dealing with new base-pairs, universal
base analogues, a number of aromatic nucleobases not dealt with within
universal bases, and the final group are abasic sites, which can be considered
as a nucleobase modification. In addition to the analogues discussed in this
section there are also other nucleobase modifications covered in section 3,
which deal with template-directed organic synthesis (3.2), metal-conjugates
(3.3) charge transport analogues (3.4) and fluorescent analogues (3.5).

The synthesis and incorporation into RNA of three hypermodified tRNA
nucleosides has been reported. The presence of the N6-isopentyl modified
adenosine (68, i6A) in the anticodon stem-loop of E.coli tRNAPhe alters metal
ion binding compared to the unmodified stem-loop sequence.394 The presence
of the N6-lysine modified derivative (69), ms2t6A, found in tRNAlys,3 of the
specific RNA primer for HIV-1 RT has been shown to increase the stability of
the hairpin.395,396 1-Methyladenosine has also been incorporated into RNA.397
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A number of analogues have been investigated for their ability to stabilise
duplex or triplex structures. 8-Chloroadenosine was found to be destabilising
in RNA duplexes, though the chloro group did not perturb the helical
structure.398 Various N6-alkyl adenosine derivatives were studied in RNA by
a post-synthetic modification of 6-methylthiopurine.399,400 For most of the
modifications, it was found that the presence of alkyl groups was destabilising
in duplexes and hairpins. However, the incorporation of various aromatic
hydrocarbon groups via a urea linkage to C6, e.g., (70), lead to large stabili-
sation when in a duplex.401
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DNA polymerase incorporation of the mutagenic 2-hydroxy-dA has been
examined and found to lead to GC-AT transition mutations.402 The synthe-
sis, incorporation and repair of etheno-dA adducts have been reported.403–405

The use of a C2-alkaryl modified adenosine gave rise to enhanced stability
towards a mutant U1A protein in which a conserved phenylalanine was
substituted for alanine.406 2-Aminopurine (2-AP) has been widely used because
of its fluorescent properties. However, 2-AP dinucleotide also exhibits a distinct
positive CD band at 326 nm, and this property has been used to probe changes
in local conformation of ODNs containing (2-AP)2 by CD measurements.407

The effect of an 8-propynyl group on dA has been studied in quadruplex
structures. The effect was to increase the stability of the quadruplex due to an
increase in the syn glycosidic conformation.408 An 8-histaminyl-dA phosphor-
amidite has been incorporated into DNA, where it was suggested it might be
useful to probe nucleic acid structures.409 8-Chloro-dA has been examined as a
substrate both as its 50-triphosphate and in a template by the polymerase
Klenow (exo-) fragment. Although it behaved as dA, incorporation efficiency
was reduced.410

A series of adenosine derivatives have been reported which deal with damaged
or adducted analogues. 8-Oxo-7,8-dihydroadenosine has been incorporated into
DNA and its templating properties with three reverse transcriptases examined.
It was shown that as well as directing the incorporation of TTP, dGTP was
incorporated.411 Another oxidative lesion of adenosine is formamidino-adeno-
sine (Fapy-dA, 71). (71) and its C-nucleoside have been incorporated into DNA
and its interaction with base excision repair enzymes assessed.412 (50S)-8,
50-cyclo-dA is another oxidative lesion, and an assay to determine levels of this
lesion in DNA by nuclease digestion has been reported.413
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Polycyclic aromatic hydrocarbons (PAH) are a significant cause of tumor-
igenic lesions found in DNA, and purine analogues are particularly susceptible
to adduction with PAHs. Two such analogues of dA have been reported, (þ)-
1R- or (-)-1S-trans-anti-[BPh]-N6-dA (72, (-)-1S- isomer shown) and the related
10S (þ)- and 10R (-)-trans-anti-[BP]-N6-dA, derived from benzo[c]-
phenanthrene diol and benzo[a]pyrene diol epoxides respectively. The presence
of the lesion (72) in DNA was examined for its effect on transcription by
human RNA Pol II, where it was found that the lesion caused polymerase
stalling.414 It was also assayed with mismatch repair (MMR) enzymes, where it
was found that effective MMR enzymes caused cell apoptosis.415 The transle-
sion synthesis by human DNA polymerase i was examined with (72) and its dG
analogue. The dG analogue causes a strong block to Pol i, but the dA analogue
predominantly incorporated TTP opposite (72).416 With human DNA polym-
erase g, the dG analogue misincorporated dAMP and dGMP, whilst with
the dA analogue, dTMP and dAMP was incorporated.417 The presence of
the benzo[a]pyrene diol epoxide adduct during DNA synthesis by T7 DNA
polymerase also caused stalling at the lesion, but some incorporation of dATP
occurred.418 Interactions with nucleotide excision repair enzymes have also
been reported.419
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A few deaza- and aza-dA analogues are reported. 30-Deaza-dA has been used
to probe minor groove recognition contacts,420,421 as well as its interactions in
DNA curvature at A-tracts.421 1-Deaza-adenosine, tubercidin, purine and
4-methylindole deoxyribosides have all been used to probe for an essential
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adenine in the U1A RNA complex.422 An analogue of tubercidin, (73), which
has a naphthylmethyl group at C20, was shown to be slightly destabilising in a
DNA duplex except at the terminal nucleotide where a slight stabilisation
was observed. However, against an RNA target opposite a 2-3nt bulge, (73)
stabilised the heteroduplex.423,424 7-Deaza-7-nitro-dA (74) and �dG with 5-
hydroxy-dU and �dC have been used in a method for chemical cleavage of
ODNs.425 The method involves the use of their triphosphates incorporated into
DNA by PCR. Treatment with an oxidant followed by an organic base results
in cleavage of the DNA at all sites where the 7-nitropurine or 5-hydroxypy-
rimidine was incorporated. The use of the 7-deaza-8-aza-diaminopurine
analogue (75) in a DNA duplex stabilises the A : T base pair, and the
7-bromo-derivative harmonised the stability of A : T with C :G base
pairs.426,427 Substitution of dA by 8-aza-dA accelerates the rate of adenosine
deaminase reactions.428 7-Propynyl derivatives of 7-deaza-8-aza purines (dA,
dG and diaminopurine) were all shown to give enhanced duplex stability.429
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8-Amino- dA and dG derivatives have been used to aid stabilisation of
TFOs. G8AG :C and T8AA :T triplets are significantly more stable than corre-
sponding native triplets.430,431 Other methods of stabilising duplex structures
include the novel extended base pairs derived from imidazo[50,40:4,5]pyrido[2,3-
d]pyrimidine nucleosides (76-79).432 In these structures, (76 : 77) and (78 : 79)
are base pairing nucleosides each of which present four hydrogen bonds. A
single substitution of one of these pairs in the middle of a duplex was found to
be destabilising, but three consecutive substitutions led to significantly higher
duplex Tms.
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A set of six analogues (2-AP, 7-deaza-dG, pyrimidinone, 7-deaza-dA, 5-
methylpyrimidinone and purine) were used to probe DNA recognition by the
Eco RV restriction endonuclease.433 Each of the analogues used has one or
more hydrogen bonding functionality removed compared to native nucleosides,
and hence gave useful information regarding hydrogen bond contacts between
protein and DNA. Diaminopurine, purine, methylindole and an abasic site
were each incorporated opposite dU in a DNA duplex to study their effects on
base-flipping by uracil DNA glycosylase.434

A number of guanosine analogues have been investigated for their ability to
stabilise duplex or higher structures. 8-Methylguanosine and 8-methyl-dG
stabilise Z-DNA helical structures,435,436 and the presence of 8-Me-G will
convert a range of sequences from B- to Z-DNA.435 The incorporation of
L-nucleotides in a D-environment also leads to Z-form DNA duplexes.436 The
incorporation of 8-Br-G into RNA, which is in equilibrium between a hairpin
and a duplex, shifts the equilibrium towards the hairpin structure by destabili-
sation of the duplex due to the preferred syn-conformation of 8-Br-G.437 The
use of N1-modified dI analogues (80) bearing pyrene or acridine were incor-
porated into ODNs where it was shown that the presence of the dangling
aromatic group aided the stabilisation of both duplex and triplex structures.438

Rapid reversible G-quadruplex hairpin dimer formation was reported for
bis(oligonucleotide) conjugates containing stilbene diether linkages connecting
the two poly(G) sequences.439
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The genetic code only allows for two types of base-pair, A with T and G with
C. There have been attempts to prepare nucleoside analogues to expand the
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number of base pairs and hence the genetic code (a number of such analogues
will be discussed later). One particular analogue that has been examined in
detail is isoguanosine (81), which forms a base pair with isocytidine (82). (81)
has been incorporated into ODNs both as phosphoramidite and H-phospho-
nate derivatives.440 (81) and (82) have also been successfully used in PCR,
confirming that they act as a third base pair.441 Isoguanine adopts two taut-
omeric forms, and can form base pairs with isocytosine and thymine. These
tautomeric properties have been examined theoretically,442 and the effect of
adjacent nucleosides examined in primer extension reactions with Taq DNA
polymerase where it was shown that the 30-neighbour has an effect on the
tautomeric state and hence the templating properties of iso-dG.443–445 The
base pairing properties in parallel and antiparallel duplexes of ODNs contain-
ing 7-deaza-8-aza-iso-dG have also been examined.446
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The incorporation of 6-thio-dI447 and 6-thio-G448 phosphoramidites into
oligonucleotides has been reported. 6-Thio-G has also been used to introduce
6-thio-modified oligonucleotides using on-column conjugation. The 6-thio
group is selectively deprotected, which then reacts with various alkyl iodides,
followed by cleavage and deprotection with ammonia.449 The incorporation of
N2-benzyl-G into an Epstein-Barr virus encoded RNA sequence was shown to
restrict the binding of protein kinase dependent on RNA (PKR).450 A series of
N1 alkylated inosine and guanosine analogues was incorporated into RNA as
potential inhibitors of HIV-RT and HCMV. Of the analogues selected, an
oligomer containing 1-propyl-6-thioinosine was found to be highly active.451

An 8-ethylenediamine modified dG analogue (83) has been designed such that
in the presence of a photosensitiser, such as riboflavin, a reporter group (e.g.,
TAMRA) is released on oxidation.452
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Guanosine is particularly susceptible to damage, either oxidatively as it has
the lowest oxidation potential, or by external mutagens. The main oxidative
lesion is 8-oxo-guanosine, a known mutagenic lesion. The role of the transle-
sion polymerase k with a number of damaged bases has been examined, but
opposite 8-oxo-dG, Pol k is able to efficiently insert adenosine and then extend
beyond it.453 Ionising radiation leads to the formation of clustered DNA
damage. When 8-oxo-dG is present within a clustered damaged site there is
an enhanced mutagenic outcome with an increase in transversion mutations.454

Proof-reading studies using Klenow fragment with 8-oxo-dG and a further
oxidation product, guanidinohydantoin, were carried out in different sequence
contexts.455,456 It was shown that the presence of these lesions often led to
primer slippage and therefore internal mismatches, but Klenow fragment was
efficient at repairing these internal mismatch sites. Klenow fragment (exo-)
incorporates both dATP and dGTP opposite guanidinohydantoin.457 The
synthesis of DNA containing the nitration product 5-guanidino-4-nit-
roimidazole has also been reported.458

The presence of 8-oxo-guanine residues within a recognition sequence has an
effect on binding of proteins. Critical sites of the DNA sequence which binds to
the p50 subunit of the NF-kB transcription factor were substituted with 8-oxo-
dG, and the impact of these substitutions was assayed. Not every critical site
was found to have an adverse affect on binding.459 The binding capacity of the
human Y box-binding protein 1 (YB-1) to RNA is enhanced when 8-oxo-G
residues are present.460 The interaction of the E.coli formamidopyrimidine
DNA glycosylase with 8-oxo-G was examined using an oligonucleotide con-
taining a photocrosslinking phenyl(trifluoromethyl)diazirine residue.461

The repair of oligonucleotides containing 8-oxo-dG has been studied using
eurkaryotic 8-oxoguanine glycosylases, which repaired the lesion 1000-fold faster
when it was base paired with cytosine than with adenosine.462,463 Repair was also
studied using cellular extracts from human and rat testicular cells, though there
was limited ability to repair the lesion.464 The mechanism of repair with human
8-oxoguanine glycosylases was examined at lesions where 8-oxo-dG was opposed
to an abasic site.465 Further oxidation of 8-oxoguanine leads to the formami-
dopyrimidine derivative FapyG (84). (84) was incorporated into ODNs where its
base pairing properties were compared with 8-oxo-dG. Whilst 8-oxo-dG pairs
preferentially with dA and dC, (84) pairs with dT and dC.466 The repair of (84)
by various repair enzymes showed little difference in efficiency compared to that
of 8-oxo-dG.467 RNA containing the oxidised analogue 8-oxo-G may be cleaved
at the 8-oxo-G site by ammonia in the presence of oxygen at 601C.468
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Another form of guanine lesion arises from alkylation leading to O6-
alkylguanine derivatives. The enzyme that is involved in the repair of such
lesions isO6-alkylguanine-DNA alkyltransferase (AGT), which also repairsO4-
alkylthymidine lesions. Using short ODN duplexes containing an O6-methyl-
dG :T(U) mispair, it has been shown that AGT has two repair mechanisms,
one of which is an ATP-dependent efficient process. The other does not require
ATP but is less efficient.469 The repair of O6-methyl-dG by two thermophilic
AGTs has been assessed and found to be efficient, though less efficient in the
repair of O4-methyl thymidine lesions.470 The repair of O6-methyl-dG by
human AGT has been shown to be 5-fold more efficient when up to 0.1M
Zn(II) is present.471 The mechanism by which AGTs work is not fully under-
stood. Using alkylated nucleotides bearing an O-thiol tether, crosslinking
between the ODN and protein occurs which demonstrates that the nucleotide
is transiently extrahelical.472 O6-Benzyl guanine is an inhibitor of AGTs cur-
rently in clinical trials to enhance cancer chemotherapy. Short dG-rich ODNs
containing one or more O6-benzyl guanine residues are even more effective
inhibitors of AGTs than O6-benzyl guanine alone.473

The presence of the lesion (85), believed to be involved in the initiation of
lung cancer in smokers has been studied in ODNs to investigate 30-exonuclease
resistance. It was found to be resistant to a number of exonucleases unlike
O6-methyl-dG containing ODNs.474 DNA Polymerases Z and k are highly
expressed in the reproductive organs where steroid hormones are produced.
N2-dG and N6-dA estrogen adducts have been identified, and translesion
synthesis past them using a truncated human Pol k has been examined. It
was shown that translesion synthesis was efficient with a high incorporation of
the correct nucleotide inserted opposite them.475 Tamoxifen is used to treat
breast cancer, but has been shown to cause liver cancer in rats. It forms adducts
with N2 of dG, and the mutagenicity of the 4-hydroxytamoxifen adduct has
been shown to lead to a high G-T transversion rate.476
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Many other guanosine lesions have been investigated, the majority of which
are those derived from polyaromatic hydrocarbons (PAHs), though adducts
with smaller reactive species are also reported. Reaction with aldehydes, such as
acrolein and crotonaldehyde leads to the formation of propano-dG adducts
such as (86) and its a- and g-hydroxy derivatives as well as ring-opened
derivatives like (87). Derivatives (87) can further react with other nucleobases,
particularly guanine, leading to crosslinking. The reaction with aldehydes is
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accelerated by histones, and may therefore be linked to the mutagenic effects of
these aldehydes.477 The formation of a dG-dG crosslink with acrolein is
accelerated when the ring-closed propano-dG is opposite dC, which causes
the ring system to transiently open to the linear chain.478,479 The a-hydroxy
derivative of (86) acts as a strong block to DNA synthesis, and causes G-T
transversions, whilst synthesis opposite the g-hydroxy derivative was efficient
and led to few mutagenic events.480 The malondialdehyde adduct is also a
strong block to synthesis by T7 RNA polymerase and mammalian RNA Pol
II.481 Propano-dG lesions derived from trans-4-hydroxynonenal have been
shown to be repaired efficiently in human cell nuclear extracts by the nucleotide
excision repair pathway.482,483 They are destabilising in a DNA duplex, de-
pending on the absolute stereochemistry of the adduct, and only one of the
stereoisomers is able to form dG-dG crosslinks.484
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Translesion synthesis with DNA Pol z of the N-acetyl-2-aminofluorene adduct
of guanosine (88) is inefficient with templates containing (88). In the presence of
the Rev1 protein, translesion synthesis occurs and dCTP is the major nucleotide
incorporated opposite it,485 and studies with a mutant DNA Pol I gave similar
results.486 Benzo[a]pyrene is a potent environmental carcinogen, which when
metabolised leads to anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (anti-
BPDE). With dG, the major lesion is (þ)-trans-anti-B[a]P-N2-dG, (89), and is
usually repaired by the nucleotide excision repair (NER) pathway. The translesion
synthesis past (89) has been examined with a number of polymerases. With human
RNA Pol II, (89) is a block to synthesis,487 whilst DNA Pol k preferentially
incorporated the correct nucleotide.488 In yeast cells, Pol z induced a large number
of mutations involving Pol Z, whilst Pol Z alone contributed to 1-3 deletions or
insertions.489 The NER of (89) with UvrB proteins was also studied.490
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Deaza- and aza-analogues of guanosine have been examined primarily in
hybridisation and primer extension studies. 1-Deaza-dG incorporated into
ODN duplexes exhibited no preference for pairing with the natural nucleotides,
and was more destabilising than a mismatch. In primer extension reactions it
preferentially formed pairs with dC.491 The importance of hydrogen bond
recognition of the N3-nitrogen in guanosine was demonstrated by the incor-
poration of 3-deazaguanine into the hammerhead ribozyme. In most substitu-
tions, catalytic activity was reduced except when a guanosine in the loop region
was substituted when an increase in activity was observed.492 The anti-HIV
activity of quadruplexes containing 8-aza-3-deaza-dG demonstrated only mod-
erate activity.493

A series of 7-alkynylamino-7-deaza-dG analogues was examined for their
ability to stabilise DNA duplexes. As the length of the alkynyl chain increases,
duplex stability decreases.494,495 The incorporation of 7-deaza-8-aza-dG resi-
dues into guanine-rich sequences reduces the formation of guanine quartets due
to the inability to form Hoogsteen base pairs.496 The N8-glycosylated 7-deaza-
8-aza-dG derivative (90) forms stable base pairs with iso-dC in antiparallel
duplexes and with dC in parallel duplexes, but does not form guanine quartet
structures.497
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The deamination or action of nitric oxide on guanosine gives xanthine (X)
(91), which is a mutagenic lesion. dX had been assumed to be an unstable
lesion, but has been shown to be relatively stable when present in a duplex at
pH 7,498 though depurination occurs at pH o 4.499 In a template, HIV-RT
incorporated dCTP and dTTP opposite dX with equal efficiency, whilst Kle-
now fragment (exo-) preferentially incorporated dCTP.499 7-Deaza-dX has also
been prepared and incorporated into ODNs.500

N
H

NH
N

N

O

O

dR

91

389Organophosphorus Chem., 2006, 35, 355–478



The following section deals with the pyrimidine analogues that have been
reported during this review period. There are a number of positions at which
pyrimidines can be modified, though C5 is the most common position. There
are two reports of N3 dU-modified ODNs; the introduction of N-nitrothymi-
dine into ODNs allows for the generation of various N3-thymine modified
ODNs.501 The base excision repair (BER) by E.coli GM31 extracts of etheno-
dU and etheno-dC identified a new repair mechanism termed very-long
patch BER that is dependent on DNA Pol I.502 4-Thiouridine has been used
in RNA for photo-crosslinking to identify the active site of the VS ribozyme.503

4-Thiouridine has also been modified to incorporate a C5 spin label that was
used to study RNA structure and dynamics.504

As the C5 position of dU is the easiest to modify, there are many new
C5-substituted analogues. Analogues have been prepared for SELEX reac-
tions. 5-Aminoallyl UTP and 5-aminoallyl-20-fluoro-dUTP were both shown to
be compatible with the enzymatic steps in SELEX.505 dUTP and dCTP
analogues bearing flexible and hydrophilic 7-amino-2,5-dioxaheptyl linker at
C5 are also enzyme substrates.506 The imidazole modified dUTP analogue
(92) has been used with 3-(aminopropynyl)-7-deaza-dATP in SELEX reactions
to evolve DNAzymes capable of cleaving RNA in the absence of divalent
metal ions.507
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C5-Propynylated derivatives bearing terminal guanidinium groups have
been prepared to examine duplex and triplex stability by introducing posi-
tive charges into the major groove.508 The introduction of guanidinium
groups stabilised both duplex and triplex structures, but there was little
difference between the use of guanidinium and amino groups. Introducing
C5-(3-aminopropyl) groups into duplexes induces bending into the helical
structure, and this has been examined thermodynamically,509 where the ami-
nopropyl group induces a higher exposure of aromatic bases to the solvent.
ODNs containing 5-(N-aminohexyl)carbamoyl dU derivatives (93) and (94)
were prepared and the thermal and nuclease stability of duplexes containing
them examined.510 Duplexes containing the 20-O-methyl analogue (94) gave
higher duplex stability particularly towards RNA targets, and were also more
resistant to SVPD.
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5-(Methoxycarbonylmethyl)-dUTP (95) has been shown to be a good subst-
rate for PCR, and, once incorporated, it can be reacted with a range of amine
derivatives for post-synthetic modification.511 The arabinoside derivative of
(95) has also been incorporated into ODNs where it was post-synthetically
modified,512 and ODNs containing the arabinoside derivative induce RNase H
cleavage as well as being more resistant to nuclease digestion. A cyanomethyl
ester of (95) has also been used for post-synthesis modification by reaction with
various amine nucleophiles.513 5-Carboxy-dU, a methyl oxidation product of
thymidine, has been introduced into ODNs based on the hydrolysis of 5-
trifluoromethyl-dU.514 The mutagenic effect of the 5-formyl group has been
examined. It was shown that it is sufficiently stable to allow for miscoding
events to occur,515 and the NER of ODNs containing it have been studied.516

ODNs containing 5-formyl-dU are also able to form crosslinks to peptides by
Schiff base formation.517
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5-Hydroxymethyluracil (5 hmU) is another oxidative lesion, which is able to
mispair with guanine. The excision repair of oligonucleotides containing 5 hmU
has been examined.518 5 hmU is used in the synthesis of the naturally occurring
glucopyranosylated nucleoside dJ, and improved synthetic yields have been
reported.519 Galactose-modified uridine oligonucleotides linked via a propynyl
group have also been prepared.520 In duplexes containing multiple substitutions
it was shown that galactoside clusters were formed along the ODN.

A series of hapten-labelled (e.g., adamantane, dansyl) phosphoramidites
has been prepared and incorporated into ODNs suitable for use in immuno-
detection assays.521 EDTA has been conjugated to dU for the determination of
protein binding by paramagnetic relaxation enhancement.522 A spin label has
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also been incorporated into TFOs for study by EPR spectroscopy.523 A
disulfide-protected thiol linker has been attached to C5 as its 50-triphosphate,
and its incorporation by several DNA polymerases reported.524 A furan-linked
phosphoramidite was used to prepare ODNs, which were then allowed to
undergo Diels-Alder cycloaddition with fluorescent maleimides for the incor-
poration of fluorescent groups into DNA.525

5-Halo-dU derivatives have been used in DNA duplexes as they undergo
photochemical crosslinking reactions. 5-Iodo-dU has been used in crosslinking
reactions in Z-form DNA,526 and 4-thio-5-bromo-dU has also been prepared
and incorporated into ODNs where it was demonstrated that cells containing it
became sensitive to UVA light.527 The formation of a crosslink between Br-dC
and dG has also been reported.528 5-Iodo pyrimidines as well as 7-iodotuberci-
din have been used for post-synthesis modification whilst on solid support for
Pd-catalysed substitution by an alkynylated spin label.529

DNA damage caused by g-radiolysis leads to the formation of lesions
derived from the radical (97). The stable precursor (96), which leads to (97) on
photolysis, has been introduced into ODNs and alkali-labile lesions generated
on photolysis examined.530 The BER of the thymidine oxidative damage
lesion thymine glycol has been examined using chromatographically pure
stereoisomers531 opposite dA and as a mismatch with dG.532 Two other
thymidine-derived lesions are the thymidine dimer T(6-4)T (98) and cis-syn
thymidine dimer (99), both of which are formed by photolysis. A C5 thiol-
modified derivative of (98) has been prepared as its phosphoramidite and
incorporated into ODNs for MALDI mass spectrometer studies.533 The
translesion synthesis past (98) by Pol Z showed a high level of mutagenic
bypass.534 There are two reports of the cis-syn thymidine dimer phosphor-
amidite (99) and its incorporation into ODNs.535,536 Translesion synthesis
past the dimer by Pol Z incorporated two adenylates,536,537 though a further
report states that there are higher error rates opposite the 3 0-thymine than at
the 5 0-thymine.538 The repair of thymine dimer (99) by DNA photylase539 and
an NMR study of DNA containing (99) with human replication protein A
(RPA)540 have also been described.
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3-Methylpseudouridine (m3c) has been synthesised and incorporated into
RNA where it was found to be slightly destabilising compared to pseudouri-
dine.541 Psuedouridine can be selectively cyanoethylated with acrylonitrile,
aiding its detection in tRNA by MALDI mass spectrometry.542 The presence
of pseudouridine in RNA has also been detected by NMR using chemical
exchange spectroscopy as pseudouridine has an additional NH.543 Another
naturally occurring tRNA analogue found in mitochondrial tRNA is 5-tau-
rinomethyluridine (100), as well as its 2-thio analogue.544
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Few cytidine analogues are described. The p-benzoquinone adduct of dC
gives rise to the etheno-derivative (101).545 The introduction of a phosphate
group to N4 of dC causes destabilisation when in a DNA duplex.546 Short
duplexes have been prepared containing 1,3-N4C-alkyl-N4C interstrand link-
ages.547 The introduction of the crosslink leads to more stable duplexes, and
ethyl and butyl linkers causes helix bending. 20-Deoxycytidine bearing C5-
alkyne linked amino and thiol groups has been examined as 50-triphosphates
for incorporation by Vent (exo-) DNA polymerase.548 The amino-modified
analogue was found to be a suitable substrate, replacing dCTP in PCR
reactions. The analogue (102) has been introduced into ODNs to probe
DNA-protein interactions by forming crosslinks with target protein residues.549

An N4-modified-dC nucleoside bearing a p-azidotetrafluorobenzamide group
has been incorporated into ODNs for photocrosslinking studies,550 though the
nature of the crosslink is unknown.
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5-Aza-dC has been used to examine the role of methyltransferases,551 where
it was shown to be an inhibitor of HhaI DNA methyltransferase. Isonucleo-
sides, e.g., isocytidine, can be used for new base-pair motifs. However, iso-dC is
unstable to acidic conditions making ODN synthesis problematic. The substi-
tution of iso-dC by 6-aza-iso-dC leads to more stable ODNs, though some
duplex instability is introduced.552 Various pyrimidine analogues, such as (103)
and (104), have been used as substrates of modified HIV-RT polymerase in
DNA containing non-standard base pairs with them.553 Such new base pairs
are of interest for expansion of the genetic code (see later).
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The bicyclic pyrrolo-dC (105) has been used as a fluorescent probe to study
base-pair hybridisation in DNA/RNA duplexes and enzyme reactions using T7
RNA polymerase and HIV-RT.554 The tricyclic G-clamp cytidine analogue555

has been shown to endow ODNs with remarkably enhanced binding to RNA
targets. The 20-O-methyl analogue, (106), has been synthesised and shown that
when in 20-O-methyl oligonucleotides targeted towards TAR RNA there was
significantly enhanced binding and a resultant marked decrease in in vitro
transcription.556,557
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The analogue (107) has been previously described558 and has been shown to
behave as either a dC or a dU analogue as it exists as a mixture of amino and
imino tautomers. TheN1-methyl derivative was used to measure the tautomeric
constant [imino:amino] that was found to be 11 : 1,559 which correlates with the
incorporation of the 50-triphosphate of (107) by Klenow (exo-) DNA polym-
erase.559,560 The 50-triphosphate of (107) has also been used as a new method to
sequence AT- and GC-rich sequences by introducing mutations into these
intractable motifs.561 The hydrazine derivative of (107, 108) has also been
synthesised562 and shown to exist as a dihydropyrimidopyridazine rather than
as a pyrimidine, though biochemically it behaves as a thymidine analogue.563

Pyrimidinones have been used in the third strand of TFOs as analogues for the
recognition of CG pairs,564–566 and as fluorescent probes in duplex DNA.567
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A variety of base analogues have been examined as new base pairs to expand
the genetic code, including universal bases, aromatic analogues and abasic sites.
Whilst certain analogues have been used to fulfil a specific task, most have been
prepared primarily to see how they behave in oligonucleotides or to determine
the range of an enzyme specificity, particularly of polymerases. The vinyl-dG
derivative (109) has been incorporated into ODNs for post-synthetic modifi-
cation to expand the functional diversity of DNA. Derivative (109) reacts with
a maleimide through a Diels-Alder reaction, and can be used to introduce
reporter groups, such as spin labels, fluorophores, biotin and active esters for
further functionalisation.568 The 6-vinyl-dG derivative (110) has been used in
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TFOs where it has selectivity for recognition of dC of a G-C base pair.569 The
pteridine nucleoside 3-methyl isoxanthopterin (3-MI) is highly fluorescent and
has been used as a probe for hybridisation. The probe is designed such that on
hybridisation 3-MI forms a base-bulge whereupon fluorescence intensity in-
creases.570 The analogues (111), termed WNA, were designed with three parts,
a benzene ring for stacking, a nucleobase for Hoogsteen base pairing and a
bicyclo[3.3.0] skeleton to hold the structure in the correct conformation,. They
were designed to form selective triplets in TFOs, including at TA or CG
interruption sites.571
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New genetic base pairing systems are of considerable interest, and potentially
may be used to expand the genetic code for the ultimate purpose of introducing
different amino acids into peptides/proteins. Ring-expanded nucleosides have
been considered as a method to diversify genetic pairing. The ring expanded
derivatives of dA, (112), and dT, (113), when incorporated separately into
ODNs cause some destabilisation, but a 10-mer duplex comprised of only (112)
and (113) showed considerable stability (551C) compared to the natural AT
duplex (211C), probably due to enhanced stacking interactions. The duplex
formed a right-handed helix, and was also highly fluorescent.572

N

N
N

N

dR

NH2

dxA

112

N
H

NH

dR

O

O

dxT

113

The groups of Hirao and Yokoyama have examined various new base pairs.
Base-pairing partners for 6-thienylpurine nucleoside (114) have been examined.
This does not form stable base pairs with thymidine as there is a steric clash
between the thienyl group and the thymidine C4-oxo group, but specific base
pairs are obtained with the pyridinone analogues (115). The 50-triphosphates of
the ribonucleoside derivatives (115) were incorporated specifically opposite
(114) with T7 RNA polymerase.573,574 In addition, (115, R¼phenylethynyl) was
shown to stabilise an internal loop of a theophylline-binding RNA aptamer.574

Pyrrole-2-carbaldehyde derivatives (116) also form specific base pairs with the
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imidazopyridine analogue (117). 50-Triphosphate derivatives of (116) are spe-
cifically incorporated opposite (117) by Klenow fragment, (116, R¼propynyl)
being incorporated more efficiently.575,576
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The previous class of analogues was defined as those that formed specific
base pairing partners with nucleobases other than naturally occurring ones.
Another class are those that are capable of forming base pairing partners with
each of the naturally occurring nucleobases without discrimination, and are
known as universal bases.577 They are generally non-hydrogen bonding, planar
aromatic analogues that primarily stabilise base pairs by stacking interactions.
The first non-hydrogen-bonding analogue to be considered as a universal base
was 3-nitropyrrole (118).578 This has been used in sequence-specific oligonuc-
leotide hybridisation (SSOH) probes to enhance mismatch discrimination to
increase allelic differentiation.579 The 50-triphosphate of the ribosyl derivative
of (118) was incorporated by polio-virus RNA polymerase opposite A and U
only, and at a rate 100-fold lower than the structurally analogous ribavirin.580

Acyclic nitroimidazole (119, R-isomer shown) and nitropyrazole (120) also
behave as universal bases in duplex DNA and considering that they are acyclic
derivatives, surprisingly high Tms were observed.581 However, in TFOs each of
these analogues is quite destabilising.
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The 5-nitroindole (121), benzimidazole and 5-nitro- and 6-nitro-ben-
zimidazole as their 50-triphosphates are all incorporated opposite each of the
natural nucleotides by DNA Pol a and Klenow fragment with efficiencies up to
4000-fold better than a natural mismatch.582 Pol a preferentially incorporated
each opposite pyrimidines, whilst Klenow preferentially incorporated them
opposite purines. Both polymerases incorporated the triphosphates opposite an
abasic site up to 140-fold more efficiently than dATP, whilst T4 DNA polym-
erase incorporated (121) 1000-fold more efficiently than dATP.583 Incorpora-
tion of the 50-triphosphate derivative of the related indole nucleoside opposite
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an abasic site is 3600-fold reduced compared to (121).584 Polymerases have been
evolved to replicate oligonucleotides with very high specificity, and the intro-
duction of modified nucleotides usually significantly reduces the polymerase
efficiency and/or fidelity. Polymerase evolution has been used to identify novel
enzymes with expanded substrate specificity. A polymerase engineered to
extend 30-mismatches was found to additionally amplify a range of modified
nucleotides, including an abasic site, thymine dimer and (121).585 4-Nit-
roindazole derivatives glycosylated at N7 or N8 also behave as universal bases,
though with lower Tms than (121).586 Various fluorinated aromatic nucleobas-
es also behave as universal bases, but will be dealt with separately.
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Azole carboxamides were devised as analogues that could, in principle,
behave as universal bases by presenting two alternative hydrogen-bonding
faces, an inosine and an adenosine face. In practice, they exhibit more specific
hydrogen-bonding preferences with, usually, two of the cognate bases. Rib-
avirin when incorporated as its 50-triphosphate forms specific base pairs with
the pyrimidines, though with reduced efficiency.587 A series of five nitroazoles
(122) was compared in both hybridisation studies and for polymerase recog-
nition to determine their unique properties,588 as was a set of imidazole-
4-hydrazide derivatives.589
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One of the notable features of these aromatic nucleobases is a preference for
forming self-pairs. Romesberg et al. have prepared a range of analogues
possessing minor groove hydrogen bond donor and acceptor sites to stabilise
duplexes and as polymerase substrates. The benzofuran, benzothiophene,
indole (123) and benzotriazole artificial bases all destabilised DNA duplexes,
but when the analogue is self-paired, duplexes are significantly stabilised
compared to the natural nucleosides.590 Of these analogues, the benzothiop-
hene analogue also behaved as a universal base. Klenow fragment was used to
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extend a primer-template with an analogue self-pair at the 30-end. Of the
analogues described, only the benzotriazole self-pair was extended with any
efficiency. Similar results were found for the analogues (124), and the best
analogue was Y¼S and X¼N, with the highest Tm for a self-pair. It was also
most efficiently extended from a 30-self pair by Klenow fragment, and behaved
as a universal base.591 The analogues (125) and (126) were investigated in a
similar manner, where again the self-pairing bases were the most stable.592
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Fluorinated aromatic bases are widely used as artificial bases, and many
behave as universal bases. The effect on duplex stability and polymerase
recognition of fluorophenyl derivatives again demonstrated that self-pairs are
more stable than those of the analogue with a cognate base, the best of which
was 3-fluorobenzene.593 Additionally, the stabilisation of a short duplex by a
dangling fluorobenzene derivative as probes of electrostatic effects in DNA
base stacking has been examined.594,595 Dipole effects were shown to have a
significant effect on DNA stabilisation due to base stacking as a result of
dispersive induced-dipole attractions.596,597 Various fluorinated phenyl and
benzimidazole DNA analogues have been incorporated into RNA for struc-
tural investigations.598 The fluorinated benzimidazole (127), incorporating a 20-
O-ethylamine group was found to be a universal base, and duplexes containing
(127) were as stable as an unmodified duplex. Incorporation of (127) into the
hammerhead ribozyme resulted in cleavage rates significantly higher than for
the normal mismatch ribozyme.599,600
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The final class of fluorinated artificial nucleobases are non-hydrogen-bond-
ing isosteres of the natural bases, first described by Kool. The first such
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analogue described was difluorotoluene (128), an isostere of thymidine. It was
shown to have specific base pairing properties with adenosine, and the 50-
triphosphate of (128) was specifically incorporated opposite A by various
polymerases. This led to the conclusion that base-pair recognition in oligonuc-
leotides and enzymes does not require hydrogen bonding, but that the geometry
of the base pair is important. The HIV-1 polypurine tract contains base pairs
that deviate from the normal Watson-Crick base pairs. To investigate this, the
non-hydrogen-bonding isosteres (128) and the cytosine isostere 2-fluoro-4-
methylbenzene were incorporated into DNA and hybridised to polypurine
tract containing RNA primers to disrupt the hydrogen bonded structure.
Cleavage of these hybrids was examined with HIV-RT, where it was shown
that cleavage still occurred but 3-4bp from the site of insertion.601 A-tract
containing duplexes exhibit curvature at the A-tract, and thymidines in an A-
tract were substituted by the isostere (128) to determine the effect on the bend
angle. The effect was variable, depending upon the position of the substitution,
but the results support the view that A-tract bending arises as a result of
localised electrostatic interactions.602
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The effect of incorporating the non-hydrogen-bonding isosteres of thymidine
(128) and adenosine, (117), in bacteria has been investigated. They were
introduced into E.coli by insertion into a phage genome and transfected into
bacteria. The two base mimics were bypassed with moderate efficiency in the
cells and with very high efficiency under SOS induction conditions. Isostere
(128) encoded genetic information in the bacteria as if it were thymine with high
fidelity, whilst (117) directed incorporation of thymine opposite itself with high
fidelity. Thus hydrogen bonding is not necessary for replication of a base pair in
vivo.603 The guanosine isostere (129) is shown to be more stabilising than the
natural bases in a dangling end context, but is destabilising and non-selective
when paired opposite itself. It forms a stable pair with (128) with stability
approaching that of a GT mismatch.604 The ethynylfluorobenzene derivative
(130), an analogue of (128), has been shown to be more stable in DNA duplexes
than (128).605 A series of nonpolar adenine isosteres was examined to study the
importance of hydrogen bonding functions in the repair of 8-oxo-dG by the
E.coli repair enzymes Fpg andMutY. The absence of hydrogen bonding groups
appeared to increase the rate of removal of analogue by the enzyme Fpg, but
had a deleterious effect on repair by MutY.606
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In addition to the fluorobenzene derivatives discussed above, a number of
polycyclic aromatic nucleosides have been prepared to improve base stacking
interactions. Perylene C-nucleoside was incorporated at either terminus of a
DNA duplex where it stabilised the structure.607 Binding studies of the methylt-
ransferase MTaqI with duplexes in which pyrene, naphthyl, acenaphthyl or
biphenyl C-nucleosides were opposite the MTaqI target adenosine showed
enhanced binding compared to dA paired with any of the natural nucleosides,
in particular, a 400-fold enhanced binding with pyrene C-nucleoside.608 Uracil
DNA glycosylase (UDG) is another enzyme that operates by first flipping a
nucleobase out of the DNA duplex. The incorporation of pyrene C-nucleoside
opposite the uracil in a DNA duplex increases the rate of recognition of the uracil
by mutant UDGs, suggesting that the pyrene forces the uracil into an extrahelical
position.609 A similar outcome was observed for a DNA glycosylase engineered
to site specifically remove cytosine bases in a duplex with pyrene C-nucleoside
opposite to the target cytosine. The effect is to have a pre-flipped cytosine base
that can then be recognised and excised by the modified glycosylase.610

Two other pyrene nucleosides have been prepared attached to modified sugar
residues. Pyrene attached to a pyrrolidine as modified sugar (131) was investigated
as an intercalating agent where it was found to be slightly destabilising as a bulged
nucleoside in DNA, but strongly destabilising with RNA. However, stabilisation
was achieved when it was incorporated as a bulge in a three-way junction.611 The
acyclic pyrene derivative (132) aided stabilisation towards complementary DNA
strands when present as a base bulge, and particularly when two residues are
present. However, it is destabilising when partnered with RNA.612 Two consec-
utive substitutions of (132) in a matched DNA duplex results in quenching of the
excimer band at 480 nm, but in a mismatch environment the excimer band is
present, and therefore can be used as a method to detect SNPs.613
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The 4-benzylmercaptophenyl C-nucleoside was designed such that when self-
paired in a DNA duplex it could form a disulfide interstrand crosslink.614 The
presence of the crosslink considerably stabilised the duplex, but addition of a
reducing agent led to duplex destabilisation. N-Methyl phenothiazine C-nuc-
leoside was prepared as the terminal nucleoside in a DNA duplex, where it aided
duplex stabilisation.615 A free porphyrin C-nucleoside was substituted into
DNA duplexes and was thermally and thermodynamically stabilising, particu-
larly as a dangling nucleotide. Unlike other fluorophores, such as pyrene,
porphyrin is not significantly affected by other nucleobases in ss- or dsDNA.616

A 20-deoxyribosyl- and an acyclic phenanthridium artificial nucleoside were
synthesised and incorporated into DNA duplexes as an intercalating agent to
compare with the known DNA intercalator ethidium.617 As expected the
phenanthridium was shown to intercalate into DNA irrespective of the com-
plementary nucleoside. Two diastereoisomers of a photoreactive trans-azoben-
zene derivative (133, R isomer shown) were incorporated into DNA via a diol
linker. When in the trans conformation, the azobenzene intercalates into the
duplex and stabilises it. However, irradiation at 300 nm caused the azobenzene
to isomerise into the cis conformation, which destabilised the duplex. This was
used as a ‘‘switching’’ mechanism to regulate transcription by T7 RNA polym-
erase by having (133) incorporated into the T7 primer.618 Naphthyl Red is an
azo dye, and has similarly been used as a visual probe for DNA hybridisation.619

133

OH

OH

Me

O

N
H

N N

The analogues (134) were designed as nucleosides for TFOs to bind by
Hoogsteen base pairing to an AT or CG pair respectively. The base pairing to
the duplex is quite specific and they stabilise triplexes even at mixed purine/
pyrimidine sequences.620,621 A ureido isoquinoline homo-N-nucleoside was
incorporated into TFOs to aid stabilisation of the third strand opposite each of
the four base pairs, but was found to be destabilising.622 The analogues (135) and
(136) were also incorporated into TFOs targeted towards inverted AT duplex base
pairs. Analogue (135) was found to be almost as stable as having a guanosine in
the third strand,623 whilst (136) was found to be very stabilising.624,625 Other
analogues were found to be destabilising.626
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An acridine unit was incorporated either at the 50-end or at internal sites of an
ODN designed to affect cleavage of target RNA. The two phosphodiester
linkages in front of the acridine are selectively cleaved in the presence of
La(III).627–629 Anthraquinone has been used in a TFO attached via a bis(hydro-
xymethyl)propionic acid linker and shown to facilitate triplex formation with
pyrimidine-gapped polypurine sequences.630 8-Mer 20-O-methylribonucleotides
conjugated with the aminooxyethyl-2-(ethylureido)quinoline (137) bound to
either complementary RNA or 20-O-methyl RNA 9- or 10-mers with high
binding affinity, whilst the absence of the conjugate (137) resulted in no duplex
formation. The presence of the aminooxy group allowed for further conjugation
with aldehydes or ketones and was used to attach short peptides via a terminal
aldehyde group.631 A variety of 50-tethered stilbene derivatives were used to affect
duplex stability. In a perfectly matched 50-end the tethered stilbene derivatives
significantly and selectively enhanced the melting temperature of the duplex.632
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A three-carbon spacer group (C3) has the same framework as the backbone
of a nucleoside, but does not contain a sugar or a base. The C3 spacer has been
used to investigate the stability of tri- and tetra-loop hairpins in which there is a
sheared GA base pair. The inclusion of the spacer at the various positions of
the loop demonstrated that substitution at the first position of the loop
(substituting the guanosine of the sheared pair) caused a large destabilisation
supporting the presence of the sheared pair.633 The R and S derivatives of a
butane-1,3-diol spacer have been assayed in binding affinity studies, but it was
found that there was no discrimination between the two isomers.634 The
photocleavable linker (138) has been incorporated into ODNs for allele-specific
primer extension reactions and identification by MALDI-TOF mass spectros-
copy after photocleavage.635,636 A variety of different size linkers based on
ethyleneglycol (e.g., TEG, HEG) have been shown to be destabilising when
incorporated into a duplex.637 However, the presence of an intercalating group
such as (139) within a linker unit has a stabilising effect.638
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A series of 21 ODNs was prepared containing a core sequence comprising a
CpG linkage, each ODN bearing a different modification to test for their
immunostimulatory effect on murine macrophages. Many of the modifications
failed to enhance immunostimulatory effects, but the presence of hexaethylene
glycol linkers favouring nicked duplexes was found to enhance
immunostimulatory effects.639 Lesion bypass DNA polymerases of the Y
superfamily are able to replicate across DNA containing C3 or C12 carbon
spacers, even though it lacks all features of DNA. DNA Pol V is able to either
completely bypass by ‘‘hopping’’ across the spacer or alternatively will insert
one or two nucleotides opposite the bypass before synthesis continues on a
nucleotide template beyond the spacer.640

Several methods for modifying the termini of oligonucleotides are described.
Biotin phosphoramidites possessing exceptionally long and uncharged linkers
are better polymerase substrates.641 A biotinylated dUTP possessing a photo-
cleavable linker has been prepared such that biotinylated DNA can be captured
on streptavidin beads or surfaces, then cleaved by near UV irradiation.642 A
fluoride/amine-cleavable phosphoramidite designed for biotinylation, phos-
phorylation and affinity purification of oligonucleotides has also been re-
ported.643 A 50-modifier prepared from aleuritic acid (140) attached to DNA
via the terminal hydroxyl group during solid phase synthesis, followed by
treatment with periodate, generates an aldehyde group which can then be
reacted with amines and reduced.644

HO CO2H

OH

OH

140

Duplexes are held together by a series of hydrogen bonds, but the termini are
susceptible to ‘‘breathing’’ particularly if they are comprised of weak base pairs.
The termini of duplexes have been stabilised by synthesising ODNs bearing 50-
amino groups (e.g., from 50-amino-20,50-dideoxyadenosine) which can then be
selectively acylated. A series of acyl end-caps have been examined and (S)-N-
(pyren-1-ylmethyl)pyrrolidine-3-phosphate (141) was found to enhance the Tm
of an 8-mer duplex by 111C.645 The synthesis of a 2,2,7-trimethylguanosine
(142, TMG) capped DNA/RNA hybrid has been reported. The TMG-capped
oligonucleotide is conveyed into the nucleus by the nuclear-transport protein
snurportin 1.646
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Abasic sites are a common lesion in oligonucleotides, and can arise for a
number of reasons, such as depurination, g-radiolysis and DNA damaging
agents. There are four types of abasic sites that have been investigated, the most
common abasic site, (143), often referred to as AP, and the chemically stable
tetrahydrofuran abasic site analogous to (143), (144, or F). There are also
oxidised abasic sites, namely the C10-oxidised (145, L, or 2-deoxyribonolac-
tone) and the C40-oxidised abasic site caused by DNA damaging agents, (146,
C4-AP). The difference between (143) and (144) abasic sites has been investi-
gated in vivo for mutagenic response in yeast. Opposite (143), cytosine is most
commonly incorporated, whilst for the stable abasic site (144) adenosine is
most frequently incorporated.647 The presence of the abasic site (144) in a DNA
duplex opposite a natural DNA base has been detected using the naphthyridine
(147) which in solution forms base pairs with the nucleoside opposite (144).
Naphthyridine (147) forms particularly stable duplexes when there is a pyrimi-
dine opposite (144).648 The T4 DNA polymerase usually terminates replicative
DNA synthesis at an abasic site, but deletion of the 30-50 exonuclease domain
allows for translesion synthesis.649
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20-Deoxyribonolactone lesions (145) are generated by DNA damaging agents
and g-radiolysis. To study (145) lesions in DNA, two modified nucleosides have
been used which on photolysis generate the lesion. The incorporation of 5-iodo-
dU in telomeric DNA quartets led to specific formation of the lesion (145) on
photolysis at 302nm.650 Similarly, irradiation at 360nm of DNA containing 7-
nitroindole nucleosides led to (145) lesions.651,652 Further studies with (145)
lesions using the 7-nitroindole precursor in E.coli showed that (145) gave G-A
mutations.652 The SOS response in E.coli to plasmids containing (145) gave rise
primarily to incorporation of dA and dG, the ratio of which depended on the
sequence context of the lesion.653 Lesion (145) may be further oxidised leading
to strand cleavage and a terminal butenolide. The base excision repair of DNA
containing (145) and the butenolide were studied by incorporation of a pho-
tolabile precursor (the uracil derivative of the analogue 164).654
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The oxidised abasic site (146) was generated in ODNs by incorporation of 40-
azido-20-dUTP. ssDNA containing 40-azido-dU treated with uracil DNA
glycosylase generates the lesion (146), and characterisation of DNA containing
(146) has been carried out.655 It has also been generated in situ by incorporation
of a bis-O-veratryl modified nucleoside, which is then converted to (146) on
photolysis.656 The translesion synthesis of (146) by Klenow fragment demon-
strated that, like the (145) lesion, dA and dG are principally incorporated
opposite the C40-oxidised lesion.657

2 Aptamers

Aptamers are single-stranded nucleic acid sequences isolated from random-
sequence libraries by in vitro selection. The usual method of selection is SELEX
(Systematic Evolution of Ligands by Exponential enrichment), and the method
can be applied to DNA or RNA. There are essentially two types of aptamer,
those that are designed for binding to a specific target, and those that bind and
then carry out a pre-defined chemical reaction in a catalytic manner (known as
deoxyribozymes or DNAzymes and ribozymes or RNAzymes). Each type of
aptamer may also be allosteric or trans-acting, in that they require binding of a
‘‘co-factor’’ in order to either bind to their target sequence or to carry out their
catalytic action. In the past few years, aptamer design has become an area of
significant interest, and there are many reports concerning the selection and
application of aptamers. In this review, DNA and RNA aptamers are discussed
separately, but emphasis is made on aptamers designed using nucleoside
analogues and on their applications. Little detail will be given for the selection
of other aptamers.

DNA-‘binding’ aptamers have been designed to bind to mRNA,658 g-quad-
ruplexes,659 Tenascin-C, a protein found in the tumor matrix,660 and to
thrombin.661 Aptamers have been selected as inhibitors of HIV-1 integrase,662

human RNase H1,663 human pro-urokinase664 and for the design of molecular
beacons.665 An allosteric aptamer has been designed for binding as a colori-
metric probe for cocaine.666

A greater number of aptamers with catalytic activity (DNAzymes) have been
reported. Reactions include cleavage of RNA667,668 including 20-50 linkages and
L-RNA.669 One DNAzyme designed for DNA cleavage was found to possess
20-50 RNA ligase activity.670,671 Various other DNAzymes have been reported
with ligase activity, ligating DNA,672 RNA,673 forming 20-50 linkages674 and
synthesising branched RNA.675,676 Aptamers are often found to have a metal-
dependence for functionality, and the metal-dependence of some DNAzymes is
reported.677–679

Phosphorothioate-modified DNA aptamers have been selected for binding to
NF-kB,680–682 and phosphoramidate ODNs for binding to TAR to inhibit Tat-
mediated transcription.683 Deoxyribozymes that cleave RNA have been mod-
ified with 30-30 inverted linkages, phosphorothioate linkages, 20O-methyl sugars
and LNA in an attempt to enhance stability and cleavage activity.684–687
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Aptamers incorporating 20-fluoro-nucleoside from L-arabinose have also been
selected that bind to neuropeptides.688

Various nucleobase modifications have been used to enhance functional
groups available for catalytic aptamers, and imidazole has often been used as a
general acid-base catalyst. Deoxyribozymes with RNA cleaving ability have
been evolved in the presence of M21 ions incorporating a C5-amino modified
dT analogue and the imidazole-modified dA derivative (148). The aptamers
showed activity in the presence of Pb(II) ions, and (148) is essential for
activity.689,690 The effects of incorporating a variety of nucleobase analogues
into a Ca(II) dependent RNA-cleaving deoxyribozyme demonstrated that
substitution of dC by C5-propynyl-dC in the catalytic site gave the highest
increase in catalytic activity.691 The effects of substituting a variety of purine
nucleobase analogues into a thrombin-binding quadruplex aptamer have been
examined by thermal denaturation experiments.692 The attachment of spermine
to the 50-end of an RNA-cleaving ODN enhanced the cleavage reaction 40-fold
compared to the unmodified ODN.693
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Protein-nucleic acid cross-linking has been examined using a 5-bromo-dU-
containing photoaptamer,694 whilst a deoxyribozyme incorporating the thy-
mine dimer (99) was evolved that was able to photo-repair the dimer in the
presence of serotonin as a cofactor.695 Aptamers have been modified by
fluorescent dyes to study their mode of action. Fluorescent labelling was used
to monitor switching from DNA-DNA duplex to DNA-target complexes696

and the mode of action of a trifluorophore-labelled three-armed aptamer.697 A
hemin-binding aptamer has been hybridised to a gold surface-bound hemin in
the presence of luminol which bioluminesces in the presence of hydrogen
peroxide.698 The amino-modified pyrimidine nucleoside (149) was used to
develop cationic aptamers binding to sialyllactose. The strongest binding
aptamer bound at 4.9 mM.699
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Previously, reports on aptamers have concentrated on evolution of structures
for binding or catalytic activity. There are progressively more reports on
methods for aptamer design and their applications. Murphy et al.700 describe
a method for evolution of aptamers used in enzyme-linked assays in the same
manner as antibodies currently are. They offer the advantage of being easily
reproduced and are more stable than antibodies. Evolution of aptamers by
nonhomologous recombination (NRR) has been compared with SELEX and
error-prone PCR.701 NRR was shown to be able to generate aptamers binding
to streptavidin with 15-20-fold higher binding than SELEX, and 27-46-fold
better than error-prone PCR. In vitro selection of aptamers requires a separa-
tion of step-binding structures from non-binding ones. Capillary elect-
rophoresis has been used to separate active from inactive aptamers as active
sequences bind to a target and undergo a mobility shift allowing separation
from unbound structures.702

Aptamers have been used for chiral HPLC separation. An aptamer binding
to the D-enantiomer of arginine-vasopressin was immobilised on a solid support
and the separation of D- and L-enantiomers of the target analysed under a
variety of conditions. The L-enantiomer eluted in the void volume, whilst the D-
enantiomer was strongly retained on the column.703 Aptamers have also been
applied to molecular-scale logic gates. Using three deoxyribozymes, a system
that can add to single binary digits as measured by fluorescent output following
cleavage reactions, has been described. The system uses two inputs and two
outputs and is described as a half-adder.704 A larger-scale system comprising 23
deoxyribozymes have been used to encode a version of the game tic-tac-toe.705

It is claimed the system cannot be defeated because it implements a perfect
strategy.

Aptamer-based technologies have also been used as sensors for a variety of
applications. When an aptamer binds to its target it undergoes a conformat-
ional change, and this change may be detected using the cationic polythiophene
(150). The resultant complex leads to the formation of a colorimetric signal,
and has been used to detect human thrombin in the femtomole range.706

FRET-labelled aptamers have been used to detect protein with aptamers
binding to platelet-derived growth factor in the picomole range,707 and
lead-dependent aptamers for detecting Pb(II) in the nanomolar range.708 A
bis-pyrene labelled aptamer acted as a fluorescent detector for ATP in the
millimolar range709 whilst in a second report ATP detection in the micromolar
range was detected using a 20-amino-modified aptamer.710
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Using a FRET-labelled DNAzyme that undergoes target-assisted self-cleavage
a method for amplification-sensing has been reported. The probes undergo
multiple-turnover upon binding to its target oligonucleotide sequence and fluo-
rescence increase can be measured.711 A further method of amplification uses
circularised aptamers (deoxyribozymogens or pro-deoxyribozymes) which are
inactive until linearised. When linearised they create a cascade in which the linear
species accumulate, resulting in amplification of both function and selection.712

Circular deoxyribozymes targeted towards b-lactamase mRNA have been cloned
into bacteria where they were efficiently reproduced and exhibited high inhibition
of b-lactamase and bacterial growth.713 Bacterial cell division has also been
inhibited by an aptamer binding to the cell division gene ftsZ.714

A majority of RNA aptamers have been targeted towards protein binding.
Aptamers have been selected that bind to human epidermal growth factor
receptro-3 (HER3),715 TATA-binding protein,716 E. coli C5 protein,717 pep-
tide-acridine conjugates,718 the antibacterial protein Colicin E3,719 and the
HIV-1 proteins RT720 and TAR.721 Aptamers designed against coagulation
factor IXa have been shown to be effective anticoagulants,722 and an allosteric
aptamer targeted towards the repair enzyme formamidopyrimidine glycosylase
(Fpg) could be regulated in the presence of neomycin.723 RNA aptamers have
also been selected for binding to nucleic acid, such as mutations in rRNA724

and viral RNA.725 Other binding aptamers are targeted towards small mole-
cules, such as spectinomycin,726 theophylline,727 GTP728,729 and the dye mal-
achite green (151).730,731
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There are fewer catalytic ribozymes compared to deoxyribozymes. Examples
include a trans-splicing ribozyme,732 an alcohol dehydrogenase,733 a ligase
capable of functioning at low temperature,734 a ribozyme that will ligate the 50-
terminus of RNA to a polypeptide,735 a transcriptional activator736 and a
tRNA aminoacylation catalyst.737 An RNA aptamer bearing 50-CoA has been
selected to catalyse thioester formation in the presence of biotin-AMP.738 In
vitro selection has also been used to identify allosteric hairpin ribozymes,
activated in the presence of short oligonucleotides,739 and a ribozyme that
catalyses amide bond formation from a 20-amino nucleotide.740
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A few nucleoside analogues have been incorporated into RNA aptamers to
provide additional functionality. The C5-modified uridine analogue (152) was
incorporated randomly into RNA transcripts that were assayed for their ability
to catalyse metal-metal bond formation.741 After eight rounds of selection,
aptamers were found that would mediate the growth of hexagonal palladium
nanoparticles. Micrometer-sized particles were formed within minutes using
100 mM metal precursor and 1 mM ribozyme. The cationic 5-(3-aminop-
ropyl)uridine was incorporated into a random RNA library to select an
ATP-binding aptamer that operated under physiological conditions. The pres-
ence of the cationic analogue was shown to be essential for ATP binding as
determined by mutagenesis studies.742 20-Amino-modified RNA was used to
select for a prion-protein specific aptamer.743 In in vitro experiments, the
presence of the aptamer demonstrated a marked reduction in the de novo
synthesis of cellular prion protein within 16 hours.
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To test the hypothesis that early life could have been based on a
simpler genetic system, ribozymes have been generated using only two
nucleotides.744 Using only diaminopurine and uracil ribonucleotides, a rib-
ozyme capable of ligating two RNA molecules was evolved. The catalytic
efficiency of the ribozyme was 36 000 fold faster than the uncatalysed reaction.
Using RNA incorporating various anthracene dienes and maleimide
dienophiles a Diels-Alderase ribozyme was developed. The ribozyme was
further immobilised on an agarose matrix, and could be regenerated up to
40 times. Activity was only minimally reduced compared to the solution-phase
ribozyme.745

As with DNA aptamers, there is a trend towards applying RNA aptamers to
a particular application. Allosteric ribozyme sensors have been developed
which are specific for caffeine and aspartame.746 Using a fluorescence-based
assay, caffeine or aspartame may be detected in solution over a 0.5–5mM
concentration range. Aptamers designed to malachite green (151) or other
triphenylmethane dyes have been developed that enhance the fluorescence of
the dye up to 2300-fold.747 A further fluorescence-based assay has been
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developed for the detection of microRNAs (miRNA). Hairpin ribozymes were
selected that cleave short RNA substrates labelled with a 30-fluorophore and a
50-quencher. In the presence of miRNA the hairpin is cleaved and the resultant
fluorescence activity may be measured in real-time.748 Aptamers have also
been used in in vitro applications. A cis-acting aptamer targeting the HCV NS3
proteases and HDV ribozyme-G9-II was shown to efficiently inhibit the
protease,749 and a method for the automated selection of aptamers binding
to translated U1A protein has been described.750

3 Oligonucleotide Conjugates

There have been very many examples of chemical moieties being attached
to oligonucleotides, and the purpose of these conjugates is just as varied. These
range from the attachment of reporter groups to larger constructs, such as
oligonucleotide-peptide conjugates. In this section the oligonucleotide conju-
gates are reviewed according to various specific applications. The first section
deals with oligonucleotide-peptide conjugates, and then an exciting recent
development is reviewed in which oligonucleotides are used as a template to
direct various organic reactions. There are a number of examples of oligonuc-
leotides that are conjugated to various metal ions, and a large number of
references that deal with charge transport. Fluorescent labelling of oligonuc-
leotides has been used in a number of applications including FRET and
molecular beacons. Finally, there are a number of other miscellaneous conju-
gates that are dealt with as a group.

3.1 Oligonucleotide-Peptide Conjugates. – A number of developments for the
synthesis of oligonucleotide-peptide conjugates have been reported. A method
for condensing partially protected peptide fragments with oligonucleotides on
a CPG support uses diisocyanatoalkane as linker between the fragments.751,752

The novel phosphoramidite linker (153) and the O-20-modified uridine (154)
have been developed for solid phase synthesis of oligonucleotide conju-
gates;753,754 peptide fragments are coupled to the linker through amide
bond formation. Oligonucleotide-peptide conjugates are also synthesised using
2,2-dimethyl-3-hydroxypropionic acid as a linker via amide bond forma-
tion.755 The uridine (154) may also be used to couple to hydroxylamino-
and hydrazino-modified peptides through the intermediate 20-O-aldehyde
derivative.756 Terminal linkers (50- and 30-) bearing cis-diols have been used,
which after periodate oxidation leave aldehyde functions that react with
hydroxylamine derivatives.757,758 Miscellaneous other synthetic methods in-
clude synthesis on macroporous polystyrene,759 a solution-phase synthesis in
which oligonucleotide and peptide are linked through high molecular weight
PEG,760–762 and a method which uses conjugation of cysteine-modified
oligonucleotides to the C-terminus of recombinant proteins.763 30-Peptide
conjugates have also been prepared by amide bond formation to the 20-
modified derivative (155).764
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Hybridisation properties of oligonucleotides are improved by conjugation to
peptides. Short oligonucleotides conjugated to hydrophobic or cationic pep-
tides improved duplex binding765 whilst detection of hybridisation was ob-
served by conjugation of oligonucleotides to the photoprotein aequorin.766

Oligonucleotide-peptide conjugates are frequently used to aid cellular uptake.
One report claims intracellular delivery has been improved by conjugation to
signal peptides,767 whilst another claims that conjugation to one or two NLS
peptides had no effect on oligonucleotide uptake.768 An antisense ODN
targeted towards the 50-non-coding region of HepC virus conjugated to re-
combinant E.coli RNase H was efficiently taken into cells where inhibition of
HCV gene expression was observed.769 Catalytically active oligonucleotide-
peptide conjugates have been prepared targeted towards ssRNA where they
induce RNase H activity.770 tRNAs have been synthesised incorporating
various unnatural acyl groups, which were added to a translation system where
they were successfully incorporated into the new peptide chain.771,772

In addition to oligonucleotide-peptide conjugates, there are a few examples
of PNA-peptide conjugates, which are easier to prepare as the two chemistries
are compatible. A new chemistry using Fmoc and (1-(4,4-dimethyl-2,6-di-
oxacyclohexylidene)ethyl) (Dde) has been developed for the direct synthesis
of PNA-peptide conjugates.773 A native ligation method between a terminal
cysteine peptide and a PNA thioester is reported which uses a cysteine-PEGA
resin to capture excess peptide.774 Like oligonucleotide-peptide conjugates,
PNA-peptide conjugates are developed for antisense therapies. The conjuga-
tion of a cationic peptide derived from staphylococcal nuclease to a bisPNA
resulted in enhanced strand invasion with the target DNA sequence.775 The
stable somatostatin-receptor octreotide has previously been used to internalise
reagents for targeting tumor cells, and an octreotide-PNA conjugate has been
reported for the delivery of PNA to target the bcl-2 gene.776 BisPNAs have been
tethered through variable amino acid linkers to target two DNA sequences. It
was found that, provided the DNA sequences were of the same or longer length
as the bisPNA sequences, efficient assembly occurred.777

3.2 DNA-Templated Organic Synthesis. – An exciting recent concept devel-
oped largely by Liu and co-workers is DNA-templated organic synthesis.
DNA-templated synthesis generates products individually linked to ODNs
that encode and direct their synthesis. DNA-templated synthesis is limited by
the fact that DNA-linked reagents need to be prepared, reactions need to be
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carried out in aqueous media, DNA-compatible chemistries are required and
the scale of reactions and limitations for characterisation of products. Never-
theless, the range of reactions is increasing, and the methodology is ideal for the
synthesis of large libraries. The range of suitable chemistries has expanded to
include amine- and thiol-conjugate addition and nitro-Michael addition reac-
tions,778 synthesis of N-acyloxazolidines,779 synthesis of PNA aldehydes,780

assembly of metallosalen-DNA hairpin conjugates,781 dimerization of hairpin
polyamides782 as well as multistep small molecule synthesis.783 Stereoselective
reactions have been performed,784 as well as in vitro selections of small mol-
ecules with protein binding affinity.785 DNA-templated reactions are mediated
by particular architectures, and examples of such have been reported.786 Diene-
or dienophile-modified ODNs have been used for post-synthesis labelling or
immobilisation.787,788 PNA has also been used for DNA-templated synthesis to
carry out metal catalysed DNA cleavage reactions.789,790

3.3 Oligonucleotide-Metal Conjugates. – There are a number of applications
involving metal-oligonucleotide conjugates (see also section 1.3.1), the most
common of which is attachment to a gold surface. The interactions of
oligonucleotides on gold surfaces may be monitored by a number of physical
methods, which makes Au-oligonucleotide interactions an attractive method of
analysis. Scanning tunnelling microscopy has been widely used to study
ssDNA,791 dsDNA,792 hybridisation,793 mismatched duplexes794 and to study
the enzymatic formation of DNA nanoparticles.795 X-ray photoelectron spec-
troscopy (XPS) and FTIR have been used to study ssDNA on gold sur-
faces,796,797 whilst atomic force microscopy (AFM) has been used to study
DNA nanoparticles798 and surface plasmon resonance to examine Au-nano-
crystals modified with PNA.799

More common methods of analysis are UV/visible spectroscopy, which have
been used to study hybridisation,800,801 triplexes802 and nanoparticles.803 Other
methods include fluorescence to detect SNPs804 and Raman to study dsDNA
and DNA/RNA duplexes.805 The detection of hybridisation has also been
measured using a quartz crystal microbalance,806 whilst a mixture of gold-
DNA nanoparticles and DNA bound to magnetic particles, and magnetic
particles with streptavidin-bound DNA via biotinylated DNA have been used
to detect specific DNA sequences with very high sensitivity.807,808 Oligonuc-
leotide monolayers on gold surfaces have also been used as a method of
nanolithography.809,810 A number of methods of ultrasensitive electrical bio-
sensing have been examined by attaching oligonucleotides either to quantum
dots,811–813 magnetic beads814–816 or to electrodes,817–820 including with PNA
probes.821

Pyridine-based nucleobases have been used for silver(I) mediated base pairs.
In one report822 it was shown that the pyridine self-pair (156) was significantly
destabilising in a duplex, but in the presence of Ag(I) only slightly destabilising
compared to an AT pair. In a second report823 the same pyridine self-pair was
destabilising in the presence or absence of Ag(I), but the self-pair (157) was
more stable than the corresponding CG duplex in the presence of Ag(I). A
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bipyridyl nucleobase self-pair was shown to stabilise a DNA duplex, particu-
larly with multiple consecutive substitutions, the self-pairs acting as a zip to
stabilise the duplex.824 However, the same bipyridyl self-pair was destabilising
in the presence of metal ions (Mn(II), Cu(II), Zn(II) or Ni(II)).825 A bipyridyl
PNA analogue was found to be a selective binder to Ni(II).826 Another self-pair
derived from the hydroxypyridone nucleoside (158) is destabilising in the
absence of metal ions compared to the corresponding AT duplex, but stabil-
ising in the presence of Cu(II) ions.827,828 Two azacrown ethers (159) and (160)
have been incorporated into oligonucleotides as a method for delivering metal
ions.829–831
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Two different terpyridine-modified dU nucleosides have been incorporated
into a 20-O-methyl modified oligonucleotide antisense to an RNA target.832 In
the presence of Cu(II) ions the terpyridine modified oligonucleotide cleaved the
target RNA in a site-specific manner. Copper(I)-adenylates have also been
shown to cleave DNA,833 and a europium complex conjugated at the end of a
uniformly modified 20-O-methoxyethyl oligonucleotide cleaved an RNA target
in a site-specific manner.834

Ruthenium has been incorporated into ODNs, via an oxime conjugate,835 or
through an amide linker.836 In the latter case, the ruthenium conjugate was
used to photo-crosslink with a G residue on a complementary strand. Ruthe-
nium and osmium have been incorporated into ODNs via a C5-phenanthroline
dU amidite837 to study photoinduced energy transfer, and metallocarboranes
have been used as redox labels by attachment to O4 of dT.838 Ferrocene has
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similarly been used as a redox label for electrochemical detection by cyclic
voltametry,839 incorporated as a C5-modified dUTP analogue,840,841 as a C5-
modified phosphoramidite,842 as a 50-modifier843 and as a tag via a 30-thiol
linkage.844

Metal ions have also been used to assist hybridisation. Using two 9-mer
ODNs, which bind to adjacent sites on a complementary target, one with a 30-
imidoacetic acid terminus, the other with a 50-amino modified terminus,845 in
the presence of Gd(III), significantly stronger binding of the two 9-mers to the
target was observed compared to no metal ions. Similar results were observed
with terpyridine-modified short ODNs in the presence of Zn(II).846 The multi-
arm metal-centred cyclam (161) has been used to prepare supramolecular DNA
structures.847 The structure is stabilised in the presence of Ni(II).
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The final class of metal-oligonucleotide conjugates are those involving
platinum. Platinum has been introduced into ODNs via a 2-(2-aminoethylami-
no)ethanol-phosphoramidite followed by complexation with Pt(II).848

Site-specific platination has also been carried out during DNA synthesis.849

Cis-platin is widely used for the treatment of various cancers, and its mode of
action is widely understood. Cis-platin is involved in intrastrand crosslinking,
primarily between two guanosine residues, but also between G and A. It has
been shown that GG crosslinks causes DNA bending and unwinding inde-
pendent of flanking bases.850 When crosslinks are present in nucleosomes, the
nucleosome significantly inhibits nucleoside excision repair.851 It has been
shown that a highly conserved non-histone DNA-binding protein (HMGB1)
and YB-1, a multifunctional protein, bind to cis-platin-modified DNA.852–854

The proteins that interact with cis-platin-modified DNA have been probed
using a photoreactive cis-platin analogue.855 The effect of Mn(II) on the
replication of cis-platin-modified DNA by the herpes simplex virus type-1
DNA polymerase has also been investigated.856

The crosslinking of purines in human telomere sequences by cis- and trans-
platin reagents have been examined857 and it was suggested that crosslinking of
telomere sequences could be used to inhibit telomerase. Crosslinking by trans-
platin reagents has been studied with RNA oligomers858 and it was suggested
that this might be a method of trapping naturally occurring RNA tertiary
structures. Trans-platination has also been used to generate novel quartet
structures.859 Crosslinking of DNA and PNA has been demonstrated with
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trans-Pt(II) PNA derivatives.860 The translesion synthesis by DNA polymerases
b and m past cis-, trans- and oxaliplatin adducts has also been examined.861,862

3.4 Charge Transport. – As guanine has the lowest ionisation potential, one
electron oxidation of DNA leads to a guanine radical cation (Gd1), which then
migrates along the DNA duplex via hopping steps. The guanine radical cation
can be detected using pulse radiolysis.863 There have been two principal areas in
which electron transport in DNA has been studied, the use of base analogues
and the charge donor/acceptor. A number of base analogues have been
explored in electron transport where they can act as radical traps. The oxida-
tion of 8-oxo-dG has been used to probe the interaction of MutY, the enzyme
that repairs 8-oxo-G:A mismatches.864,865 Charge transfer to 8-oxo-dG has also
been used to probe the effects of C5 cytidine substituents,866 where the direction
of transfer may be controlled by the introduction of C5 methyl or bromo
groups. By using 8-bromo-dG, electron transport through B- and Z-DNA was
studied,867 where it was shown that the reactivity of 8-Br-dG is greater in Z-
than in B-DNA. 8-Methyl-dG and 8-methoxy-dG have also been used to study
electron transfer to a 5-bromo-dU residue in both B- and Z-DNA.868 Again,
transport was more efficient in Z-DNA.

A number of adenine analogues have also been used to study charge transfer.
2-Aminopurine (2-AP) is widely used as a fluorescent analogue, and it has been
shown that, in its photoexcited state, it initiates hole transfer through duplex
DNA.869 In this case the guanosine analogue (162) was used as a radical trap, but
N6-cyclopropyl-dA may also be used.870 Photoexcited 2-AP has also been used
to study the efficiency of charge transfer in terms of direction and near-neighbour
base coupling,871 and the role of temperature.872 2-Amino-7-deazaadenine (163)
has also been shown to be an efficient radical trap during electron transfer.873
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The redox potential of adenosine lies between that of thymidine and guano-
sine, and electron transfer to adenosine does occur. The adenosine derivative
(164) has been used as the radical that is formed results in strand cleavage.874,875

The purine analogue 4-methylindole, which has a lower redox potential than
dG, has been shown to be particularly effective in studying charge transfer
because the 4-methylindole radical cation has a strong absorption at 600 nm. It
has therefore been monitored by transient absorption and by EPR.876,877 The
dA analogue (165) has lower oxidation potential than dA and a wider stacking
area, but is not decomposed during charge transport, and has been used as a
DNA wire, as it is more stable to oxidative damage.878
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20-Deoxyuridine analogues have also been studied in electron transfer, though
usually as electron donor or acceptor. The dU analogue (166) acts as a radical
donor upon photolysis.879 Excess electron transfer occurs on photolysis of
duplexes containing 5-Br-dU which are internally conjugated to an aromatic
amine.880,881 The effect of helical order in charge transport has been examined
using duplexes containing the LNA-T.882 Here it was shown that charge transfer
was more efficient in duplexes containing the LNA-T derivative with comple-
mentary RNA whilst with complementary DNA, where there is helical pertur-
bation, then charge transfer efficiency is reduced. Excess electron transfer has
also been studied using a flavin-capped hairpin with a thymine dimer that acts as
the electron acceptor,883–885 including in DNA:PNA duplexes.886
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A number of modifications have been introduced into duplexes as charge
donors. A C5 pyrene-modified dU887–889 and a 20-N pyrene-modified dU890,891

have both been used as photochemical electron donors, as has the ethidium
derivative phenanthridinium,892 which acts as an artificial base as well as charge
donor. The mechanism of charge hopping has been studied using anthraqui-
none,893–897 (including the effect of mismatches898) naphthaldiimide (NDI),899–901

stilbene dicarboxamide902–906 and flavin.907,908 Electron transfer through DNA
with ferrocene at either 50- or 30-terminus showed little difference in the rate of
transfer.909 The incorporation of a ruthenium-phenanthrene crosslinking agent at
the end of a duplex was used to demonstrate that the yield of crosslinking is higher
when there are guanosine residues close to the 30-end of the complementary
strand.910

Electron transfer has primarily been studied with DNA duplexes, but there
are higher order structures that have been examined. Triplexes have been
studied911,912 where it was shown that transfer to the third strand occurs. In
quadruplex structures more damage occurs at the external tetrads, and quad-
ruplex guanines are more effective traps than when in a duplex.913 Charge
transfer has also been examined with three-way914 and four-way junctions.915

DNA bound to electrode surfaces has been used to study the electrochemical
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reduction of methylene blue to probe base pair stacking in different DNA
conformations. Both A- (as a DNA/RNA duplex) and B-form DNA support
efficient charge transport as measured by methylene blue reduction, but Z-form
DNA supports charge transport much less efficiently.916 Electron transfer has
also been studied in PNA oligonucleotides.917

3.5 Fluorescence. – There have been many publications regarding the use of
fluorescently-labelled nucleotides and oligonucleotides. The major use is to be
able to detect an oligonucleotide, and a fluorescent label has many advantages.
There are more specific applications that will also be covered which include
fluorescence resonance energy transfer (FRET), molecular beacons (including
TaqMan probes) and the emerging area of single molecule detection. Finally,
there are some applications applied to nano-devices.

Many different fluorophores have been incorporated into oligonucleotides,
covering applications such as sequencing, fluorescence detection and FRET
dyes. Several sets of dideoxynucleoside triphosphates have been reported for
sequencing applications918–924 and FRET.925 A photocleavable linker for
attachment of dyes to oligonucleotides has been reported.926,927 The linker
(167) may be incorporated as a 50-triphosphate (R2 is attachment to C5 of
dUTP via a linker) or to the 50-end of an oligonucleotide (R2 is attachment via
phosphate). UV irradiation at 340 nm cleaves the linker, and releases the dye. A
method for introducing the fluorophore (168) onto an oligonucleotide using a
synthetic cofactor for DNA methyltransferases has been examined.928 The
fluorophore is ‘‘alkylated’’ onto the N6-amino group of adenines according to
the specificity of the methyltransferase.
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A number of reports describe the use of pyrene as a fluorophore, and there
are methods for attaching fluorophores to nucleosides. It has been attached to
C5 of pyrimidines,929–931 C8 of purines,931 N3 of thymidine,932 at the O20

position of the sugar,933 as a C-nucleoside933,934 and has been incorporated as a
phosphoramidite without being attached to a nucleoside.935,936 Pyrene has also
been attached via an azido group to the 50-end of an oligonucleotide using a
Staudinger ligation reaction.937 A number of other dyes have been attached
directly to nucleosides for incorporation into oligonucleotides. Burgess et al.
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examined dyes that are p-conjugated to the nucleobase.938,939 Coumarin has
been attached via a linker to C5 of dU,940 and fluorescein has been attached to
the amino groups of nucleosides via carbamoyl linkers.941 Nile Red, a ben-
zophenoxazine dye, has been attached to oligonucleotides via a 20-carbamate
linkage942 where the dye fluorescence is quenched in oligonucleotide conju-
gates. DABCYL has also been attached to the 30- or 50-OH groups of dT.943

Another class of analogues are those which are inherently fluorescent due to
their extended ring structure, and which retain hydrogen-bonding group
capability. These analogues are useful for detection of change in the microen-
vironment of DNA. Examples of such analogues are pyrrolo-dC (169)944 and a
series of analogues from the group of Saito et al which include benzopyridopy-
rimidine,945 naphthopyridopyrimidine (170)946 and the purine derivatives met-
hoxybenzodeaza-inosine (171) and adenosine.947
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Other dyes include Methyl Red, as a phosphoramidite, for incorporation
into ODNs, where it was used to generate aggregates when multiple consecutive
residues are incorporated into ssDNA.619,948 A benzotriazole azo dye has
been used for immobilisation of oligonucleotides onto metal surfaces949 and
the coenzyme flavin has been used as a fluorophore and for electron exchange
in ODNs.950 A probe termed MagiProbe has been designed which incorporates
a fluorophore and an intercalator that on hybridisation emits enhanced fluo-
rescence.951 Water soluble phthalocyanine dyes have been used which are
suitable for conjugation to 50-amino-modified oligonucleotides952 and
phthalocyanine-conjugated oligonucleotides have been used to aid duplex
and triplex stabilisation.953

Finally, there have been reports that deal with other forms of spectral
detection. A platinum (II)-coproporphyrin reagent has been evaluated for
phosphorescent labelling of oligonucleotides.954 The presence of the label had
little effect on conjugation, and labelled primers were effective in PCR reac-
tions. A silicon nanoparticle conjugated to ODNs acted as a luminescent
label,955 and a molecular beacon (see later) has been prepared which contains
a photoluminescent dye (Ru(II)(bpy)3) and the luminescent quencher Black
Hole Quencher-2TM.956

Although there are some specific applications of fluorescent analogues
(FRET, molecular beacons, single-molecule detection described below) there
are many reports that use fluorescence as a means of detection and monitoring
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of biomolecules. One of the most widely used analogues in this area is 2-
aminopurine (2-AP), which emits fluorescence when excited between 310–320
nm and is most often used to replace adenine where there is little perturbation
caused by the substitution. Its fluorescent properties within oligonucleotides
have been further examined957 and fluorescence is strongly influenced by an
electron transfer quenching process from guanine and 7-deazaguanine.958

2-AP has been used to examine conformational changes in telomeric se-
quences,959 in AT sequences960–962 and to monitor conformational changes
during nucleotide incorporation by Klenow fragment963 and by DNA Pol b by
monitoring fluorescence of 2-AP in conjunction with tryptophan fluores-
cence.964 Fluorescently-labelled dNTPs have similarly been used to monitor
nucleotide incorporation by Klenow fragment.965 2-AP is an effective analogue
to monitor methyltransferase reactions where its environment is disturbed by
base flipping.966,967 It has been used to monitor changes in rRNA binding to
antibiotics,968 to monitor the formation of an intramolecular triplex969 and
probing of RNA-protein interactions.970

Another common fluorophore is fluorescein, which has been used to monitor
siRNA expression in cells,971 to visualise hybridisation on the surface of a
liposome,972 interaction of UvrB protein with damaged DNA973 and as a
sensor on 3-way junctions.974 A method for colorimetric gene detection in-
volves using the aggregation of ODNs immobilized onto organic nanospheres
impregnated with fluorescent dyes. Addition of complementary ssDNA causes
the spheres to produce aggregates by cross-linked networking. The colours of
the aggregates, which depend on the added fluorophore, were observed using
an ordinary fluorescence microscope. FRET between the particles also pro-
vided information about point mutations on added DNA.975

The effect of temperature on fluorescence has been studied,976 as has the
effect of salt concentration977 and water-soluble conjugated polymers.978 A
method for the quantification of ssDNA:dsDNA is described,979 as well as
kinetics of mismatch hybridization980 and the kinetics of collision in short ss-
nucleic acids.981 Fluorescence quenching of Cy-5 labelled oligonucleotides by
poly(phenylene ethynylene) particles has been shown to be a more sensitive
method than excitation of the Cy-5 fluorophore.982 An ultrasensitive method
for the detection of DNA uses highly fluorescent conjugated nanoparticles, and
detection limits below 1fM were achieved.983 DNA transport through a carbon
nanotube has also been observed using fluorescence microscopy.984

Fluorescence resonance energy transfer (FRET) involves the non-radiative
transfer of energy from a fluorophore in an excited state to a nearby acceptor
fluorophore. FRET has proven to be a useful tool for measuring distances of
10–100 Å, and for monitoring conformational changes as a consequence of
oligonucleotide- or protein-induced bending. A series of dye-conjugated
pyrimidine nucleosides with differing linkers between the nucleoside and dye
were evaluated for FRET.985,986 Whilst no conclusions were drawn as to the
nature of the linker, it was noted that N4-dC-modified nucleosides did not
perform as well as C5-dU analogues. Multi-step FRET has been reported
between eosin (donor), TexasRed (acceptor) and tetramethylrhodamine
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(mediator),987 and has been used for high-throughput screening of small
molecule inhibitors of a ribosome assembly.988

FRET has found many applications including measuring distances between
species,989 measuring DNA bending on binding to proteins,990,991 actions of
enzymes such as helicase unwinding,992,993 RNA degradation,994 catalytic
folding of a ribozyme,995 monitoring hybridisation,282,996–998 PNA hybridisa-
tion,999 quadruplexes,1000,1001 interactions with proteins,1002 and the interac-
tions of FRET dyes with other intercalated agents.1003

Molecular beacons (MB) are stem-loop hairpin oligonucleotide structures
that have a fluorescent dye at one end and a fluorescence quencher at the other.
In the hairpin state, the quencher and fluorophore are in close proximity and
therefore there is no fluorescence from the probe. However, when the MB binds
to a complementary oligonucleotide as a duplex then the fluorophore and
quencher are separated and the fluorophore can emit fluorescence. They are
particularly useful in monitoring reactions with time, e.g., in PCR,1004 rolling
circle amplification,1005 hybridisation,1006–1008 telomerase activity,1009 ligation
reactions1010 and DNA-photolyase activity.1011 MBs may be used attached to
solid supports, e.g., gold surfaces,1012 and have been used to deliver drugs
(biotin) by a photocleavage reaction when the MB is in a duplex form.1013 They
have been used in vitro to detect delivery of peptides into cells1014 and nuclear
mRNA export.1015,1016 A number of fluorophores and quenchers that have
specific use in MBs, TaqMan probes and Scorpion primers have been exam-
ined.1017–1023

With the advent of the confocal fluorescence microscope it became possible
to detect single molecules containing fluorophores, allowing the monitoring of
individual events. There are now a growing number of studies of biochemical
reactions on a single molecule level using fluorescently labelled reagents or by
FRET. Using a single-molecule manipulation procedure, the real-time decat-
enation of two mechanically braided DNA molecules by Drosophila melanog-
aster topoisomerase (Topo) II and E.coli Topo IV were monitored.1024,1025 The
equilibrium folding of the catalytic domain of Bacillus subtilis RNase P RNA
has been investigated by single-molecule FRET. Histogram analysis of the
Mg(II)-dependent single-molecule FRET efficiency revealed two previously
undetermined folding intermediates.1026 Using single-molecule FRET, an in-
depth characterisation of the transition-state of a model two-state folding
reaction of the hairpin ribozyme, where two RNA helical domains dock to
make specific tertiary contacts, was studied.1027,1028

Single-molecule FRET has been used to study the kinetics of unfolding of the
human telomeric intramolecular G-quadruplex,1029,1030 the DNA-binding ori-
entation of an E.coli REP monomer to a ss/ds DNA junction,1031 four-way
junctions1032 and to study pre-mRNA splicing1033 and gene expression.1034 The
synthesis and study of multicolor quenched autoligating (QUAL) probes for
identification and discrimination of closely related RNA and DNA sequences
in solution and in bacteria has been reported. A dabsyl quencher doubles as an
activator in the oligonucleotide-joining reaction. The ODNs remain dark until
they bind at adjacent sites, and fluoresce on nucleophilic displacement of the
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dabsyl quencher.1035,1036 Many areas of biomedical research depend on the
analysis of uncommon variations in individual genes or transcripts. A method
has been developed that can quantify such variation. Each DNA molecule in a
collection is conjugated to a single magnetic particle to which many copies of
DNA, identical in sequence to the original are bound. This population of beads
corresponds to a one-to-one representation of the starting DNA molecules.
Counting fluorescently labelled particles via flow cytometry can then assess
variation within the population.1037

As a step towards single-molecule sequencing there have been attempts to
prepare DNA that is fluorescently labelled at every nucleobase. A total of 30
different dNTPs labelled with various reporter groups (fluorescent or non-
fluorescent) were evaluated in the synthesis of labelled DNA. Using Vent (exo-)
DNA polymerase a 300bp product was prepared using dNTPs fully labelled
with biotin.1038,1039 Another group has demonstrated that DNA fully labelled
with tetramethylrhodamine and rhodamine-green could be digested using
E.coli Exonuclease III.1040 Naturally occurring DNA polymerases do not
readily accept dye-terminators, and mutant polymerases are being developed
that will accept them more readily.1041 In another report,1042 several different
propynyl modified (C5 for pyrimidines, C7-deaza-C7-propynylated for purines)
were assessed for their ability to be used in PCR, both as 50-triphosphates and
in a template. A set of four such modified nucleosides was found to be effective,
but synthesis of fully modified DNA using these analogues was unsuccessful.

Nanotechnology has become an area of intense research, and oligonucleo-
tides have various roles in this developing field. A number of nanodevices have
been reported (see section 3.6) and there are reports concerned with monitoring
of such devices. A molecular thermometer based on the change in p-stacks on
converting from B- to Z-DNA has been described where the equilibrium
between the Z- and B-conformations can be controlled by temperature. At
low temperature the proportion of the Z-conformation is high due to lower
entropy. An increase in temperature increases the proportion of the B-confor-
mation. 2-AP was incorporated into the duplex and the fluorescence intensity
was reported to be a measure of temperature.1043 A novel molecular machine
based on a four-stranded DNA structure called the i-motif, is formed from
sequences containing series of cytosine residues. Protonated C forms a non-
canonical base pair with an unprotonated C (C :C1), and this structure can
interconvert to form a quadruplex that is stable under slightly acidic condi-
tions. Using FRET, in the i-motif form, the fluorophore and quencher are in
close proximity, and there is no fluorescence. At high pH, the i-motif collapses,
and the oligonucleotide can be captured by a complementary strand as a duplex
whereupon the fluorophore fluoresces.1044

Fluorescent-labelled oligonucleotides have been applied to the development
of photonic logic gates,1045 which may have application in molecular compu-
tation. A machine which undergoes extension-contraction motion is described,
which is monitored by FRET, between a duplex and a quadruplex structure.1046

The motion is driven by the addition of single-stranded oligonucleotide that
causes the quadruplex to collapse and leads to a duplex structure.
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3.6 Miscellaneous Conjugates. – A number of new conjugation chemistries
have been described for the synthesis of oligonucleotide-peptide conjugates
(section 3.1) and surprisingly few for other oligonucleotide conjugates. The
phosphoramidites (172) and (173) have been developed for enhanced attach-
ment of oligonucleotides to surfaces.1047 50- and 30-amino-modified TFOs
bearing the alkylating agent (174) has been used as gene therapy agents
targeting HER-2 expression.1048 On binding to its target sequence the mustard
alkylated target N7-residues of guanine.
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Biotin is a common reagent for labelling oligonucleotides, and a new amidite
(175) has been prepared for biotinylated oligonucleotides, but the biotin group
may be removed by fluoride treatment.1049 Biotinylated ddNTPs have been
used for single base extension for multiplex genotyping by mass spectros-
copy.1050 The binding of biotin to streptavidin has also been used for the
self-assembly of DNA-templated protein arrays,1051 and solid-support-bound
biotinylated oligonucleotides have been used to detect motion and interactions
with DNA-binding proteins.1052
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Oligonucleotides have been used as a platform for generating carbohydrate
clusters. Various carbohydrates were attached to aminoalkylated oligonucleo-
tide quadruplex structures to afford DNA-assisted tetrasaccharide cluster
motifs.1053 Similar clusters have been used as a delivery system for oligonuc-
leotides into cells for antisense therapy.1054 Oligonucleotides have been mod-
ified at both termini by glucose residues also for antisense delivery, though only
hybridisation data are supplied.1055 A phosphoramidite for the introduction of
a 50-N-acetyl glucosamine unit onto oligonucleotides is reported as a substrate
for glycosyl transferase enzymes.1056

Various drugs have been conjugated to oligonucleotides to target the drug to
a specific site. The ibuprofen modified nucleoside (176) has been incorporated
into ODNs to aid binding to human serum albumin,1057 whilst the DNA
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cleaving agents camptothecin and bleomycin have been conjugated to ODNs to
direct cleavage to a specific RNA sequence.1058,1059 The DNA-binding agent
daunomycin has been conjugated to DNA in an attempt to aid stabilisation of
triplexes by intercalation,1060 and distamycin-based peptides have been used to
aid stabilisation of DNA in a DNA duplex at A/T rich sequences.1061 A reagent
for 18F-labelling of oligonucleotides for use in radiopharmaceuticals has been
described.1062 The reagent is introduced as a bromoacetamide derivative that
reacts with a terminal phosphorothioate to yield (177). The synthesis of the
labelled ODN, including preparation of the 18F-reagent, was carried out in less
than three hours. The conjugation of minor groove binders to TFO oligonuc-
leotides gave rise to much more stable triplex structures.1063,1064
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Conjugates containing stilbene diether linkages form the most stable DNA
hairpin structures reported to date. Hairpins with as few as two A-T base pairs
or four non-canonical G-C base pairs are stable with stilbene linkages.1065

Similar results were found when pyrene is used in the loop of the hairpin
structure.1066 Stilbene diether and related analogues have also been used to
construct linear and branched conjugated nanostructures, modified stilbene
units being used to introduce further strands of oligonucleotides.1067 Aromatic
residues have been conjugated to oligonucleotides to aid duplex stability using
phenanthrene1068,1069 and triplex stability using benzopyridoindoles1070 and
benzoquinoquinoxaline conjugates.1071 Oligonucleotides that contain multiple
(non-consecutive) substitutions of perylene are able to fold into structured
species in which the perylene units pair by hydrophobic effects or p-conjuga-
tion.1072 Various aromatic and aliphatic linkers have been used to bind two
oligonucleotides into a hairpin structure; the aromatic units gave rise to partic-
ularly stable hairpin structures.1073 Oligonucleotides conjugated to psoralen via
various length linkers, e.g., (178), were tested for their ability to form triplex-
directed psoralen photoproducts with the Sickle cell b-globin gene.1074–1076
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Oligonucleotides have frequently been used in the construction of nanode-
vices where they are used as a means of detection, as electrical ‘wires’ or as a
scaffold (see also section on nanodevices in section 3.5). A real-time DNA
detection method using ssDNA-modified nanoparticles and micropatterned
chemoresponsive diffraction gratings has been reported that allows hybridisa-
tion detection of 40-900 femtomoles of surface-bound DNA.1077 Carbon
nanotubes are widely used for the construction of nanodevices, and DNA-
functionalised carbon surfaces and nanotubes have been reported as platforms
for electrochemical detection of hybridisation.1078,1079 PNA-modified carbon
nanotubes have similarly been used for the detection of hybridisation with
DNA.1080 DNA conjugated to carbon and other solid surfaces may addition-
ally be used as molecular wires,1081–1084 and carbon-modified nanotubes have
been developed that act as a field-effect transistor.1085

Oligonucleotides may be deposited onto solid surfaces in defined patterns,
and this has been utilised to use oligonucleotide conjugates for a variety of
applications. A widely used application is lithography that takes advantage of
the fact that DNA interacts with various metals, and various new lithographic
methods have been reported.1086–1089 A method for templated replication of
DNA nanoscaffolds has also been developed.1090,1091

Oligonucleotides have been conjugated to various polymeric reagents, for
example polyethylene glycol (PEG)1092 and poly(N-isopropylacrylamide)1093 as
a method for delivery of antisense reagents. Polyethylene glycol (PEG) is often
used as a linking agent in oligonucleotides. It has been used to link an
oligonucleotide and biotin to observe motion of the oligonucleotide through
the a-HL transmembrane pore1094 and as a linker between two oligonucleo-
tides.1095 A series of spacer/linker phosphoramidites derived from, e.g., (179),
have been prepared using methoxyoxalamido (MOX) chemistry, with linker
length of up to 56 atoms.1096,1097 Dendrimers have been used as a method for
generating self-assembled structures,1098,1099 as has nylon.1100
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4 Nucleic Acid Structures

As in previous years, there is a growing number of nucleic acid structures
reported. Advances in X-ray and NMR methodologies means that more
complex structures are now being studied. However, in addition to these more
traditional methods of structure analysis there are also other techniques
emerging, and these are discussed at the end of this section.

There has been a number of complex crystal structures reported that are
beyond the scope of this review, but are included for completeness. RNA
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structures include ribosomal RNA,1101–1107 tRNA,1108–1111 ribozymes,1112,1113

siRNA,1114–1116 the trp RNA-binding attenuation protein (TRAP) bound to
RNA containing UAG triplets,1117 the Rho transcription terminator bound to
mRNA,1118 a zinc-finger-RNA complex1119 and NF-kB bound to an RNA
aptamer.1120 DNA structures are more diverse, and include glia cell missing
(GCM) domain bound to DNA,1121 endonuclease-DNA covalent inter-
mediate,1122,1123 nucleosome DNA,1124,1125 transcription factors bound to
DNA,1126–1129 myc protein bound to DNA,1130 telomeric DNA1131 and TraR
bound to DNA.1132 A number of crystal structures of DNA and RNA polym-
erases or repair enzymes have been reported. For RNA polymerases there are
structures for T7 RNA polymerase,1133–1135 RNA polymerase II,1136,1137 reovi-
rus polymerase l31138 and for HIV-1 RT.1139–1141 There are also structures for
DNA polymerases1142–1146 and DNA repair enzymes.1147–1150

A crystal structure of the duplex r(GUAUACA) which forms six base pairs
and 30-dangling adenosine ends was determined at 2.0 Å where it was shown
that the structure forms two types of duplex. The first duplex stacks to form a
pseudo-continuous column typical of RNA, whilst the second duplex is in an A-
DNA conformation with its termini in abutting interactions.1151 A study of the
binding of 13 different metal ions to the HIV-1 RNA dimerisation initiation site
showed that divalent metal ions bind almost exclusively at Hoogsteen sites of
guanine residues. Cobalt hexamine was unable to displace magnesium hexahy-
drate, raising questions about the use of cobalt hexamine as a magnesium
mimetic.1152 The 1.25 Å structure of the ribosomal frameshifting RNA pseu-
doknot from beet western yellow virus uses both H-p and lone-pair-p interac-
tions between water and functionally important unstacked residues.1153,1154

Retroviral conversion of ssRNA to dsDNA requires priming for each strand,
and the viral polypurine tract (PPT) is the primer for one of these strands. A
crystal structure of a 10-mer RNA from the PPT sequence bound to DNA
shows a region similar to domain swapping in proteins, denoted as base-pair
swapping, involving a highly mobile CA step. All sugars are C2 0-endo except
one, which is C30-endo as in B-DNA, and this A-B conversion affects the
pattern of hydrogen bonding interactions.1155,1156 The mechanism by which the
adenine DNA glycosylase MutY repairs 8-oxo-dG mispairs has been investi-
gated by the determination of a crystal structure of MutY with a DNA duplex
containing an 8-oxo-dG:dA base pair. It interacts with the strand containing
the adenine residue, which is completely extruded from the DNA helix and is
inserted into an extrahelical pocket in the catalytic domain. MutY directly
contacts the backbone of the complementary 8-oxo-dG-containing strand, and
bends the DNA substrate 551, which is localized to the lesion.1157

An aptamer that site-specifically cleaves RNA in the presence of Pb(II) has
been determined at 1.8 Å using Sr(II), which mimics binding of Pb(II) but not
cleavage. Binding of Sr(II) induces local structural changes that align the
catalytic 20-hydroxyl group with the scissile bond for cleavage.1158 An RNA
aptamer for binding the antibiotic streptomycin has been solved at 2.9 Å. The
structure shows that streptomycin is encapsulated by a stacked array of bases
from two asymmetric internal loops.1159
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Of the DNA crystal structures, only three duplexes have been reported with
the majority of structures involving higher order structures or analogues. The
structure of the self-complementary duplex d(CATGGGCCCATG) shows a
conformation between A- and B-DNA, with different hydration patterns for
the GC and AT pairs providing the basis for the A-B-form transition.1160 A
DNA duplex region of the HIV-1 polypurine tract has been solved which
contains three separate A-tract regions, with each A-tract region showing
marked similarities.1161 The sequence d(GCGAAAGCT) forms a mini hairpin
in solution, but the X-ray crystal structure showed a short parallel-stranded
duplex with homo base pairs between the CGAA residues, with the remainder
of the residues splitting away in separate directions.1162

The sequence d(GCGAGAGC) has been determined at differing salt con-
centrations. At low potassium concentrations it forms a G-quartet structure
between two duplexes, but at higher potassium concentrations it exists as a
duplex.1163 The sequence d(TGGGGT)4 forms thymine tetrads that are stabi-
lised by either Na1 or Tl1 ions.1164 The sequence d(GCATGCT) also exists as a
quadruplex structure through G-C intrastrand hydrogen bonding.1165 Two
DNA four-way junctions are reported in which the distortion of the junctions
perturbs the conformational features of the duplex regions, and hydration
pattern consequences are discussed.1166 A 1.7 Å structure of the excisionase
(Xis) protein from the bacteriophage l with its DNA-binding site has been
reported.1167

A number of DNA crystal structures involving intercalating reagents have
been reported. The bis-acridine derivative (180) has been reported to be a
intercalating threading agent by solution studies, but in the duplex
d(CGTACG) it undergoes terminal base exchange with a cytosine residue to
yield a guanine quadruplex intercalation site.1168 In the G-quadruplex structure
d(GGGGTTTTGGGG) a single modified acridine residue also binds at the end
of a G-quartet within a thymine loop.1169 However, an acridine-tetraarginine
intercalator stacks within an AA/TT step rather than a CG/CG step in the
duplex sequence d(CGCGAATTCGCG).1170 The trioxatriangulenium ion
(TOTA1, 181) intercalates in GC base pairs in DNA duplexes, and can be
used to inject a radical cation into DNA. The structure of the duplex
d(CGATCG) with bound TOTA reveals considerable distortion of the DNA
at the intercalation site, and orientation of (181) is sensitive to hydrogen
bonding interactions with the phosphate backbone.1171

N NH

(CH2)8

HN N

O

HN

NMe
Me

O

NH

N Me

Me

180

O

O O

181

427Organophosphorus Chem., 2006, 35, 355–478



Various DNA-drug interactions have been examined by crystallography. The
structure of actinomycin D binding to its GpC site revealed that it binds
preferentially when there is a T:T mismatch flanking the GpC site.1172 The
structure of a DNA hexamer duplex with a disaccharide anthracycline antibi-
otic showed two different binding modes giving rise to two duplex structures. In
one, the disaccharide lies in the minor groove, whereas in the other it protrudes
out of the helix.1173 The binding of the anticancer drug chromomycin A3 shows
a marked preference for binding at GGCC sites in the presence of Mg(II)
ions.1174 The anticancer drug daunomycin interacts with telomeric DNA, and a
crystal structure has been reported which shows daunomycin binding to
telomeric G-quartets in parallel stranded DNA.1175

The remaining DNA crystal structures involve base or sugar analogues. The
replacement of a thymine base by the C-nucleobase (182) demonstrated that the
analogue was able to effectively base pair with adenine, but the spine of
hydration was destabilised compared to a normal AT base pair.1176 Two crystal
structures involving the cis-syn-thymine dimer (99) are reported. A duplex
structure incorporating (99) is bent towards the major groove with a slight
unwinding of the helix. At the lesion site there is considerable distortion from
the usual B-form DNA.1177 The second structure involves DNA containing (99)
within the active site of a DNA polymerase (Pol Z). The 30-thymine forms
normal Watson-Crick base pairs with the incoming ddATP, but the 50-thymine
forms Hoogsteen base pairs with ddATP in a syn conformation.1178
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The Dickerson dodecamer in which an internal dC is replaced by the adduct
N4-etheno-dC opposed to dG has been reported.1179 Minor perturbations are
found local to the lesion, but the structure shows very similar features to that
found for a T:G wobble pair. The structure of a duplex containing the 20-dC
analogue of (106) bearing a guanidinium group in place of the amino group has
been solved and shows additional hydrogen bonds to O6 and N7 of guano-
sine.1180

A 3.1 Å crystal structure of human topoisomerase I in complex with DNA
containing 8-oxo-dG at the þ1 position in the scissile strand shows the enzyme
active site to be rearranged into an inactive conformation.1181 A primer-
template duplex in complex with the lesion-bypass polymerase Dpo4 is studied
in which there is a benzo[a]pyrene diol epoxide adduct of dA (183) base paired
with thymidine in the enzyme active site. Two conformations of the adduct are
observed, one in which it is intercalated between base pairs, and the other in
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which it is solvent exposed, appears to be a more favourable conformation for
lesion bypass.1182 A benzo[a]pyrene adduct with dG in a duplex showed that
the dG does not base pair with either the adduct or other nucleobases.1183 A
DNA hairpin containing a stilbene diether linkage forming the hairpin loop has
been determined at 1.5 Å, and shows two structures in the crystal unit.1184 One
shows a planar stilbene unit stacking on the adjacent G-C base pair. In the
other the stilbene is rotated to give edge-to-face orientation of the stilbene and
the base pair.
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A duplex containing the 20-O-modified guanidinium nucleoside (42) has been
studied by crystallography and shown that the guanidinium group forms
hydrogen bonds with the phosphate group of the adjacent 30-nucleotide.269

Crystal structures have been solved for DNA duplexes containing one1185 or
two1186 TNA nucleoside (67) derivatives. With one TNA analogue it was found
that there was very little disruption of the normal B-form DNA helix. With two
TNA substitutions it was found that the intranucleotide phosphorus-phospho-
rus distance was shorter than in B-form DNA, and was more like that found in
RNA, which may explain why TNA base pairs with RNA better than DNA.

There is one crystal structure involving PNA.1187 A PNA decamer with its
complementary DNA has been solved at 1.66 Å, and the heteroduplex adopts a
P-helix conformation. The conformational rigidity and the presence of chiral
centres limit PNA from adopting other conformations.

There is a larger number of solution structures reported. The self-comple-
mentary RNA duplex r(GGCAAGCCU) has been examined to determine the
effect of A:A mismatch within the duplex. The duplex has sheared Aanti:Aanti

base pairs, in which only the exocyclic amino group of one of the pair is
involved in hydrogen bonding. Replacement of the other amino group by
hydrogen stabilises the base pair.1188,1189 The structure of a branched oligonuc-
leotide has been studied where the solution structure was determined using 13C-
isotopically-labelled nucleotides.1190

A number of stem-loop structures have been examined. The Bacillus subtilis
T-box antiterminator RNA containing a UUCG stem-loop,1191 UACG loop
structure of SL1 RNA in HIV-11192 and the 30-stem-loop from human U4
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snRNA1193 have each been determined. The CACG tetraloop that forms part
of the cloverleaf structure of the 50-UTR of coxsackievirus B3 is involved
extensive stacking and hydrogen bonding interactions, with the loop closed by
a U:G wobble base pair.1194 Another stable loop structure is GNRA, where R
is a purine. The structures of the pyrimidine-rich internal loop in the poliovirus
30-UTR1195 and c-RNA stem-loop SL1 of HIV-11196,1197 belonging to this
GNRA family have been reported. Other stem-loop structures reported include
an essential stem-loop of human telomerase RNA (UGG) closed off by a U:G
wobble base pair,1198 the HIV-1 frameshift inducing stem-loop (ACAA),1199

stem-loop IV domain of the Enterovirus internal ribosome entry site
(UCCC)1200 and a family of stem-loop RNAs which bind to the N-terminal
RNA-binding domains of nucleolin (UCCC).1201 Larger loop structures (CAG-
UGC) and (GCAUA) have also been reported in the iron-responsive element
from the non-coding regions of mRNAs of proteins involved in iron regula-
tion1202 and U6 RNA,1203 respectively.

Three ribozyme structures have been studied; domain 5 of a group II intron
ribozyme,1204 a hammerhead ribozyme1205 and the cleavage site from the
Varkud satellite ribozyme,1206 each with particular reference to their metal
binding sites. The structure of the group II intron ribozyme also revealed a
novel RNA motif. The oligonucleotide r(GGAGGUUUUGGAGG) forms a
quadruplex structure even in the absence of potassium ions, and at low
potassium concentrations an unusually stable dimeric quadruplex
forms.1207,1208 Two complex RNA structures are reported; the 101-nucleotide
core of the encapsidation signal of MMLV1209 and the luteoviral P1-P2
frameshifting mRNA pseudoknot.1210

Only a few RNA structures involving modifications have been reported. A
study of the hammerhead ribozyme with phosphorothioate modifications has
been carried out, the aim being to determine the metal-binding site. Cd(II)
binds not at the scissile bond but at another known metal-binding site.1211 An
RNA-DNA duplex in which the pyrimidines in the DNA strand are modified
with C5-propynyl groups has been compared to C5-methyl modified DNA. The
propynylated structure was much more stable, with the propynyl groups
occupying the major groove, making van der Waals interactions with their
nearest neighbours.1212 Stem-loop structures of the form UUCG are more
stable with 20,50-linkages in the loop structure compared to the usual 30,50-
linked RNA. The NMR of such a 20,50-linked stem-loop structure revealed a
novel fold in the loop region involving a U:G wobble-pair in which the
nucleobases adopt an anti-conformation.1213,1214

NMR has been used to study the binding of various phenothiazine ana-
logues, which have been identified as promising ligands for binding to HIV-1
TAR RNA.1215 RNA interference (RNAi) is a rapidly developing field of
research for gene regulation. The mechanism by which RNAi works is complex,
and involves a number of proteins leading to the eventual cleavage of target
RNA. NMR has been used to study some of these protein-RNA interactions, in
particular the binding of RNA to the complex Argonaut 2 PAZ.1216–1218 Other
RNA-protein interactions that have been examined are the N-terminal domain
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of nucleolin binding to pre-rRNA1219 and Rnt1p RNase III binding to
dsRNA.1220

NMR structures of DNA containing non-canonical base pairs are reported,
including an I-motif structure of d(MeCCTCnTCC)4, where n¼1–3, in which the
two parallel duplexes are associated by hemi-protonated C–C1 pairs. The
structure is revealed as an interconversion of a symmetric and an asymmetric
structure, where the asymmetric structure involves a T–T base pair.1221 A stable
loop structure has been investigated at low salt concentration where a closing
G-C pair in the loops adopts a rare sheared Ganti-Csyn base pair.

1222 A study of
the kinetics of imino proton exchange in 9-mer duplexes containing different
mismatches revealed that different mismatches have different lifetimes,1223 for
example, a T-T mismatch has a shorter lifetime than a G-G mismatch. The
effect of the mismatch was observed up to two nucleotides away, indicating that
the disruption to the duplex structure is localised. A Asyn-Tanti Hoogsteen base
pair has been observed in an otherwise undistorted B-DNA duplex in the
MATa2 homoeodomain.1224

d(ATATAT) has been studied by both X-ray and NMR where different
structures were observed.1225 By X-ray the base pairing is of Hoogsteen form
with the adenines flipped over such that the features of both grooves are
changed. In solution, the structure adopts a B-form duplex. DNA sequences
containing short adenine tracts often cause bending in DNA duplexes. It is
reported that ApT steps exhibit a large negative roll, and the curvature is a
result of in-phase negative roll and positive roll at the 50-end of the du-
plex.1226,1227 The binding of Mn(II) ions in A-tract duplexes demonstrated that
Mn(II) binds in the minor groove, though the position of the ion is dependent
upon both the duplex sequence and length.1228

The solution structure of three-way junctions has been reported in an
attempt to establish empirical stacking interactions of the helical arms.1229 A
variety of quadruplex structures have also been examined. Telomeric sequences
from Tetrahymena and human sequences have been solved by NMR,1230,1231 as
well as the structures d(G4T4G3)2 and d(G3T4G4)2, each of which consist
of three G-quartets.1232,1233 The telomeric sequences d(TTAGGGT)4 and
d(GGAGG)4 each form quadruplex structures involving both G- and A-
tetrads,1234,1235 whilst d(GCGGTGGAT)4 forms tetrads involving
G :C :G :C as well as an A-A mismatch.1236

The largest number of solution structures reported involves modified DNA
structures, including a number of duplexes binding to small molecules. A
number of structures are reported complexed to various antibiotics, including
actinomycin D,1237 distamycin,1238 phleomycin1239 and nogalamycin.1240–1242

Structures are solved for DNA-binding to the alkaloid berberine,1243 the
telomerase inhibitor RHPS4,1244 a DNA binding cyclic polyamide1245 and a
spirocylic agent that modulates DNA strand slippage by DNA polymerase
I.1246,1247 There are also structures reported for DNA binding to DNA-binding
proteins.1248–1250

Of the DNA solution structures, there is a small number involving modifi-
cations to the internucleotide linkage or sugar residues. The cyclic
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oligonucleotide d(pCGCTCATT) forms a symmetric dimer that involves two
GCAT tetrads1251 that are stabilised by sodium ions. The solution structure of
the self-pairing duplex a-L-arabinopyranosyl-(40-20)-(CGAATTCG) (184)
revealed that the structure adopts an antiparallel duplex with a strong propen-
sity for interstrand base stacking.1252 A DNA duplex containing a single a-
anomeric adenosine, which is a substrate for endonuclease IV, reveals that the
a-A stacks intrahelically by reverse Watson-Crick base pairing.1253

O

O

HO

O

Base

184

α-L-arabinopyranosyl (4'→2')

The majority of DNA solution structures involve a nucleobase modification.
6-Thioguanosine (6SdG) opposite dT and dC adopts the usual B-form duplex,
though 6SdG-dT is a wobble base pair.1254 The structures of quadruplexes in
which individual guanine residues are replaced by 8-bromoguanosine (8BrG)
reveal that the 8BrG adopts the anticipated syn conformation, thus affecting the
quadruplex stability but retaining the parallel orientation of the unmodified
quadruplex.1255 A duplex incorporating an 8-oxo-dG:G mismatch is reported
where the 8-oxo-dG is inserted into the helix, forming a Hoogsteen base pair
with the guanosine on the opposite strand.1256

A number of guanosine crosslinked structures are reported. A duplex con-
taining the G-G crosslink (185) formed between adjacent CpG steps by the
action of nitrous acid is reported.1257,1258 The crosslinked guanines form an
almost planar G:G base pair, whilst the cytosine partners are flipped out of the
helix into the minor groove. Using the stabilised analogue (186), it was shown
that malondialdehyde crosslinking forms a G:G base pair that is not planar,
but skewed about the trimethylene linker.1259 The action of trans-platin rea-
gents revealed that an interstrand crosslink is formed in preference to an
intrastrand crosslink. The structure exhibits significant distortion at residues
adjacent to the crosslink.1260
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The pyridyloxybutyl derivative (187), derived from tobacco-specific nitrosa-
mines, forms O6-adducts of guanosine. A solution structure of a duplex
containing (187) showed the adduct in the major groove of the duplex, and
the modified G:C in a wobble base pair.1261 Benz[a]anthracene forms adducts
with the exocyclic amino groups of nucleobases (cf 72) and a duplex containing
a guanosine adduct of benz[a]anthracene showed the anthracene residue lo-
cated in the minor groove.1262 The aflatoxin adduct (188) intercalates into
duplexes,1263 without significant disruption of the overall duplex structure.1264

The adenine adduct of the (þ)-CPI-indole (189), related to the daunomycin
antitumor agents, was examined to compare with other daunomycin agents. It
was shown that the indole resides in the minor groove, and that there was a
local perturbation of the duplex, which was restricted to the modified base
pair.1265 A duplex consisting of the ring expanded adenine base (190) paired
with thymidine showed that whilst the base pairs are 2.4 Å longer than a
canonical A:T pair, the structure largely resembles that of a regular B-form
duplex.1266
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There are a few pyrimidine-modified DNA structures. 5-(2-Hydroxyethyl)-
dU was substituted for thymidines in a quadruplex structure.1267 The presence
of the hydroxyethyl groups allows for additional hydrogen bonding within
the expected tetrads. A study of the effect of introducing C5-propyne
groups showed that the propyne groups stack on the aromatic ring of the
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50-nucleobases, and extend into the major groove. The results suggest that
propynylated oligonucleotides are more stable due to pre-organisation of
the propynylated ssDNA strands.1268 The presence of a 5-(3-aminopropyl)-
modified dU has little effect on overall duplex structure, the aminopropyl
unit extending towards the 30-direction from the modification site in the major
groove.1269 A self-complementary duplex with an opposed N4C-ethyl-
N4C crosslink was studied as a model for crosslinking agents in cancer therapy.
The ethyl crosslink extends within the major groove, and there is a widening
of the groove at the crosslink site, resulting from underwinding at that base
pair step.1270 NMR structures of duplexes containing cis-syn cyclobutane
pyrimidine dimers (99) and up to two T:G wobble base pairs have been
examined. The overall structures were similar to the usual B-form duplex
except when two T:G base pairs were present, where significant duplex distor-
tion was observed.1271

Other modifications include a formamide residue (191), a ring fragmentation
product of thymine, which exists as either a cis or a trans conformer. Both
isomers are rotated out of the helix, and the bases on either side of (191) occupy
the space vacated by it.1272 A pyrene:abasic site base pair in DNA duplexes
adopts the usual B-form duplex, with the pyrene residue within the duplex
stacking on adjacent nucleobases. The abasic site folds back over the opposite
strand to shelter the hydrophobic base from exposure to water.1273,1274 The
photoresponsive azobenzene analogues (133, R- and S-forms) have been
incorporated into DNA for NMR analysis. Both isomers intercalate between
neighbouring base pairs, and the S-isomer exhibits more disturbance in its
duplex structure which is reflected in lower Tms compared to the R-isomer.1275
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The self-complementary hexamer d(TGCGCA) modified to incorporate
cholesterol attached via a 50-amine modification showed that the duplex was
stabilised by the stacking of the steroid on the terminal A:T base pair through
van der Waals interactions.1276 Bleomycins damage DNA by 40-hydrogen
abstraction resulting in the formation of base-propenal adducts and 30-
phosphoglycolate (192) modifications. The NMR structure of a duplex con-
taining (192) at the 30-end with a 50-phosphate revealed a regular B-form
duplex, both terminal modifications being extrahelical.1277 DNA containing the
intercalating nucleic acid modification (139) has been studied by NMR, in a
duplex with two (139) opposing modifications.1278 The two modifications
caused significant unwinding of the overall duplex structure, leading to a
ladder-like structure.
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The solution structure of the first fully modified LNA oligonucleotide with
its complementary RNA is described.1279 The duplex adopts a canonical A-
form duplex, and the helix is almost straight. The LNA oligonucleotide
TGGGT forms a parallel stranded quadruplex structure with right-handed
helicity.1280 a-L-LNA has also been incorporated into a DNA oligonucleotide
with complementary DNA and RNA.1281–1283 Opposite DNA, it adopts a B-
form duplex, with the backbone rearranged in the vicinity of the substitutions
to accommodate them. Opposite RNA, the structure is a hybrid between A-
and B-form with the phosphate groups of the LNA nucleotide rotated into the
minor groove.

The locked nucleic acid [3.2.0]bcANA (193) with an arabino-configuration is
fixed in an O40-endo conformation. The solution structure of DNA containing a
single substitution of (193) showed a B-form duplex with stacking of the
nucleobases unperturbed.1284 The 20-O,30-C-methylene bridge is located in
the major groove and is accommodated by the B-form duplex. The O40-endo
conformation of the sugar causes a local disruption in the backbone angle. A
PNA-DNA chimera 50TGGG30-t forms a regular parallel duplex as determined
by NMR,1285 whereas 50TGG30-gt does not form well-defined species.

193

O

O

O
O

Base

As well as investigating structures by crystallography and NMR, there are
other techniques that have been used. Electron microscopy has been used to
study nucleoprotein RNA structures of measles virus.1286 Cryoelectron micros-
copy has been used to visualise tmRNA (RNA that acts as both messenger and
transfer RNA) entry into the ribosome and ribosomal motion,1287–1290 and
visualisation of a 1.7 kb ssDNA structure.1291 Atomic force microscopy (AFM)
was used to visualise a DNA hemiknot structure,1292 four-arm DNA struc-
tures1293 and DNA hybridisation in the absence of a DNA label.1294 A surface
plasmon diffraction sensor has also been used to study oligonucleotide hybrid-
isation.1295 Other more established methods have also been used, such as
footprinting to determine the binding of T7 endonuclease I to a Holliday
junction1296 and the investigation of Holliday junctions using gel elect-
rophoresis.1297
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183. Y. Huang, S. Dey, X. Zhang, F. Sönnichsen and P. Garner, J. Am. Chem. Soc.,

2004, 126, 4626.

184. A.B. Eldrup, O. Dahl and P.E. Nielsen, J. Am. Chem. Soc., 1997, 119, 11116.

185. A.G. Olsen, O. Dahl and P.E. Nielsen, Bioorg. Med. Chem. Lett., 2004, 14, 1551.

186. M. Hollenstein and C.J. Leumann, Org. Lett., 2003, 5, 1987.

187. M. Hollenstein, D. Gautschi and C.J. Leumann, Nucleosides, Nucleotides & Nucl.

Acids, 2003, 22, 1191.

188. D. Gautschi and C.J. Leumann, Nucleosides, Nucleotides & Nucl. Acids, 2003, 22,

1211.

189. H. Sato, Y. Hashimoto, T. Wada and Y. Inoue, Tetrahedron, 2003, 59, 7871.

190. Meena and V.A. Kumar, Bioorg. Med. Chem., 2003, 11, 3393.

191. A. Slaitas and E. Yeheskiely, Eur. J. Org. Chem., 2002, 2391.

192. T. Vilaivan, C. Suparpprom, P. Duanglaor, P. Harnyuttanakorn and G. Lowe,

Tetrahedron Lett., 2003, 44, 1663.

193. N.K. Sharma and K.N. Ganesh, Chem. Commun., 2003, 2484.

194. V.A. Kumar and Meena, Nucleosides, Nucleotides & Nucl. Acids, 2003, 22, 1101.

195. M. Kitamatsu, M. Shigeyasu, T. Okada and M. Sisido, Chem. Commun., 2004,

1208.

196. D.T. Hickman, T.H.S. Tan, J. Morral, P.M. King, M.A. Cooper and J. Mickle-

field, Org. Biomol. Chem., 2003, 1, 3277.

197. V.A. Efimov, V.N. Klykov and O.G. Chakhmakhcheva, Nucleosides, Nucleotides

& Nucl. Acids, 2003, 22, 593.

198. T. Vilaivan and G. Lowe, J. Am. Chem. Soc., 2002, 124, 9326.

199. M.C. Myers, M.A. Witschi, N.V. Larionova, J.M. Franck, R.D. Haynes, T.

Hara, A. Grajkowski and D.H. Appella, Org. Lett., 2003, 5, 2695.

200. T. Govindaraju, R.G. Gonnade, M.M. Bhadbhade, V.A. Kumar and K.N.

Ganesh, Org. Lett., 2003, 5, 3013.

201. T. Govindaraju, V.A. Kumar and K.N. Ganesh, Chem. Commun., 2004, 860.

202. T. Govindaraju, V.A. Kumar and K.N. Ganesh, J. Org. Chem., 2004, 69, 1858.

203. P.S. Shirude, V.A. Kumar and K.N. Ganesh, Tetrahedron Lett., 2004, 45, 3085.

204. P. Lonkar and V.A. Kumar, Nucleosides, Nucleotides & Nucl. Acids, 2003, 22,

1105.

205. P.S. Lonkar and V.A. Kumar, Bioorg. Med. Chem. Lett., 2004, 14, 2147.

206. L.D. Fader, E.L. Myers and Y.S. Tsantrizos, Tetrahedron, 2004, 60, 2235.
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934. J. Gao, C. Strässler, D. Tahmassebi and E.T. Kool, J. Am. Chem. Soc., 2002, 124,

11590.

935. A.D. Malakhov, M.V. Skorobogatyi, I.A. Prokhorenko, S.V. Gontarev, D.T.

Kozhich, D.S. Stetsenko, I.A. Stepanova, Z.O. Shenkarev, Y.A. Berlin and V.A.

Korshun, Eur. J. Org. Chem., 2004, 9, 1298.

936. K. Yamana, T. Iwai, Y. Ohtani, S. Sato, M. Nakamura and H. Nakano, Bioconj.

Chem., 2002, 13, 1266.

937. C.C.-Y. Wang, T.S. Seo, Z. Li, H. Ruparel and J. Ju, Bioconj. Chem., 2003, 14,

697.

938. G.-S. Jiao, T.G. Kim, M.R. Topp and K. Burgess, Org. Lett., 2004, 6, 1701.

939. G.-S. Jiao and K. Burgess, Bioorg. Med. Chem. Lett., 2003, 13, 2785.

940. H. Ozaki, H. Kobari, K. Takagi and H. Sawai, Nucleosides, Nucleotides & Nucl.

Acids, 2003, 22, 1219.

941. H. Sigmund and W. Pfleiderer, Helv. Chim. Acta, 2003, 86, 2299.

942. I.A. Prokhorenko, N.N. Dioubankova and V.A. Korshun, Nucleosides, Nucleo-

tides & Nucl. Acids, 2004, 23, 509.

466 Organophosphorus Chem., 2006, 35, 355–478



943. T. Gunnlaugsson, J.M. Kelly, M. Nieuwenhuyzen and A.M.K. O’Brien, Tetra-

hedron Lett., 2003, 44, 8571.

944. D.A. Berry, K.-Y. Jung, D.S. Wise, A.D. Sercel, W.H. Pearson, H. Mackie, J.B.

Randolph and R.L. Somers, Tetrahedron Lett., 2004, 45, 2457.

945. A. Okamoto, K. Tainaka and I. Saito, J. Am. Chem. Soc., 2003, 125, 4972.

946. A. Okamoto, K. Tainaka and I. Saito, Tetrahedron Lett., 2003, 44, 6871.

947. A. Okamoto, K. Tanaka, T. Fukuta and I. Saito, J. Am. Chem. Soc., 2003, 125,

9296.

948. H. Asanuma, K. Shirasuka, T. Takarada, H. Kashida and M. Komiyama, J. Am.

Chem. Soc., 2003, 125, 2217.

949. R. Brown, W.E. Smith and D. Graham, Tetrahedron Lett., 2003, 44, 1339.
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Amacker, Nucl. Acids Res., 2003, 31, 2636.
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Phosphazenes

BY J.C. VAN DE GRAMPEL
University of Groningen, Groningen, The Netherlands

1 Introduction

This review covers phosphazene literature over the period January 2003 to June
2004 (Chemical Abstracts Vols. 138, 139 and 140), and discusses linear
phosphazenes including compounds derived thereof (Section 2), cyclopho-
sphazenes (Section 3) and polyphosphazenes (Section 4). Structural data have
been summarized in Section 5. It is worthy to note that this period has seen a
considerable growth in contributions from Chinese investigators. However,
many of these papers are only accessible in English via Chemical Abstracts.

Two books have appeared covering the present state of the phosphazene
chemistry, viz. Chemistry and Applications of Polyphosphazenes1, and a three-
volume edition entitled Phosphazenes, A Worldwide Insight.2

2 Linear Phosphazenes

Interest continues in linear (acyclic) phosphazenes, resulting in a consider-
able number of papers. N-arylphosphoranimines ArN ¼ PPh3 have been
prepared in excellent yields by refluxing phosphorus ylides MeO2CCH
(NHAr)CO2Me) ¼ PPh3 in xylene or toluene. The ylides can be easily
synthesized by the addition reaction of a primary aromatic amine and
triphenylphosphine with dimethyl acetylenedicarboxylate (DMAD).3 The
Staudinger procedure, involving a phosphine and an azide, forms a part of
many multi-step organic syntheses,4 and plays an important role in the
preparation of nucleosides5 and nucleotides6,7 and in carbohydrate chemi-
stry8. An intramolecular Staudinger reaction has been proposed for one of
the reaction steps of the conversion of the 4-azido-4-deoxy-D-galactoside (1)
into the 4-deoxy-D-erythro-hexose-3-ulose (2) using MeOP(OBn)NPri2
(Bn ¼ CH2C6H5) and tetrazole.9
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intramol. Staudinger

Bn = CH2C6H5

MeO

BnO
C-N bond cleavage

The azidomethylphenyl complexes (3a-b) react with triphenylphosphine
according to the Staudinger scheme to yield the products (4a-b). Upon hydro-
lysis, (4b) has been transformed into (5) and (6). The absence of a displacement
of the isocyanide group by a PPh3 group has been explained by the fact that the
isocyanide group is connected to a coordinatively saturated metal complex.10 A
similar reaction mode has been found for complexes (7a–b) leading to hetero-
cyclic carbene complexes (8a–b). In this case steric hindrance has been put
forward to explain the preference for the Staudinger mode.11
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Heteromacrocycles (11a–c) have been synthesized from the bis(azido) com-
pound (9) and the diphosphines (10a–c).12
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A new class of compounds (13a-f) has been prepared from (12a–f) by a
Staudinger reaction with Ph3P followed by an intramolecular aza-Wittig
cyclization. Compounds (13) are cruciform p-systems with the phenyloxazole
arms almost perpendicular to the terphenyl system.13
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The pathway of the Staudinger ligation of alkylazides and o-carboalkoxy
triarylphosphines (e.g. 14a) has been established by NMR analysis of the
intermediates and leads to the formation of compounds with amide bonds
(15).14 In contrast, the Staudinger ligation of aryl azides with o-carboalkoxy
triarylphosphines (e.g. 14b) has been reported to give products (16) with an
o-alkyl imidate linkage.15
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O
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PhCH2N3 OR
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P
Ph2
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O
NHCH2Ph

O
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Ph2
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i C6H4(Bun)N3-1,4

ii H2O

N
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PPh2

O

Bun

(16)(14b) R = CH2CH = CH2

The ligation methodology has been successfully applied to attaching various
moieties to cell surfaces 14,16,17, to fluorescent labeling of DNA fragments 18

and to probing glycosyltransferase activities.19 The aforementioned ligation has
also been used for the activation of a coumarin–phosphine dye.20 Staudinger
ligation involving peptides with a C-terminal phosphanylthioester and peptides
having a N-terminal azido group has been used for assembling proteins.21 The
same method can be used to immobilize proteins.22 An elegant way for the
synthesis of medium-sized lactams from o-amino acids has been described, by
making use of an intramolecular Staudinger ligation.23 This method is exem-
plified by the conversion of (17) into (18).

H2N

O

OH

diazotransfer reaction
N3

O

OH

HS PPh2

BH3 N3

O

S

Ph2P
BH3

N3

O

S

Ph2P

dabco

H2O
HN

O

(18)

(17)

N

N

dabco = 1,4-diaza-bicyclo[2.2.2]octane

The synthesis of phosphinoalkanethiol-borane complexes for use in the
formation of amide bonds has been covered by a patent.24

The Staudinger reaction forms also the basis for the preparation of linear
oligophosphazenes. The reaction of triphenylphosphine with (19) affords the
thiophosphazene (20), which can be converted via (21) into phosphine (22) by
subsequent reactions with CF3SO3Me and P(NMe2)3. Compound (22) can be
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converted into (24) using (23) following the same reaction sequence. It has been
demonstrated that this combination of three reactions can be extended with other
thiophosphinoazides such as N3P(S)(OC6H4CHO-4)2 and N3P(S)(OC6H4NMe2-
3)2 affording the oligomers (25) and (26), consecutively. The presence of the CHO
group offers the possibility for grafting reactions giving dendrimeric structures.25
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Ongoing research on the preparation of phosphazene dendrimers has led to
the use of branched monomers in order to reduce the number of reaction steps.
An example is the preparation of a dendrimer with 48 phosphine end groups by
four consecutive reactions starting from S¼ P[OC6H4(PPh2-4)]3 (27), and using
N3P(S)[N(Me)NH2]2 (28) and S ¼ P[OC6H4(PPh2-4)]2(OC6H4CHO-4) (29) as
reagents.26

Ph2P O P

S

O

O

PPh2

PPh2

(27)

N3 P

S

N

N

NH2

NH2

Me

Me

(28)

OHC O P

S

O

O

PPh2

PPh2

(29)

(27)

i 3 (28)
ii 6 (29)
iii 12 (28)

iv 24 (29)

dendrimer with 48 PPh2 end groups

Phosphazene dendrimers having a P ¼ S or P ¼ O core possess high thermal
stability up to about 3801C, which depends on the nature of end groups but
little on the generation number.27 The molecular mobility around the glass
transition of these phosphorus dendrimers has been investigated by dielectric
techniques.28

In addition to the well-known Staudinger reaction, a new high-yield method
for the preparation of phosphoranimines has been presented involving a
reaction of aminophosphanes R1

2PNHR2 and reactive alkyl halides.29

A review has appeared on the use of phosphoranimines in aza-Wittig
reactions for the preparation of a wide variety of natural products.30 Ab initio
calculations regarding the formation of iminoacetic acid HN ¼ CHCO2H by
the aza-Wittig reaction of O ¼ CHCO2H with HN ¼ PPh3 reveal the existence
of low energy barriers.31 In continuation of an earlier theoretical study it has
been shown that the aza-Wittig reaction of X3P ¼ NH and H2C ¼ O in the gas
phase proceeds more easily when X ¼ H or Me than for X ¼ Cl.32 Calculations
with respect to the substituent effect of X on the negative charge of the NH
moiety in X3P ¼ NH suggest a similar result.33

Carbodiimides (31) have been synthesized by the aza-Wittig reaction of
vinylphosphoranimines (30) and aryl isocyanates. In their turn, compounds
(31) form excellent starting materials for the preparation of 1H-imidazol-
5(4H)-ones.34 The sulfur analogue (32) has been prepared by the reaction of
(30) with CS2, and can be used for the synthesis of 2-thioxoimidazolidin-
4-ones.35
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Ethyl-2-(triphenylphosphoraniminato)benzoate (33) reacts with aryl is-
ocyanate to give ethyl-2-[(arylimino)methyleneamino]benzoate (34), which is
an excellent precursor for the formation of quinazolin-4(3H)-ones (35) and
(36).36 Quinazolines (38) have been produced in high yields by heating a
mixture of a N-imidoyliminophosphorane (37) and an aldehyde in a 300 watt
domestic microwave oven.37
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Without giving further details it has been stated that reactions of aryl
isocyanates with the N ¼ PPh3 group form the basis of various heteroaromatic
compounds.38–40 The reaction of ArN ¼ PPh3 and aryl isocyanates forms the
first step for the preparation of triarylguanidines.41 Reactions of phosphor-
animinato derivatives with alkyl isocyanates have been reported as well.42 The
aza-Wittig reaction of [C6H3(CF3)2-3,5]N ¼ PPh3 (39) and the pentanedione
CF3C(O)CH2C(O)CF3 has been reported to yield the electron-poor ligand (40).
Copper(I) complexes (41) and (42), involving (40) as ligand, have been prepared
and structurally investigated by IR and X-ray analysis.43
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The reactions of the N ¼ PPh3 moiety with a wide variety of carbonyl
compounds to form C ¼ N bonds still underline the importance of the aza-
Wittig protocol in synthetic chemistry.44–48

N-trimethylsilyl-P-bromophosphoranimimes Me3SiN ¼ P(R)(X)Br (R ¼
Prn, Pri, Bun; X ¼ Br, OCH2CF3, OPh) have been prepared by oxidative
bromination of the corresponding bis(trimethylsilyl)aminophosphines (Me3-
Si)2NP(R)X. Nucleophilic substitution reactions of Me3SiN ¼ P(R)Br2 with
two equivalents of LiOCH2CF3 or LiOPh afford the corresponding bis(tri-
fluoroethoxy) and bis(phenoxy) derivatives.49 Bromination of (Me3-
Si)2NP(R)Prn (R ¼ Me, Prn, Pri, Hexn, OCH2CF3, OPh, Ph) followed by
treatment with LiOPh yields the phosphoranimines Me3SiN¼ P(R)(Prn)OPh.50

An analogous procedure has been used to prepare the sterically hindered
phosphoranimines ButR2SiN ¼ P(R0)(Me)R00 (R ¼ Me, Ph; R0 ¼ Me, Ph; R00

¼ OCH2CF3, OPh) and Et3SiN ¼ P(R)(Me)R0 (R ¼Me, Ph; R0 ¼ OCH2CF3,
OPh) from the phosphine precursors (ButR2Si)(Me3Si)NP(R 0)(Me) (R ¼ Me,
Ph; R0 ¼ Me, Ph) and (Et3Si)2NP(R)(Me) (R ¼ Me, Ph), respectively.51 The
N-borylphosphoranimine (44) has been synthesized by a bond cleavage reac-
tion of Me3SiN ¼ P(Me2)OCH2CF3 (43) with (Me2N)PhBCl. A similar reac-
tion with (Me2N)2BCl does not result in a phosphoranimine derivative, instead
cyclophosphazenes (NPMe2)n were formed. The formation of cyclic products
appeared to be independent of the amount of chloroborane used. For the
borane Ph(OCH2CF3)BCl a similar result was obtained, suggesting that the
boranes (Me2N)2BCl and Ph(OCH2CF3)BCl can act as novel catalysts in the
formation of cyclic products or even polymers from suitable silylphosphorani-
mines.52 Linear Si-N ¼ P-N-B compounds have been prepared by deprotona-
tion of Me3SiN ¼ P(R)MeN(R0)H (45) by BunLi followed by a reaction with
(Me2N)2BCl yielding Me3SiN ¼ P(R)MeN(R 0)B(NMe2)2 (46). No cleavage of
the SiN bond was observed.52
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A novel N-trimethylsilylphosphoranimine cationic salt (47) has been ob-
tained from the reaction of Me3SiN ¼ PCl3 with Ag(OSO2CF3) in the presence
of the strong base 4-(dimethylamino)pyridine (dmap). The NP(Cl2) bond
[149.0(3) pm ] in the cation of (47) approaches that of a triple NP bond. This
is in line with the two resonance structures A and B.53 The reaction of Me3SiN
¼ PCl3 with dmap in the absence of a halide abstractor also gives a cation (48)
with Cl� as counter ion. This chloride slowly decomposes in the solid state into
its starting materials. This process appears to be reversible, as (48) is regener-
ated when dissolved in CH2Cl2.

53
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NMe2N NSiMe3P

Cl
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-
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Cl

Cl

+

A B

Metathetical reactions of (C6H4F-2)N ¼ PCl3 and imines have been de-
scribed.54

Metal complexes involving linear phosphazenes still continue to attract
attention, in particular because of their possible application as catalysts in
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polymerization processes. Three review papers describe recent advances in the
field of metal complexes having M ¼ N-E bridges among which are phosphor-
animinato complexes (E¼P).55–57 A general overview has appeared on phos-
phoraniminato and iminophosphoraniminato complexes of group 4
transition metals.58

The effect of metal coordination on the NP bond length in Me3SiN(H)
PPh2 and Me3SiN¼PPh3 compared to their respective complexes [(Me3-
Si)2NZn(Ph2PNSiMe3)]2 and [Li(o-C6H4)PPh2¼NSiMe3]2.Et2O has been stud-
ied by FT Raman and infrared spectroscopy in combination with density
functional theory calculations. The close agreement between calculated and
experimental data validates a more general application of this approach.59

The synthesis of titanium complexes (49), (50) and (51) with bulky phos-
phoraniminato and cyclopentadienyl ligands Cp0, whether substituted or not,
has been reported, including the X-ray structural data of some of these
compounds. It turns out that the phosphoraniminato ligand exhibits some
steric resemblance to the cyclopentadienyl ligand with respect to the metal
environment. Ethylene polymerization experiments reveal the titanium phos-
phoraniminato complexes to be effective catalyst precursors.60

N PR3Me3Si + Cp''TiCl3 Cp''Ti N

Cl

Cl

PR3

MeMgBr or R'Li
Cp''Ti N

R'

R'

PR3

ArMgX or ArLi

(49) (50)

Cp''Ti N

Ar

Ar

PR3

(51)

Ar = C6H5, C6H3(CF3)2-3,5,

C6HF4-2,3,4,5

R' = Me, Bn

In a related paper, the catalytic activity of the titanium complex (54),
prepared from (52) via (53), has been investigated in a high-temperature
solution polymerization of ethylene. A lower activity was observed in com-
parison to that of Cp2ZrMe2.

61

N
Me

TiCl3

(52)

LiN PBut
3

N
Me

TiCl2

(53)

N

PBut
3

MeMgBr

N
Me

TiMe2

(54)

N

PBut
3
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Reactions of the phosphoranimine-phosphine ligand (55) with the ru-
thenium(II) complexes {Ru(Z6-arene)(m-Cl)Cl2} afford the neutral complexes
(56a–f) with metalligand coordination at the phosphine phosphorus. These
complexes can be transformed in the cationic complexes (57a–f) by treatment
with AgSbF6. Both the neutral and cationic complexes have been used as
catalysts in the transfer hydrogenation of cyclohexanone by 2-propanol. All
complexes appear to be efficient catalysts, the most active being (57f).62

N PPh2

PPh2 [Ru(�6-arene(�-Cl)Cl]2
N

a = C6H6

b = C6H4MePri-1,4

c = C6H3Me3-1,3,5,

d = C6H2Me4-1,2,3,4

e = C6H2Me4-1,2,4,5

f = C6Me6

F F

FF

(56a-f)
AgSbF6

N N

F F

F F
P
Ph2

PPh2

Cl2Ru
�6-arene

N N

F F

F F
P

Ph2

PPh2

Ru �6-arene

(57a-f)

(55)

SbF6
-

+

Cl

arene

Reactions of the Ru(II) complex [Ru(Z6-p-cym)(m-Cl)Cl]2 (p-cym ¼ p-cym-
ene, C6H4MePri-1,4) with the phosphoranimine-phosphine ligands (58a–b) and
(59a–b) result in the complexes (60a-b) and (61a-b), respectively. Treatment of
these complexes with one equivalent of AgSbF6 leads to cationic complexes
(62a–b) and (63a–b) with additional coordination at double-bonded X (X ¼ O,
S); only complex (60a) yields a mixture of (62a) and the imino-N complex (64).
Phosphoranimine-phosphine ligands (58a–b) and (59a–b) react in a similar way
with the Ru(IV) complex [Ru(Z3: Z3-C10H16)(m-Cl)Cl]2, viz. formation of com-
plexes (66a–b) and (67a–b). On treatment with one equivalent of AgSbF6, they
can be converted in the complexes (68a–b) and (69a–b). By using two equiv-
alents of AgSbF6, the compounds (60a–b), (61a–b), (66a–b) and (67a–b) react
to give dicationic complexes. It has been shown that these additional coordi-
nation modes in the complexes (62a–b) and (64) can be disrupted by a reaction
with an excess of NaX (X ¼ Cl, Br, I, N3, NCO), but leaving the coordination
to phosphine-P intact. This is exemplified by the reaction of (62a–b) with
NaNCO, affording (65a-b).63,64
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N P
Ph2

(RO)2P

X

PPh2

[Ru(�6-p-Cym)(�-Cl)Cl]2 Ru Cl
Cl

Ph2P

P
Ph2

N
P(OR)2

X

Ru
Ph2P

P
Ph2

N
P
(OR)2

Cl

X

+

Ru
Ph2P

Ph2P
X

Cl

+

P(OR)2N

+

AgSbF6

(64) R = Et, X = O

Ru NCO
NCO

Ph2P

P
Ph2

N
P(OR)2

O

excess of NaNCO

(65a-b)

(60a) R = Et, X = O

(60b) R = Ph, X = O

(61a) R = Et, X = S

(61b) R = Ph, X = S

only for X = O

(62a) R = Et, X = O

(62b) R = Ph, X = O

(63a) R = Et, X = S

(63b) R = Ph, X = S

[SbF6][SbF6] - -

(58a) R = Et, X = O

(58b) R = Ph, X = O

(59a) R = Et, X = S

(59b) R = Ph, X = S

(58a) R = Et, X = O

(58b) R = Ph, X = O

(59a) R = Et, X = S

(59b) R = Ph, X = S

N P
Ph2

(RO)2P

X

PPh2

[Ru(�3:�3-C10H16)(�-Cl)Cl]2
Ru P

Ph2
PPh2

Cl

Cl N

AgSbF6

P(OR)2

X

Ru

Cl

+

X

(RO)2P N PPh2

PPh2

(66a) R = Et, X = O

(66b) R = Ph, X = O

(67a) R = Et, X = S

(67b) R = Ph, X = S

(68a) R = Et, X = O

(68b) R = Ph, X = O

(69a) R = Et, X = S

(69b) R = Ph, X = S

[SbF6]
-
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Efforts to cleave the S-Ru bond by an excess of NaX failed, demonstrating a
greater stability of this bond when compared with the O-Ru, which is in
accordance with the soft character of the metal atom. Investigations of the
catalytic activity of these complexes in the transfer hydrogenation of cyclo-
hexanone by 2-propanol reveal all complexes to be active and efficient catalysts
with a higher activity for the Ru(IV) compounds compared to the correspond-
ing Ru(II) compounds.63,64

The quinoline derivative (70) reacts with AlMe3 to give complexes [(71)–(75)]
in which the aluminum centers are coordinated to both the aromatic and imino
nitrogen. Reaction temperature and molar ratio govern the product formation
which includes methylation of the quinoline ring.65

N
CH2

Ph2P NBut

AlMe3

room temp.

(70)

N
CH2

Ph2P N
But

(71)

AlMe3

(72)

60 °C

(73)

AlMe3

room temp.

or 60 °C

AlMe3 120 °C2 AlMe3 120 °C

N
HC

Ph2P N
But

AlMe2

N
C
PPh2

AlMe2

N
CH2

Ph2P N
But

AlMe2

Me
H

Me2Al

ButN

(74) (75)

N
C
PPh2

AlMe2Me2Al

ButN

Me

2 AlMe3

room temp.

or 60 °C

AlMe3

120 °C

Palladium(II) complexes (77a-c) have been prepared from (cod)Pd(Me)Cl
(cod ¼ cyclooctadiene-1,5) and pyridinylphosphoranimines (76a–c). Treatment
with AgBF4 in MeCN solution affords the corresponding cationic complexes
(78a–c), of which (78b) shows the highest catalytic activity in copolymerizations
of norbornene with CO or ethylene.66

NPh2P

N

R
(cod)Pd(Me)Cl NPh2P

N

R

PdCl

Me

(77a) R = H

(77b) R = Me
(77c) R = Pri

(76a) R = H

(76b) R = Me
(76c) R = Pri

AgBF4

MeCN

NPh2P

N

R

Pd

Me

(78a) R = H

(78b) R = Me
(78c) R = Pri

R R R

NCMe
+

BF4
-
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In addition to (76), pyridinylphosphoranimine ligands (79) have been prepared
together with their Fe(II) (80a) and Ni(II) (80b) complexes. In all cases metal
complexation results in a five-membered MN2CP chelate ring as observed for
complexes (77).67 Also the imidazolylphosphoranimine ligands (81) form five-
membered MN2CP rings with Fe(II) and Ni(II), (82a) and (82b), respectively.67

Ligand (83), however, forms chelate rings in which the phosphorus atom does not
participate in complexation leading to the complexes (84a–c).67

NPh2P

N

R'

NPh2P

N

R'

MX2

(79)

R' R'

R R

MX2

(80a)   MX2 = FeCl2
(80b)   MX2 = NiBr2

(82a)   MX2 = FeCl2
(82b)   MX2 = NiBr2

NPh2P

R'

(81)

R'

NN

RR

Me

NPh2P

R'R'

NN

R''R

Me MX2

MX2

(84a)   MX2 = FeCl2
(84b)   MX2 = CoCl2
(84c)   MX2 = NiBr2

R

N

N=PPh3

R

N

N=PPh3MX2
MX2

(83)

A modest catalytic activity in ethylene oligomerization has been observed for
the complexes (80a) and (80b) with R ¼ Ph, R 0 ¼ Pri, (82a) with R ¼ H, R0 ¼
Pri, R00 ¼ But, and (82b) with R ¼ R00 ¼ C4H4, R

0 ¼ Pri in the presence of
Et2AlCl(ClC6H5). In general the Ni(II) complexes are more active than Fe(II)
complexes.67

Ligands (86–89) have been prepared by reaction of RN ¼ P(Ph2)CH ¼ CH2

(85) with amines, diphenylphosphine and thiophenol. Reaction of these ligands
with PdCl2(PhCN)2 generates the cyclic palladium complexes (90–93).68
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Ph2PH
Ph2P

N
R

NPPh2

Ph2P

N
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N
R

R'

R"
Cl2

Ph2P

N
Pd

PPh2R

Cl2

Ph2P

N
R

SPh
Ph2P

N
Pd

SPh
R

Cl2

PdCl2(PhCN)2

PdCl2(PhCN)2

PdCl2(PhCN)2

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

PdCl2(PhCN)2

Metalation of (94a) by Hg(OAc)2 in the presence of LiCl affords complex
(95) in which the mercury atom is connected to o-carbon atom of the N-bonded
phenyl group. The reaction of Pd(OAc)2 with (94a-b) gives metalation at one of
the P-bonded phenyl groups together with coordination at nitrogen, resulting
in five-membered PdCN rings with a dimeric structure (96a–b). The dimer
reacts with tetramethylethylenediamine (tmeda) to form a monomeric cationic
complex (97a–b).69

Me

N

(94a)

PPh3

Me

N PPh3

HgCl
i Hg(OAc)2

ii LiCl

(95)

R

N

(94a) R = Me

(94b) R = OMe

PPh3

(96a) R = Me

(96b) R = OMe

R

N

Pd
Ph2P

R

N

Pd
PPh2

O
C

O
C

Pd(OAc)2

(97a) R = Me

(97b) R = OMe

R

N

Pd
Ph2P

N

N
Me2

Me2

+

ClO4
-

NaClO4

Me2N

Me2N

O

Me

Me

O
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Ortho-palladation at the P-bonded phenyl group can also be achieved by treat-
ment of the o-iodo derivative (98) with a mixture of Pd(dba)2 (dba ¼ dibenzylidene
acetone) and tmeda. The resulting neutral complex (99) reacts with Tl(OSO2CF3)
and Ph3P to yield a cationic complex (100). An insertion reaction of (99) with
MeO2CCRCCO2Me results in a six-membered PdC4N chelate ring (101).69

N PPh3

I

(98)

Pd(dba)2

N PPh3

(99)

Tl(OSO2CF3)

PPh3Me2N
Me2N

Pd
N
N
Me2

Me2

I

N PPh3

(100)

Pd
N
N
Me2

Me2

PPh3

+

OSO2CF3
-

N

(101)

Me2N NMe2

CO2Me

Pd CO2MePh3P
ClO4

-

+

AgClO4

MeO2CC CCO2Me

dba = dibenzylidene acetone

Complexes (103a–d) can be readily obtained from [Rh(m-Cl)cod]2 and the
o-metalated Li complexes (102a–d). Complex (102a) reacts with [Ir(m-Cl)cod]2 to
produce (104). By oxidative addition of CH2Cl2, (103a) can be converted to
(105), the structure of which has been confirmed by X-ray analysis.70 The
Staudinger reaction of imidazolyldiphenylphosphine with appropriate arylazides
results in imidazolylphosphoranimines (106a–b), which react with NaH to yield
the corresponding Na derivatives (107a–b). The rhodium complexes (108a–b)
have been synthesized by treatment of these Na derivatives with [Rh(m-Cl)cod]2.
The reactivity of the rhodium complexes towards oxidative addition by CH2Cl2
has been discussed in terms of steric and electronic effects.70

Li

Ph2P PPh2

Li

N N
Ar Ar

EtOEt

[Ir(�−Cl)(cod)]2

Ph2P
Rh

N
Ar

(104) Ar = Ph

Ph2P
Ir

N
Ar

(103a)   Ar = Ph

(103b)   Ar = C6H4Me2-2,6

(103c)   Ar = C6H4Me2-3,5

(103d)   Ar = C6H4Pri
2-2,6

CH2Cl2

P
Ph2

Rh

N
Ar

Cl
Cl

Rh

N

Ph2
P Ar

H2C

(105)   Ar = Ph

[Rh(�− Cl)(cod)]2

(102a)   Ar = Ph

(102b)   Ar = C6H4Me2-2,6

(102c)   Ar = C6H4Me2-3,5

(102d)   Ar = C6H4Pri
2-2,6

(102a)   Ar = Ph

(102b)   Ar = C6H4Me2-2,6

(102c)   Ar = C6H4Me2-3,5

(102d)   Ar = C6H4Pri
2-2,6
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[Rh(�− Cl)(cod)]2

N NH

Ph2P NAr
NaH

N N

Ph2P

Ar
N

Na thf

(107a)   Ar = Ph

(107b)   Ar = C6H3Me2-2,6

(106a)   Ar = Ph

(106b)   Ar = C6H3Me2-2,6

N N

Ph2P

Ar
N

Rh

(108a)   Ar = Ph

(108b)   Ar = C6H3Me2-2,6

thf

Synthesis and X-ray structures of complexes formed by the reaction of the
anionic ligand [Me3SiN ¼ P(Me)2C(PPh) ¼ CPhR]� (R ¼ H, SiMe2Bu

t) with
metal chlorides MCl4 (M ¼ Zr, Hf) have been reported.71

The versatile chelating agent bis(diphenylphosphoraniminato)methane deri-
vative (109) has been used to synthesize the germanium complex (111) via the
ligand transfer agent (110) and subsequent treatment with one equivalent of
GeCl2.

72 The reaction of (111) with Ge[N(SiMe3)2]2 affords complex (112),
which can also be obtained from the reaction of (110) with 0.5 equivalent of
GeCl2.

73 The structure of (110) reveals a four-coordinated Li atom with a Li-C
carbon distance of 262.2(9) pm. Both in (110) and in (111) the bond lengths in
the NPCPN chain suggest a considerable delocalization of the double bonds.
Oxidation of (112) by Me3NO gives complex (113), probably via a dimeric
intermediate. The reaction of (112) with stoichiometric amounts of elemental
chalcogens (S, Se, Te) affords the chalcogen-bridged germaketene analogues
(114a–c).72
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N N
Me3Si SiMe3
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PPh2
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Me3Si SiMe3Li
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N N
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Cl

GeCl2
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C
P

Ge

N
SiMe3

Ge

N
Me3Si

C
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Ph2P

N
Me3Si

Ph2
P

N
Me3Si

(112)

Ge[N(SiMe3)2]2

Ge

N
Me3Si

C
PPh2

Ph2P

N
Me3Si

Ge

N
SiMe3

C
Ph2P

PPh2

N
SiMe3

E

E

(114a)   E = S
(114b)   E = Se
(114c)   E = Te

E

Ge

C

Ph2P N

Ge

C

PPh2N

PPh2

N
SiMe3

N

Ph2P

Me3Si

(113)

Me3NO

thf

OSiMe3

OSiMe3

The reaction of (109) with anhydrous NiCl2 has been reported to yield
NiCl2CH2[P(Ph2) ¼ NSiMe3]2 in which the nickel is surrounded tetrahedrally
by two nitrogens and two chlorines. A similar reaction with anhydrous NiI2
also gives a tetrahedral Ni(II) complex, however, accompanied by exchange of
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a SiMe3 group by hydrogen.74 The reaction of the sodium salt (115) with
UO2Cl2(thf)3 generates a uranyl (VI) complex (116) with uranium in the center
of a distorted pentagonal bipyramid with the oxygens in apical position. A
slightly distorted tetragonally bipyramidal environment of uranium by nitrogen
and oxygen has been found for amido complex (117), which results from the
reaction of (116) with Na[N(SiMe3)2]. A restricted rotation of the amido group
around the U-N axis has been observed in this compound.75 When recrystal-
lized from dichloromethane, complex (116) forms a red-coloured chloro-
bridged dimer (118). The dimerization appears to be a reversible process as,
by addition of thf, the monomer is regenerated. The uranium- carbon distance
(about 270 pm) in the complexes (116), (117) and (118) points to a considerable
U(VI)-C interaction.75,76

Ph2P

H
C

PPh2

N N
Me3Si SiMe3

Ph2P

H
C

PPh2

N N
Me3Si SiMe3U

(115) (116)

Na

UO2Cl2(thf)3

O O
Cl thf

Ph2P

H
C

PPh2

N N
Me3Si SiMe3U

(117)

O O
N

Me3Si SiMe3

Na[N(SiMe3)2]

Ph2P

H
C

PPh2

N N
Me3Si SiMe3U

O O
Cl

PPh2C
H

Ph2P
NN

SiMe3Me3Si U
OO

Cl

- thf + thf

(118)

In addition to (109) theN-mesityl (mesityl¼ C6H2Me3-2,4,6) derivative (119)
has been applied as a coordination agent. Complexes (120) and (121a-c) have
been shown to possess bidentate coordination of the metal atom. The reaction
of (121b) with triphenylmethanol shows an exchange of the N(SiMe3)2 by the
OCPh3 group, affording (122) in a high yield. The structure of (122) is
characterized by a distinct boat conformation of the six-membered chelate
ring, which results in a close Fe-C(H) contact of 237.5 pm.77
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Cl Cl
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(121b)  M = Fe
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N
Me3Si SiMe3

M[N(SiMe3)2]2
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i BunLi

ii FeCl2
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Li

thf OEt2

Ph2P

H
C

PPh2

N N
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OCPh3

Ph3COH
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The nitrogen analogue of (115), (123) has been used as a ligand as illustrated
by the synthesis of the uranium (VI) complexes (124) and (125). These com-
plexes are fully comparable to their carbon counterparts (116) and (118), even
with respect to their equilibrium behavior towards thf.75

Ph2P
N

PPh2

N N
Me3Si SiMe3

Ph2P
N

PPh2

N N
Me3Si SiMe3U

(123) (124)

Na

UO2Cl2(thf)3

O O
Cl thf

Ph2P
N

PPh2

N N
Me3Si SiMe3U

O O
Cl

PPh2N
Ph2P

NN
SiMe3Me3Si U

OO
Cl

- thf

+ thf

(125)

Oxo-vanadium(IV) complexes and oxo-vanadium(V) complexes have been
prepared from HN[(P(Ph2) ¼ NR]2 (R ¼ Ph, SiMe3) and VO(acac)2 (acac ¼
acetylacetonato) or VOCl3.

78 The preparation of spirocyclic arsenic(III)79 and
antimony(III)80 complexes with general formula N[(P(Ph2) ¼ NR]2MOR0O (R
¼ Ph, SiMe3; R

0 ¼ ethylene or propylene (whether or not alkyl-substituted) has
been reported. Spectroscopic methods have been used for the characterization
of these products.

This year the number of papers dealing with metal complexes of the anion
N[P(R2) ¼ E]2

� (E ¼ O, S, Se, Te) has notably decreased. The dimeric osmium
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complex [Os(Z6-p-cym)Cl2]2 has been shown to react with KN[P(Ph2) ¼ E]2
(E ¼ S, Se) to give the new osmium(II) complexes (126a-b) with an E,E
osmium-phosphazene coordination mode. The reaction of [Os(Z6-p-cym)Cl2]2
with Ph2PN(H)P(O)Ph2 affords the donor-acceptor complex (127), which can
be converted to complex (128) upon treatment with ButOK and MeOH. The
unequal NP bond lengths in (128) indicate a less pronounced delocalization than
in (126a–b), where the NP bonds are equal within their standard deviations.81

Cl
Os

Cl
Os

Cl

Cl

K{N[P(Ph2)=E]2}

E = S, Se
Os

Cl

E PPh2

N
PPh2E

Os

Cl

O PPh2

N

Ph2
P

(126a) E = S

(126b) E = Se

(128)

Os

Cl

Cl

P(Ph2)NHP(Ph2)O
ButOK, MeOH

(127)

Ph2PN(H)P(O)Ph2

X-ray structure determinations have shown a bridging S,O-chelation
mode in the dimeric complexes {PhHg[Ph2P(S)NP(O)Me2]}2 and {PhHg
[Ph2P(S)NP(O)Ph2]}2, forming 12-membered rings with mercury atoms con-
nected to a sulfur and an oxygen atom from different PNP units.82 Meta-
lation of the novel ligand 2,6-bis(trimethylsilylphosphoraniminato)lutidine
(129) by Bun2Mg has been reported to give the magnesium complex (130) in
a high yield. Further reaction of (130) with SnCl2 affords the 1,3-distannabu-
tane (131). It has been argued that in this reaction (130) not only acts as a
ligand transfer reagent, but also as a strong base for dehydrochlorination.83

The reaction with GeCl2 does not yield a dimetallacyclobutane, but instead an
asymmetric digermanium ring (132) is formed with different germanium envi-
ronments. The Ge-pyridinyl-N coordination causes a redistribution of electron
density, implying a non-aromatic character of the pyridine ring concerned and
a short exocyclic C–C bond of 135.9(6) pm to the Ph2PNSiMe3 group. 1,
3-Diplumbabutane (133) has been isolated from the reaction of (129) and
Pb[(N(SiMe3)2]2.

83
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Ethylene polymerization experiments have been carried out with a number of
aluminum complexes (134–136) as catalyst precursors. It turned out that the
dialuminum complexes (136a) and (136b) are much more effective than their
monometal counterparts.84 The catalytic activity of nickel complexes (137),
(138), (139a) and (140a) immobilized in 1-n- butyl-3-methylimidazolium or-
ganochloroaluminate has been evaluated for the biphasic oligomerization of
ethylene.85 Preparation and catalytic activity in ethylene oligomerization of the
nickel complexes (139b) and (140b–e) have been patented.86 The copolymeri-
zation of ethylidenenorbornene with a mixture of ethylene and propylene in the
presence of (C6H2Cl3-2,4,6)N ¼ V(Cl2)N ¼ PPh3 has been described.87
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Ph2P

H
C

PPh2

N N
Me3Si SiMe3Al

R R

(135a) R = Me

(135b) R = Bui

Ph2
P

N
Al
R2

C
Al
R2

N

Ph2
P

Me3Si SiMe3

(136a) R = Me

(136b) R = Bui
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N
NiCl2

N

PPh3

PPh3

N

N

NiX2

PR3

PR3

N

N

NiX2

PR3

PR3

N
NiCl2

N

PPh3

PPh3

Ph

Ph

(137) (138) (140a)  R = Ph, X = Cl
(140b)  R = cyclopentyl, X = Br
(140c)  R = cyclohexyl, X = Br
(140d)  R = o-tolyl, X = Br
(140e)  R = 2,4,6-trimethylphenyl, X = Br

(139a)  R = Ph, X = Cl
(139b)  R = cyclopentyl, X = Br

N-phosphorylphosphoranimines Cl2(O)PN¼P(Me)(R)X (R¼Me, X¼OCH2

CF3; R¼Ph, X¼OCH2CF3; R¼Me, X¼OPh) have been prepared from Me3-
SiN¼P(Me)(R)X by Si-N bond cleavage induced by POCl3. Analogous reac-
tions with R0P(O)Cl2 (R0¼Me, Ph) afford compounds Cl(O)P(R 0)
N¼P(Me)(R)OCH2CF3 (R¼R0¼Me; R¼Ph, R0¼Me; R¼Me, R0¼Ph; R¼Ph,
R0¼Ph) and Cl(O)P(Me)N ¼ P(Me)(Me)OPh. Substitution of chlorine by
dimethylamino groups can be readily achieved by the silylamine Me2NSiMe3.

88

Arylation of Cl3P¼NPOCl2 by aryl Grignard reagents (Ar¼Ph, o- and
p-tolyl, p-chlorophenyl and 2-mesityl) and 2-thienyllithium has been shown
to yield the fully aryl-substituted compounds Ar3P ¼ NPOAr2 and (C4H3S)3
P¼NO(C4H3S)2, respectively.

89 Alkylation of Cl3P ¼NPOCl2 by the Grignard
reagents RMgBr (R ¼ Bn, PhCH2CH2, Me3SiCH2, Bun) to obtain penta-
substituted products, does not appear to be successful. Only the penta-
cyclohexyl derivative could be isolated, albeit in a very low yield.90 In addition
the preparation and characterization of some pentaalkoxy and pentaaryloxy
derivatives (RO)3P ¼ NPO(OR)2 (R ¼ alkyl, aryl) have been described.91,92

The antimicrobial and biological activity of R3P ¼NPOR2 (R ¼ Ph, o-tolyl) on
bacterial and yeast cells have been studied.93

The basicity of a number of phosphazene bases in the gas phase has been
calculated.94 In this study the theoretical model used is claimed to be a reliable
and accurate method for predicting pKa values. It turns out that But-P4
[{(Me2N)3P ¼ N}3P ¼ NBut] is by far the strongest phosphazene base, even
stronger than Verkade’s superbase.94 New phosphazene bases with one to four
phosphorus atoms (P1–P4) have been synthesized and their relative basicities
determined by a UV-vis spectrophotometric titration method.95 Solutions of
But-P4 have been used as titrant for UV-vis spectrophotometric titrations of
acids.96 The deprotonating capacity of phosphazene bases have also been used
in various synthetic procedures. The base Et-P2 ((Me2N)3P ¼ N-P(NMe2)2 ¼
NEt) has been applied to the asymmetric synthesis of disubstituted N-tosyl
aziridines.97 The facile reaction ofO-acyl hydroxamic acid derivatives with But-
P2 have been shown to yield 2,3-dihydro-4-isoxazole carboxylic ester deriva-
tives.98 a- Amino acids can be solubilized in MeCN by treatment with But-P1,
Et-P2 or BEMP [N(Me)(CH2)3N(Me)P(NEt2)=NBut], , thus allowing a facile entry
to the synthesis of peptides.99 Dehydrochlorination has been observed when
treating decachlorotetrahydroazulene with BTPP (ButN ¼ P(Pyr)3, Pyr ¼
pyrrolidino).100 Rearrangement of allylic ammonium ylides by BBr3 has been
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optimized by addition of But-P4.101The phosphazene base But-P4 has also been
successfully applied to the preparation of 1,2-disubstituted alkenes in the Julia
–Kociensky olefination102 and in the cyclization of silyl-protected iodo-
hydrins.103 Anionic ring-opening polymerization of cyclosiloxanes has been
initiated by But-P4.104,105

Kinetic studies have been performed on the condensation and dispropor-
tionation of oligosiloxanols in the presence of hexapyrrolidinodiphospha-
zenium hydroxide [pyr3P ¼ N ¼ Ppyr3]OH.106

The immobilized phosphazenium chloride RO3Si-[(CH2)3-N(Bun) P(NMe2)3]
1

Cl� appears to be a reusable catalyst in the chlorination of organic acids by
thionyl chloride. It also exhibits high activity and selectivity.107 The application
of [(R2N)3PN ¼ P(NR2)3]SF5 (R ¼ Me, Et) as fluorinating agents has been
described.108 1,1,1,3,3,3-Hexaaminophosphazenium salts have been used to
inhibit or to regulate the enzyme-catalyzed hydrolysis of urea109 and as phase
transfer catalysts for chlorine-fluorine exchange reactions.110 It is reported that
ring opening of epoxides or epoxide resins can be catalyzed by [(Me2N)3P ¼
N]4P

1 111 or [(Me2N)3P ¼ N]3PO.112

X-ray structure determinations of some miscellaneous linear compounds
containing a N ¼ P entity are summarized in Section 5.113–128,153

3 Cyclophosphazenes

An extended review has appeared on advances in the chemistry of chlorocy-
clophosphazenes.129 Another review describes the role of cyclophosphazenes as
polymer modifiers with emphasis on 2-oxazoline and epoxy derivatives.130 A
short review has been published on the physical properties of the host-guest
adducts involving tris(o-phenylenedioxy)cyclotriphosphazene (TPP) (141) as
host.131

Ab initio RHF (restricted Hartree-Fock level of theory) and DFT (density
functional theory) calculations have been presented for compounds (NPF2)n
and (NPX2)3 (X ¼ H, Cl, Br).132 The ring planarity found for all these
compounds is not in line with the experimental data. Full geometry optimiza-
tion at the ab initio HF level of theory for the series of compounds (NPX2)n
(X ¼ H, F, Cl, Br; n ¼ 2–6) has resulted in planar and non-planar systems, the
molecular symmetry for n Z 4 being dependent on the size and electron-
egativity of the substituent X. Phosphorus d basis functions appear to play only
a role as polarization functions and are not explicitly involved in bonding.133

Ab initio MP2 calculations revealed that the most stable configuration for
(NPX2)4 (X¼H, F, Cl) corresponds to a non-planar ring with D2d

symmetry.134 The structures of (NPX2)3 (X¼H, F, Cl, NH2) and the vana-
dium(V) complex (NPCl2)3.VOCl3 have been studied by the ab initio HF
method.135

Crystal structures of compounds with general formula N3P3(NHR)6 (R ¼
But, Cy, Pri, Bn, CH2CH2C6H5, Bu

i, Ph, C6H4Me-4, Prn, CH2CH ¼ CH2,
CH2CRCH, Me) possess a large variety of supramolecular architectures due to
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NH . . . N bridges. Only for R ¼ But are hydrogen bridges absent, which results
in the presence of monomers in the unit cell.136 Packing of (TPP) molecules
(141) leads to the well-known host channel matrix. These channels have been
used for the alignment of 1,3,5-trithia-2,4,6-triazapentalenyl radicals137 and for
the inclusion of 4,40-dipentoxy-2,20-dithiophene molecules in order to investi-
gate their photoexcited triplet state.138 Mobilities of the linear alkane C36H74

and the polymers poly(ethylene-d4) and poly(ethylene oxide-d4) in the channel
matrix of TPP have been studied at different temperatures.139 Inclusion phe-
nomena have also been observed for the tetramer octakis (4-methylpyridin-
2yloxy)cyclotetraphosphazene [N4P4(OC5NH3Me-4)8]. As determined by
Xray structure analysis, compounds N4P4(OC5NH3Me-4)8.2CH2Cl2 and
N4P4(OC5NH3Me-4)8.H2O crystallize with channels of about 7.5 and 5.5 Å
in diameter, respectively, entrapping solvent molecules CH2Cl2 and H2O. The
strong interaction of the water hydrogens with the pyridinyl nitrogens has
been put forward as an explanation for the difference in channel diameter
between the two crystalline forms. No channel formation has been observed for
N4P4(OC5NH4)8.

140 The influence of the substituent R in compounds (142a–f)
on the endocyclic NP bond lengths and angles has been discussed.141

N

P
N

P

N
P

Ph

R R

O O

Ph

O O

O

(142a) R = Cl (142d) R = OMe

(142b) R = OCH2CF3 (142e) R = NHPh

(142c) R = OPh (142f) R = NHBut

N

P
N

P

N
P

O O

O O

O O

(141)

For a number of symmetrically organo-substituted cyclotriphosphazenes a
study has been carried out with respect to the influence of the 31P – 31P coupling
constants on the 1H and 13C NMR spectra of the organic substituents.142 An
interesting paper deals with unusual NMR phenomena that occurs upon
addition of a chiral shift reagent or a chiral solvating agent to the meso forms
of single-bridged cyclotriphosphazenes (143a-c) and (144). In these cases the
31P NMR spectrum shows an unexpected doubling of the signals, which can be
expected only for the racemic form. The doubling of the resonance lines has
been explained by an equilibrium complexation of a chiral ligand with the meso
compounds, assuming an independent complexation with each of the two
phosphazene rings.143
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P
N
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P

Cl

Cl

O O

Cl

O O

O

(144)

NN N

P
N

P

N
P

Cl

Cl

O O

Cl

O O

O

N

P
N

P

N
P

X

X Cl

Cl

NHN

N

P
N

P

N
P

X

XCl

Cl

N NH

(143a) X - Ph

(143b) X = NHBut

(143c) X2 = O(CH2)3O

N

P
N

P

N
P

Cl

Cl

OO

O

O

N

P
N

P

N
P

O

O

N

P
N

P

N
P

OO

O

O

(145) (146) (147)

O

OCl

Cl

ClCl

The stereochemistry of the compounds (145), (146) and (147) has been
investigated by NMR methods in combination with molecular dynamics simu-
lations.144 Absorption and fluorescence spectra of N3P3(OC6H4NH2-4)6 have
been reported.145 Studies of the fragmentation patterns of protonated and
cationized NnPn(OPh)2n and NnPn(NHPh)2n (n¼ 3, 4) have been carried out by
means of liquid secondary ion mass spectrometry.146 The phenolysis of
(NPCl2)3 in a triphase reaction medium consisting of phenol in an aqueous
NaOH solution, CH2Cl2 and polymer-immobilized-CH2NBun3

1Cl� has been
studied.147

It has been shown that cyclophosphazenes (148a-f)) with general formula
N3P3[N(H)R]6 react with three equivalents of BunLi in thf to form the lithium
complexes (149). Structure analyses reveal that in these complexes the lithium
ions are in cis position with respect to the mean plane of the ring and
coordinated by two nitrogen (endo- and exo-cyclic) and two oxygen atoms
(thf).148–150 The reaction of (149d) with one equivalent of Me3Al results in the
formation of the first mixed-metal phosphazenate complex (150). NMR spectra
of this compound in thf solution show a fluxional behavior of the lithium atoms
with respect to their chelation by the nitrogen atoms.149 An interesting com-
pound (151) has been obtained by treatment of (149e) with three equivalents of
Et3N.HCl. The structure determination of this compound reveals the presence
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of two Li-N bonds together with Li-Cl and Li-O interactions.150 An analogous
bonding pattern has been found for the (lithium salt)-doped polyphosphazenes
{15NP[(OCH2CH2)2OMe]2}n-LiSO3CF3 with lithium directly bonded to the
nitrogen of the polymer backbone.249 The cyclophosphazene-LiCl adduct
(151) can also be prepared by treatment of (148e) with anhydrous HCl,
followed by a reaction with two equivalents of BunLi. Similar to the synthesis
of (152e), compound (152f) can be obtained from (148f).150

N

P
N

P

N
P

(148a) R = C6H4F-2 (148e) = (CH2)3OMe

(148b) R = C6H4Cl-2 (148f) = Pri

(148c) R = C6H4Br-2

(148d) R = Ph

NHRRHN

NHR
3 BunLi

NHRRHN

RHN
N

P
N

P

N
P

NRRHN

NHR

NNH

RN

Li

Li

Li

RR

(149a) R = C6H4F-2 (149e) = (CH2)3OMe

(149b) R = C6H4Cl-2 (149f) = Pri

(149c) R = C6H4Br-2

(149d) R = Ph

thf

thf

thf thf

thf

thf

thf

(149d)
thf

N

P
N

P

N
P

NRRHN

NHR

NN

RN

Li

Li

Li

RR

thf

thf

thf thf

thf

thf

Al
Me2

(150) R = Ph

Me3Al

(149e)

HCl (anhydrous) N

P
N

P

N
P

NHRRHN

NN

(152e-f)

H H

R R

H HCl Cl

H
N
R

H
N
R

N

P
N

P

N
P

NHRRHN

NN

(151) R = (CH2)3OMe

Li Li

R R

H HCl Cl

H
N
R

H
N
R

3 Et3N.HCl

for (152e)

2 BunLi

(148e-f)
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Metal bonding to the endocyclic nitrogen has also been observed for com-
plexes N3P3[N(H)R]6 (R ¼ Prn, Cy, Bn, Pyr) with AgNO3 or AgClO4, resulting
in coupling of the phosphazene rings by N-Ag-N bridges. In this way supra-
molecular coordination compounds arise, the topology of which depends on
the donor ability of the anion and the steric demand of the group R.151 Other
examples of supramolecular patterns have been found in crystals of (153) and
(165), where N–H . . . N and C–H . . . N bridges [in (153)] or only N–H . . . N
bridges [in (165)] are responsible for network formation.152

The NH2 groups in the N-methylhydrazine derivatives (153–157) have been
reacted with ferrocene-2-carboxaldehyde (FcCHO, Fc¼ferrocenyl) to yield the
corresponding hydrazones (158–162). Electrochemical studies of these com-
pounds reveal only a single reversible oxidation pattern, pointing to an elect-
rochemical equivalence of the ferrocenyl groups.153
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P
N

P

N
P

N
Me

N
Me

N

NMeMeN

N

NH2NH2
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H2N

H2N
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MeMe FcCHO N

P
N

P

N
P

N
Me

N
Me

N

NMeMeN

N

NN

N

N

N

N

(158)

MeMe
FcHC CHFc

CHFcFcHC

FcHC CHFc

N

P
N

P

N
P

N
Me

N
Me

N

OPhMeN

N

NH2

NH2

NH2

H2N

H2N

(154)

MeMe FcCHO N

P
N

P

N
P

N
Me

N
Me

N

OPhMeN

N

N

N

N

N

N

(159)

MeMe
FcHC CHFc

CHFcFcHC

FcHC

N

P
N

P

N
P

N
Me

N
Me

N

PhPh

N NH2

NH2

H2N

H2N

(155)

MeMe FcCHO N

P
N

P

N
P

N
Me

N
Me

N

PhPh

N N

N

N

N

(160)

MeMe
FcHC CHFc

CHFcFcHC
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Me
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N CHFc

N
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P

N
P

N
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PhO

OPh

OPhPhO

PhO

NH2

(157)

N

P
N

P

N
P

N
Me

PhO

OPh

OPhPhO

PhO

N

(162)

FcCHO

CHFc

FeFc =

The difunctionality of NH2 moiety in the methylhydrazine derivatives has
also been underlined by the reaction of (156) with trimethylorthobenzoate to
afford the 1-phospha-2,3,5,6-tetrazine derivative (163), which on oxidation
with benzoquinone can be transformed to the radical species (164). EPR and
ENDOR spectroscopic experiments clearly point to a spin polarization through
the spirocyclic phosphorus atom to the other phosphorus and nitrogen nuclei in
the phosphazene ring of (164).154
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P
N

P

N
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N
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N

OO
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(156)

NH2

NH2

Me N

P
N

P

N
P
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(163)

C6H5C(OMe)3

N
N

NH

Me
N

Me

N

P
N

P

N
P

OO

O

O

(164)

N

N

Me
N

Me

C6H4O2-1,4
•

The N-methyl hydrazine derivative (165) has proven to be a multidentate
ligand towards 3d-transition metals as shown by the formation of the com-
plexes (166) and (167a–c). Two NH2 groups are involved in the ligation of the
central metal atom.155
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H2N NH2

N

P
N

P

N
P

NN

N

OO

N NH2

Me

H2N

Me

MeMe

H2N NH2

M

hydrated M(NO3)2

MeCNMeOH

hydrated CoCl2

oxidation by air

(166) (167a) M = Ni
(167b) M = Zn
(167c) M = Cd

3+ 2+

Cl3
3-

(NO3)2
2-

The spirocyclic compounds (170–172) also form metal complexes in which
endocyclic and exocyclic nitrogens coordinate to the metal centers. It is worthy
to note that the compounds (170–172) can only be prepared from the dichloro
precursors (168, 169 and 146) under forcing reaction conditions.156
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NMeMeN
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Me
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N

P
N

PR2

N
P

NMeMeN
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N
Me

Me

(170a)   R = Ra

(170b)   R = Rc

(170c)   R = Rf

solvent free

excess of RH

180-200 °C
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(172a)   R = Ra        (172d)   R = Re

(172b)   R = Rb        (172e)   R = Rg

(172c)   R = Rd        (172f)   R = Rh

N
N

N
N

Me

Me

Ra = Rb = Rc = N
N

NH

Me Me

Rd =

NH

NH2

Re = N

NH

Rf =

N

N

N
Rg  =

O N

O

O

ORh =

N

The mononuclear metal complex {[La(NO3)3][170b]} (173) and dinuclear
complexes {[ReCl(CO)3]2[170c]} (174a), {[FeI2]2[170c]} (174b) and {[PdCl2]2
[170c]} (174c) have been prepared and characterized including their X-ray
structures.156
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(174a) M' = ReCl(CO)3

(174b) M' = FeI2

(174c) M' = PdCl2

MeMe

Aminolysis studies of the cyclic system N4P4 were restricted to reactions of
2,-trans-6-N4P4Cl6(NHPrn)2 (175) with pyrrolidine and t-butylamine. Com-
pounds (176a) and (176b) were obtained, when the aminolysis was carried out
with an excess of amine in MeCN in the presence of an excess of Et3N.
Applying analogous conditions with CHCl3 as a solvent, compounds (177) and
(178) could be isolated, the latter however in a very low yield.157
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Cl Cl
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N
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N

ClR

R R

NHPrn
N
Prn

Cl

(177)  R = Pyr (178)  R = NHBun

Cyclophosphazenes with three radical centers (179) and four radical centers
(180) have prepared by the reaction of (145) with the (4-hydroxy-2,6-dichloro-
phenyl)bis(2,4,6-trichlorophenyl)methyl radical in thf in the presence of
Cs2CO3. In contrast with (164) where a distinct spin leakage into the phospha-
zene ring is present, EPR measurements on the compounds (179) and (180)
show only weak electron-electron dipolar interactions.158 X-ray structural data
for (145) is given in Section 5.159
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The ferrocene derivatives (181)160 and (182)161 have been prepared from
N3P3Cl6 by alcoholysis with the appropriate sodium alcoholates. In both
compounds the ferrocenyl units appear to be electrochemically equivalent, as
was found for compounds (158–162).153
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O O
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O(CH2)4O
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O(CH2)4O
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3

(182)

The trimer (NPCl2)3 and its bis(dioxybiphenyl) derivative (146) react with the
diphenylphosphinophenol complex {Mn(CO)2(Z

5-C5H4Me)[PPh2(C6H4OH-4)]}
in the presence of Cs2CO3 and thf as a solvent to afford high yields of the
cyclophosphazene-phosphine complexes (183) and (184a), respectively.162 An
analogous complex (184b) with a benzylcyanide spacer has been prepared by
the reaction of N3P3(O2C12H8)2[OC6H4(CH2CN-4)]2 with Mn(CO)2(Z

5-
C5H4Me)thf.163
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The dioxybiphenyl derivative (146) has also been used as starting material for
the preparation of thiophenolate-substituted analogues. Formation of the
compounds (185a–d) from (146) and RC6H4-SH appears to be a two-step
process, the second step being much faster than the first. This is in contrast with
reactions with substituted phenols RC6H4-OH, where the first substitution step
is faster than the second one and consequently mono-substitution products can
be isolated under appropriate conditions.164
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P
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P

N
P

Cl

Cl

OO

O

O

(146)

N

P
N

P

N
P

S

S

OO

O

O

HS R

Cs2CO3 or K2CO3, MeC(O)Me

R

R

(185a)  R = H
(185b)  R = Br
(185c)  R = OMe
(185d)  R = NO2

The synthesis and spectral characterization of the high-melting (43001C)
fully substituted reaction product of (NPCl2)3 and 2-[2-(2-hydroxyphe-
nyl)quinoxalin-3-yl]phenol has been reported.165 New hexakis(p-phenylazo-o-
allylphenoxy)cyclotriphosphazenes with mono- or disubstituted phenyl groups
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have been prepared by the reaction of (NPCl2)3 and the appropriate sodium
phenoxides.166

Hydrogen bonding between pyridinyl groups of the (pyridinyl-4-yl)methoxy
derivative N3P3(OCH2C5H4N-4)6 and the carboxyl groups of 1,4-ant-
hracenedicarboxylic acid leads to the formation of macromolecules, the com-
position depending on the solvent used. From dimethyl sulfoxide a crystalline
compound (186) has been isolated with an acid/phosphazene ratio equal to 2,
whereas crystals (187) isolated from dimethylformamide had a ratio of 3. An
Xray structure determination of (186) shows strong hydrogen bonding [mean
N(H) . . . O ¼ 2.62 Å] at both sides of the phosphazene ring, leaving two
pyridinyl groups without hydrogen bonds.167
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N P
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H2C
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CH2

O
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O

CH2

N

CH2
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N

N

N

C=O

C=O

O

O

H
O=C

O

H H

O

C O

CC

O O

O O

(186) (187)

As already described in Section 2, the use of branched reagents for the
preparation of dendrimers can reduce the number of reaction steps signifi-
cantly, while still attaining a large number of end groups. Three examples of
this ‘‘divergent dendrimer synthesis’’ approach have been given using
N3P3(OC6H4CHO-4)6 (188) as starting material, applying condensation reac-
tions between phosphorohydrazides and aldehydes and Staudinger reactions
between phosphines and azides.168
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CHO CHO

CHO

CHOOHC

OHC

(188)

N

P
N

P

N
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O O
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PPh2 PPh2
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Ph2P

Ph2P

(189)

N

P
N

P

N
P

N3

O

O

O O

O

CHO CHO

CHO

OHC

OHC

(190)

i        6 (189)

ii      30 (190)

iii   150 (189)

i         6 (191)

ii      12 (190)

iii     60 (191)

iv   120 (190)

i         6 (189)

ii      30 (192)

iii     60 (189)

iv   300 (192)

dendrimer with 600 CHO end groups

dendrimer with 750 PPh2 end groups

dendrimer with 600 CHO end groups

Me

NH2

H2N N

Me

P

S

O

O

(191)

PPh2

PPh2

P

S

O

O

(192)

CHO

CHO

N3

Phenylethynylfluorocyclotriphosphazenes (193) and (195) react readily with
Co2(CO)8 to form the corresponding cobalt complexes. In contrast to the
inseparable isomer mixture of (195), the isomers gem-(196), cis-(197) and trans-
(197) could be separated by chromatography. Electrochemical experiments
showed that reduction of compound (194) occurs via a reversible one-electron
transition, whereas for gem-(196) there were two independent one-electron
reductions. ESR spectra of the radical anions point to localization of the
unpaired electron on the organometallic moiety.169
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F
F
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C Co

CPh
(CO)3

(CO)3

(CO)3

(CO)3

+mixture of gem-, cis- and
trans-N3P3F4(CCPh)2

Treatment of the bicyclophosphazenes (198a–b) with KF in acetonitrile
induced cleavage of the P–P bond and the formation of two six-membered
fluorocyclotriphosphazenes (199a–b) with small amounts of (200a–b). It is
assumed that acetonitrile acts as proton donor for the formation of (199a–b).
The hydridofluoro phosphazene (199a) and FcCH2P(S)(CH2OLi)2) react to
give the endo- and exo-ansa-substituted derivatives (201).170
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(198a) R = Ph

(198b) R = C6H4Cl-4
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MeCN

(199a) R = Ph

(199b) R = C6H4Cl-4

(200a) R = Ph

(200b) R = C6H4Cl-4
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RF
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for (199a)

exo-ansa-(201)
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From substitution reactions of ansa- and spiro-substituted tetrafluoro-
cyclotriphosphazenes with dinucleophiles it has been concluded that formation
of ansa-spiro isomers is preferred, as shown by the reaction of the ansa-
compound (202) with LiO(CH2)3OLi and by the reaction of spiro-(205) with
RCH2P(S)(CH2OLi)2. When treated with CsF the ansa-spiro derivatives (203)
and (206) can be transformed into the corresponding spiro-spiro compounds.
This indicates a higher thermodynamic stability for the spiro isomers with
respect to the ansa isomers.171 Also the endo-ansa fluorinated fluor-
ocyclotriphosphazenes (202) and the corresponding exo-ansa isomer can be
easily transformed into the spiro-substituted compound (205) in the presence of
CsF. Non-fluorinated bases Cs2CO3, K2CO3, KOBut and Et3N produce the
same isomerization. This behavior of fluorinated cyclophosphazenes is in sharp
contrast to that of the chloro analogues (207), which cannot be isomerized into
the spiro form.172
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515Organophosphorus Chem., 2006, 35, 479–560



Reactions of (NPCl2)3 with the 1,2-closo-carborane derivative C2B10

H10(CH2OH)2 in acetone in the presence of K2CO3 have been reported to
yield a mixture of mono-, bis- and tris-spiro derivatives as well as a mono
ansa derivative. By using (o-phenylenedioxy)cyclotriphosphazenes (145) and
(146) as starting material, the bis(carboranyl) (208) and the mono(carbor-
anyl) (209) derivatives are formed as the only reaction products. Treatment
of (209) with an excess of Et3N in ethanol affords (210), involving the
formation of a nido-derivative together with nucleophilic attack by an
ethoxide anion. By changing the solvent to acetone the reaction could be
restricted to the formation of nido-carboranyl derivative (211) without side-
reactions.173
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C
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O

O
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P
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O
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C

CH2

C
C

OO

OEt

[(Et3NH)2]2+

2

[Et3NH]+

_

Et3N Et3N

EtOH MeC(O)Me

_

The deprotonation-substitution reactions of methylphenyl substituted
cyclotriphosphazenes can be considered to be an important synthetic tool
for the expansion of the area of organo-substituted cyclophosphazenes pos-
sessing a direct P-C bond. The reaction of trans-(NPMePh)3 (212) with 3
moles of BunLi followed by treatment with 3 moles of MeLi affords trans-
(NPEtPh)3 (213) in high yield. The same reaction with cis-(NPMePh)3 (212)
gives a mixture of bis(ethyl) [cis-(214)] and tris(ethyl) [cis-(213)] derivatives.
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Cis-(214) can be easily converted to cis-(213) by treatment with 1 mole of
BunLi and 1 mole of MeLi.174
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The isomers cis- and trans-(NPMePh)3 (212) have also been used for the
preparation of organo-substituted tetramers. When heated at 200–2501C ring
opening occurs, leading to two additional processes, viz. cis-trans isomerization
and tetramer formation. Higher temperatures and longer reaction times favour
the formation of tetramers, in which all four possible isomers (NPMePh)4 (215)
are formed. Isomerization is more prevalent than ring expansion at lower
temperatures and shorter reaction times.175 Thermolysis of the azide (216) has
been reported to yield the fully spiro-substituted tetramer (217).176

P

P

P

P

Ph

Me

Ph

Me
Ph

Me

Ph

Me

N N

NN

P

P

P

P

Ph

Me

Ph

Me
Me

Ph

Ph

Me

N N

NN

P

P

P

P

Ph

Me

Ph

Me
Me

Ph

Me

Ph

N N

NN

P

P

P

P

Ph

Me

Me

Ph
Me

Ph

Ph

Me

N N

NN
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(215)

517Organophosphorus Chem., 2006, 35, 479–560



P
N P

N
P

N
P

N

(217)

H2
C

O O
P

N3

T

(216)

H2
C

O O

But

But But

But

Me Me

Me Me

=

New polymers have been prepared in which cyclophosphazene or
cyclocarbaphosphazene rings function as pendant groups. Analogous to the
preparation of phosphazene-substituted polynorbornenes, ring opening poly-
merization of 7-oxanorbornene derivatives (218a–c), in the presence of the
initiator Cl2(PCy3)2Ru¼CHPh, gives the polymers (219a-c) in high yields. Ionic
conductivities of the LiN(SO2CF3)2-salt complexes of (219a–c) increase with
increasing length of the oligoethyleneoxy group. For LiN(SO2CF3)2-complexes
of (219a) and (219b) the conductivities also increase with increasing amounts of
salt. The effect of higher salt concentrations for salt complexes of (219c)
manifests itself only at higher temperatures, probably caused by a gradual
disappearance of ionic crosslinks present in the long ethyleneoxy chains.177
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(218a) R = CH2CH2OMe

(218b) R = (CH2CH2O)2Me

(218c) R = (CH2CH2O)3Me

Cl2Ru(PCy3)2=CHC6H5
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n
CH2

O

(219a) R = CH2CH2OMe

(219b) R = (CH2CH2O)2Me

(219c) R = (CH2CH2O)3Me

Copolymers (222) have been prepared by radical copolymerization of the
monomers (220) and (221). Further reaction with ButOK yields a water-soluble
copolymer (223) that can be used as host for Eu31-ions. The Eu31 guest-host
complex shows a strong fluorescence due to an interaction with car-
boxylatophenoxy groups.178
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The zinc-containing polymer (225) prepared from (224) and ZnCl2 has
proven to be an effective heterogeneous catalyst for phosphate ester hydrolysis
and cleavage of supercoiled plasmid DNA.179
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The reaction of (NPCl2)2NPCl(OC6H4C6H4CH¼CH2-4) (226) and
HN(Me)NH2 yields the N-methylhydrazine derivative (227), which can con-
verted into the corresponding hydrazones (228a) and (228b), respectively, by
o-hydroxybenzaldehyde or pyridine-2-carboxaldehyde. Subsequent radical
polymerization results in the formation of homopolymers (229a) and (229b).180
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Polymers with pendant cyclodicarbaphosphazene groups (232a–d) have been
readily obtained by radical polymerization of the monomers (231a–d). In their
turn these precursors can be obtained by nucleophilic substitution of the
chlorine atom in (230). The polymers, which have moderate molecular weights
and Tg values ranging from 116–1261C, are stable up to about 3701C. Com-
pound (230) and the polymer precursors (231) have been fully characterized by
X-ray structure determinations.181 In addition to the carbaphosphazenes men-
tioned above, the preparation and characterization of ferrocenyl derivatives
(233a–e) have been reported.182
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The application of the cyclophosphazene N3P3(OC6H4F-4)n(OC6H4CF3-
3)6�n (n E 2; code name X-1P) as a lubricant is well known. Comparative
studies of the tribological properties of X-1P and ionic liquids of al-
kylimidazolium tetrafluoroborates have shown a preference for the tetrafluo-
roborates as lubricants.183–185 The interaction of X-1P with a carbon-coated
head at the head-disk interface of hard disk magnetic storage systems in the
presence of a perfluoropolyether (PFPE) lubricant, has been discussed.186,187

Attention has been paid to the application of a novel lubricant (A2OH) which
consists of (234) as the major component and small quantities of (235).188 The
new lubricant displays a lower mobility on carbon surfaces than hydroxyl-
terminated PFPE and consequently a reduced sensitivity to film thinning.189 It
has been argued that in monolayers on carbon-coated surfaces both the
phosphazene and the OH groups interact with the surface.190 The influence
of the molecular weight on the tribological properties of A2OH has been
discussed.191
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Trimeric compounds N3P3(PFPE)6 with molecular weights of the PFPE
entities ranging from about 500 to 700 have been developed for use as lubricant
additives.192 In addition compounds have been patented in which two PFPE-
substituted trimers are connected to each other by a PFPE bridge, a configu-
ration similar to that in (235).192

Three dendrimers based on the cyclotriphosphazene core and having 48, 96
and 192 N(CH2)2NHEt2

1 surface groups have been evaluated as drugs in the
treatment of diseases related to abnormal aggregation of proteins.193 The same
class of polycationic dendrimers has been the subject of an in vitro study with
respect to their cytotoxicity and ability to deliver oligopeptides and plasmids in
human cell cultures.194 The preparation and cytostatic activity of a number of
thermosensitive platimum(II)-cyclotriphosphazenes chelates (236) have been
discussed. All compounds reveal an in vitro and in vivo cytostatic activity
against the murine leukemia cell line L1210. The highest antitumor activity,
which is comparable with that of cisplatin, was found for (237). The critical
solution temperature (LCST) of 151C of (237) opens the possibility for local
administration at the tumor site.195
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The application of compounds N3P3Fn[O(CH2)2OC(O)C(Me) ¼ CH2]n�6
(n ¼ 1–5)196,197 and N4P4Fn[O(CH2)2OC(O)C(Me)¼CH2]n�8 (n ¼ 1–7)197 as
components of dental bonding compositions has been described. In a small
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molecule approach the tyrosine derivatives N3P3{OC6H4[CH2CH(NH2)CO2Et-
4]}6 and N3P3{OC6H4[CH2CH(NH2)CO2H-4]}6 have been synthesized in order
to gain knowledge about reaction conditions at a macromolecular level.267

Hexakis(allylamino)cyclotriphosphazene N3P3[N(H)CH2CH¼CH2]6 has
been applied as a coupling agent for blending isotactic polypropylene and poly
(ethylene-co-propylene-co-methylenenorbornene) in the presence of a peroxide
initiator.198 Flame-retardant resins have been obtained by curing mixtures of
N3P3[N(H)CH2CH¼CH2]6 and unsaturated polyesters in the presence of ben-
zoyl peroxide.199 Poly(2-hydroxyethyl methacrylate) networks have been pre-
pared by radical polymerization of HO(CH2)2OC(O)C(Me)¼CH2 with
N3P3Morph4[N(H)CH2CH¼CH2]2 (Morph¼morpholino) or N3P3[N(H)
CH2CH¼CH2]6 as crosslinking reagents.200 Condensation polymerization of
a cyclophosphazene with approximate composition N3P3(OPh)4.5(OC6H4

CH2CH¼CH2-4)0.5[OC6H3(OH)2-3,5] and hexamethylene-1,6-diisocyanate
yields a polyurethane with pendant cyclophosphazene groups, of which the
allyl functions can be used to synthesize polyurethane-polyethylene grafted
polymers.201 Ring opening polymerization of e-caprolactone in the presence of
N3P3[OC6H4(CH2OH-4)]6 as initiator and catalytic amounts of stannous oc-
tanoate yields star-shaped poly(e-caprolactone) with a phosphazene ring
core.202 The hydroxyl end-capped poly(e-caprolactone) can be used as an
initiator for the ring opening polymerization of L-lactide, thus forming block
copolymers of e-caprolactone and L-lactide.203 Polymerization of N-carboxy-g-
benzyl-L-glutamic acid anhydride with N3P3[OC6H4(CH2NH2-4)]6 (238) results
in a star-shaped poly(g-benzyl-L-glutamate) with the polymer chains situated
on both sides of the phosphazene ring. A helical secondary structure for the
polymer chains has been proposed.204 Compound N3P3[OC6H4NH2-4]6 (239)
appears to be less reactive than (238) in the reaction with glutamic acid
anhydride.204

N P
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O 3
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CH2NH2

CH2NH2

N P
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O 3

(239)

NH2

NH2

Deprotonation of a-ketal-o-hydroxy and a-pyridinyl-o-hydroxy poly(ethyl-
ene oxide) by Ph2CHK, followed by quenching with (NPCl2)3 results in the
formation of the corresponding poly(ethylene oxide) stars based on the
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cyclophosphazene ring.205 Compounds (241) and (243) have been prepared
from their corresponding eugenol derivatives (240) and (242) by treatment with
3-chloroperbenzoic acid. It has been demonstrated that the viscoelastic and
rheological properties of Nylon-6 can be changed when treating the polyamide
at 2401C with quite small quantities of the cyclophosphazene derivatives (241)
or (243).206
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New hybrid materials have been synthesized from a mixture of N3P3(O-
C6H4OH-4)6 and a SiO sol-gel matrix prepared by acid hydrolysis of Si(OEt)4.
It has been argued that the interaction between phosphazene and SiO network
arises from -C6H4-O-Si- bonds.207 The compounds N3P3(OPh)n(OC6H4NH2-
4)6�n (n ¼ 3–5) and N3P3{OC6H4[OP(O)(OEt)2]-4)}2.94(OC6H4OH-4)3.06 have
been used for the preparation of cyclolinear polymers with polyimides208 and
polyurethanes209, respectively.

A large number of patents (mostly Japanese) has covered the use of
[NP(OPh)2]3 whether or not crosslinked as flame retardant component in
various formulations. In addition phenoxytolyloxycyclotriphosphazenes and
tetraphosphazenes210, hexakis(p-cumylphenyloxy)cyclotriphosphazene211, hex-
akis(o-cresoxy)cyclotriphosphazene212 and hexakis(4-hydroxy-3-methyl-
phenoxy)cyclotriphosphazene213 have been used as flame retardants. The
methylhydroxyphenoxy derivative has also been used in flame retardant for-
mulations in combination with N3P3(OPh)5.95{OC6H4[S(O2)C6H5-4]}0.05.

214

The synthesis of cyclotriphosphazenes containing benzoxazine or nap-
hthoxazine groups in combination with phenoxy groups has been reported.215

The synthesis of fluorine-containing cyclophosphazenes N3P3F6�n(OAlk)n and
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N3P3F6�n(OAr)n and their application as stabilizing agents in LiPF6-contain-
ing batteries has been patented.216 The compound [NP(OMe)2]3 has also been
used as stabilizer in lithium-ion batteries.217 Cyclotriphosphazenes having
phenoxy and UV-absorbing groups have been patented.218 Immobilization of
dendrimers based on a cyclotriphosphazene core has been covered.219

4 Polyphosphazenes

A number of reviews have appeared focused on biomedical applications of
polyphosphazenes.220–225 Other reviews cover membrane separations with
polyphosphazenes226 and fluorine-containing polyphosphazenes.227

Typical physico-chemical studies describe the relaxation of poled guest-host
polyphosphazenes with 4-[(40-nitrophenyl)azo]phenoxy side groups228, charge
cycling and impedance of a polyphosphazene-based Mn(IV) oxide cathode229,
rheology and relaxation behavior of polydianilinylphosphazene-polyethylene
blends230 and optical properties of carbazolyl-containing polyphosphazenes.231

High-molecular weight (NPCl2)n has been synthesized on a small-scale from
equimolar mixture of PCl5 and NH4Cl in refluxing 1,2,4-trichlorobenzene in
the presence of sulfamic acid and calcium sulfate dihydrate.232 Reaction
conditions to obtain well-defined samples of (NPCl2)n by ring opening polym-
erization of (NPCl2)3 have been put forward. Long term stabilization of
(NPCl2)n solutions has been achieved by using diethylene glycol dimethyl ether
as solvent. In this way crosslinking phenomena appear to be fully sup-
pressed.233 The azido-substituted polymer {NP(N3)0.48[O(CH2)15Me]1.52}n
(244) has been prepared from (NPCl2)n by nucleophilic chlorine-substitution
involving NaN3 and Me(CH2)15ONa. Subsequent reaction of (244) with C60 in
refluxing chlorobenzene affords the first example of a bucky ball containing
polyphosphazene (245). The structure of (245) has been assigned from spec-
troscopic evidence.234

N

i    NaN3

ii   RONa

R =

(244) (245)

C60
(NPCl2)n {NP(N3)0.48[O(CH2)15Me]1.52}n {NP(N3)0.48-x(R)x[O(CH2)15Me]1.52}n

x ≅  0.1, 0.2
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Along with the trimeric phosphine complex (184a), its polymeric counterpart
(247) has been synthesized from the 2,20-dioxybiphenyl polymeric derivative
(246) and diphenylphosphine complex {Mn(CO)2(Z

5-C5H4Me)[PPh2(C6H4OH-
4)]}.162 The polymeric analogue of (184b), (294), has been reported as well,
prepared from (248) and {Mn(CO)2(Z

5-C5H4Me)thf.163
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(249)

CH2 CH2

C C
N N

Copolymer (250) and {Fe(dppe)(Z5-C5Me5)I [dppe¼1,2-bis(diphenylpho-
sphino)ethane] react in the presence of TlPF6 to give an iron-containing
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copolymer (251), its structure being comparable to that of (249). The coordi-
nation of the iron fragment to the cyanide group has been established by
spectroscopic data.235 Another approach to introduce a cyclopentadienyliron
moiety to a polyphosphazene has been given by the reaction of (252) with
[Fe(MeCN)(dppe)Cp][PF6], affording copolymer (253).236
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O
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-

C
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[Fe(MeCN)(dppe)Cp][PF6]

Copolymers (255a-f) have been obtained by the reaction of {(NPCl2)x[
NP(O2C20H19)]1�xn [(254), O2C20H19¼1,10-binaphthyl-2,20-dioxy] and the ap-
propriate nucleophiles in the presence of Cs2CO3 in refluxing
thf. High Tg values are observed pointing to rigid polymeric structures. The
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4-diphenylphosphinophenyl derivative is sensitive to oxidation, which leads to
copolymers with OC6H4P(O)Ph2 in combination with OC6H4PPh2 groups.

237

P

O O

1-x

N N P

Cl

Cl x
n

(254)

P

O O

1-x
N N P

R

R
x

n

(255b) R = 4-(pyridinyloxy)

(255c) R = OC6H4CN-4

(255d) R = OC6H4COMe-4

(255e) R = OC6H4CO2Prn-4

(255f) R = OC6H4PPh2

RH, Cs2CO3

thf, reflux

(255a) R = NHBun

P

O O

1-x

N N P

R

R x
n

RH thf, reflux

The indole-substituted polyphosphazene (256), obtained from (NPCl2)n by
alcoholysis with the sodium salts of (N-hydroxyethyl)indole and ethanol, has
been reported to react with 4-nitrobenzenediazonium fluoroborate (post azo
coupling reaction) in N-methylpyrrolidinone yielding copolymer (257). The
ratio of side groups has been estimated from spectroscopic evidence. The
indole-based chromophores in (257) are responsible for photoconductivity as
well as for NLO activity.238 Similar properties have been found for the
copolymer (258), in which the nitrobenzenediazo group is attached to an
anilinyl group. The synthesis of (258) proceeds along the route outlined for
the preparation of (257), viz. nucleophilic substitution reactions to introduce
carbazolylhexyloxy, anilinylhexoxy and ethoxy groups to the polymer back-
bone followed by azo coupling with 4-nitrobenzenediazonium fluoroborate.239

(256) (257)

O2N NN+BF4
-

[NP(OR)1.56(OEt)0.44]n [NP(OR)0.60(OR')0.96(OEt)0.44]n
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[NP(OR'')0.11(OR''')0.07(OR'''')0.58(OEt)0.24]n
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(CH2)6

NEt

(CH2)6

NEt

NNO2N

R''' =R'' = R'''' =

In addition to nitro derivatives, polyphosphazenes with sulfonyl-based chro-
mophores (259) and (260) have been prepared according to a post-azo coupling
approach with 4-ethylsulfonylbenzenediazonium fluoroborate. Absorptions of
these polymers are blue-shifted compared to the absorptions of the nitro
analogues. NLO activities of poled films of (259) and (260) have been deter-
mined by second harmonic generation measurements.240
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CH2

N

CH2

CH2

N

NN

EtO2S

(259)

[NP(OR)1.14(OR')0.42(OEt)0.44]n

R = R' =

[NP(OR'')1.12(OR''')0.52(OEt)0.36]n

CH2

CH2

NEt

CH2

CH2

NEt

NNEtO2S

R''' =R'' =

Polymethylethylphosphazene (NPMePh)n has been used as a starting mate-
rial for the preparation of new polyorganophosphazenes with a direct P-C
coupling. The polymer (261), prepared from (NPMePh)n by a nucleophilic
addition reaction involving acetone, can be converted into polymer (262) by
treatment with 2-bromo-2-methylpropionyl bromide. In its turn polymer (262)
has been used as starting material for the preparation of graft copolymers (263)
by application of Atom Transfer Radical Polymerization (ATRP) with CuCl
and methyl methacrylate (MMA).241 Treatment of (NPMePh)n with BunLi,
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followed by quenching of (264) with Me2S2 or Ph2S2 yields copolymers (265a–
b) with a sulfide side group. These polymers can be transformed to sulfon-
substituted polymers (266a–b) upon oxidation with 2-chloroperbenzoic acid.242
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A number of chlorinated and fluorinated alkoxy- and aryloxy-substituted
polyphosphazenes has been prepared in order to investigate the influence of
the side-group on refractive index and birefringence.243 New polymers with
(4-ethyleneoxy)phenoxy side groups (267) as well as polymers with a combi-
nation of phenoxy and ethyleneoxy groups (268) have been prepared aiming at
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new solid polymer electrolytes. The presence of phenoxy nuclei increases the
glass transition temperatures compared to the values found for ethyleneoxy-
substituted polymers without phenoxy groups. This effect renders the polymers
more suitable for the construction of solid electrodes. however, the improved
mechanical performance has a negative effect on the ionic conductivity.244
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Another method to improve the mechanical stability of the {NP[(OCH2-

CH2)2OMe]2}n (MEEP) matrix has been found in the formation of an interca-
lated MEEP-MoS2 nanocomposite. The structure of MEEP-MoS2 can be
described as a layer of the polyphosphazene embedded in layers of MoS2. It
is worthy to note that conductivity measurements of MEEP-MoS2 at room
temperature show an enhancement of the conductivity by a factor of 10
compared to that of pristine MoS2.

245 Addition of a-Al2O3 has shown to
increase the conductivity of the LiClO4-doped MEEP system. It has been
proposed that the Li1-ion transport occurs not only along the polymer chain,
but also via interchain migration with the surface of the Al2O3 particles as
hopping sites.246 The formulation of the MEEP/LiClO4/a-Al2O3 polymer
electrolyte has been patented.247 Conductivity measurements of blends of
MEEP and poly(ethylene oxide) doped with lithium salts and Al2O3 or TiO2

have been reported.248
15N labeled polyphosphazenes 15N-MEEP and 15N-poly{NP[(OC6H4Allyl-

2)0.12(OC6H4OMe-4)1.02[(OCH2CH2)2OMe)0.86]} have been synthesized and
fully characterized by spectroscopic methods. Spectroscopic studies of the
LiSO3CF3 doped 15N labelled polyphosphazenes clearly show an association
of the Li1-ion with the nitrogen of the polymer backbone. A so-called ‘‘pocket’’
around lithium is created together with chelation by the P-attached oxygens
belonging to the MEE ligands. Molecular dynamics simulations of the move-
ment of Li1-ion in MEEP matrix confirm this picture.249

Cyclomatrix phosphazene polymers have been synthesized by curing blends
of bis(4-maleimidophenyl) methane with {NP[(OC6H4CH2CH¼CH2-2)(OPh)]}3
or blends of bis(4-maleimidophenyl) methane with a combination of
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{NP[(OC6H4CH2CH¼CH2-2)(OPh)]}3 and tris(2-allylphenoxy)-1,3,5-triazine, af-
fording two-250 and three-component251 resins, respectively. A rheological anal-
ysis has been carried out on the curing of the three-component blend.252

Examination of the properties of the sulfonimide-substituted polyphospha-
zene (269) has continued. The sulfonimide content appears to govern properties
as ion-exchange capacity and water uptake to a large extent.253 Crosslinked
(269) has been applied to the construction of membranes in proton exchange
H2/O2 fuel cells. Results are fully comparable to those obtained with the
commercially available Nafion membranes.254
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The performance of sulfonated and phosphonated poly(aryloxy)phosphazenes
membranes in methanol fuel cells has proven to exceed that of Nafion mem-
branes, showing a lower methanol permeability.255 The introduction of OC6H4-

SO3H substituents at the NP polymer backbone has been achieved by a new, so-
called non-covalent protection method, using the sodium salt of 4-hydro-
xybenzenesulfonic acid with dimethyldipalmitylammonium counter ions for the
reaction with (NPCl2)n.

256,257 The application of the resulting polymers as
membranes in fuel cells has been covered.257 Polymers with OC6H4O-
C(O)N(H)(CH2)3Si(OEt)3 side groups have proven to be suitable sol-gel precur-
sors to form phosphazene-SiO networks by acid hydrolysis.258 Ruthenium
nanoparticles supported on organo-substituted polyphosphazenes have been
prepared by the reduction of the complex Ru(Z6-cot)(Z4-cod) by hydrogen in
the presence of a polyphosphazene (cot ¼ cycloocta-1,3,5-triene, cod ¼ cyclo-
octa-1,5-diene). The Ru-(NPMe2)n assembly (270a) appears to be a suitable
catalyst both in homogeneous and heterogeneous reaction media for the hydro-
genation of a wide range of unsaturated organic compounds. The stability of the
catalyst has been demonstrated by electron microscopy. The catalytic activity of
the Ru-polybis(aryloxy)phosphazenes (270b–e) depends on the structure of the
aryloxy substituent, but is in all cases lower than that of Ru-(NPMe2)n.

259
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(270a) R = Me

(270b) R = OC6H5

(270c) R = OC6H4OMe-4

(270d) R = OC6H4OMe-3

(270e) R = OC6H4[C(O)C6H5-4]

Membranes of ruthenium-doped polydimethylphosphazene before and after
hydrogenation have been studied by a combination of physical and spec-
troscopic methods. The results obtained point to conformation changes of
the polymer caused by the dopant.260

As already reflected by the number of review papers, the interest in biomed-
ical applications of polyphosphazenes continues to grow. The biodegradable
polymer {NP(NHC6H4CO2H-4)1.8(NHC6H4CO2H-4)0.2}n has been prepared
and fully characterized. The carboxylato groups can react with Ca21-ions to
form crosslinks and to convert the water-soluble polymer to a hydrogel.261

Controlled drug release experiments have been carried out for chitosan en-
trapped in coatings of this Ca21-polyphosphazene hydrogel.262 Polymer
{NP(NHCH2CO2Et)0.6[N(CH2CH2Cl)2]1.4}n did not possess anti-tumour activ-
ity.263 Synthesis, in vitro degradation and cytotoxicity of {NP[NH(CH2)3
CO2Et]2}n have been reported.264 The biodegradable polyphosphazenes
{NP[NHCH2)2NMe2]2}n and {NP[OCH2)2NMe2]2}n have been shown to be
suitable as carriers for gene delivery.265 Blends of [NP(NHCH2CO2Et)x
(OC6H4Me-4)2�x]n and poly(lactide-co-glycolide) have been used to produce
a biodegradable auricular prosthetic device.266 Two groups of L-tyrosine-
functionalized polyphosphazenes have been prepared, one in which the tyrosine
is linked to the polymer chain by the amino nitrogen (271), the other where
linkage occurs via the phenoxy group (272a�c). Unlike the latter polymers
(272a�c), the N-linked tyrosine polymer (271) is sensitive to hydrolysis. The
rate depends on the ratio of the substituents, polymers with the highest glycine
ester content being the most affected. Both (272a) and (272b) form hydrogels
upon addition of Ca21-ions. Polymers (272b) with a tyrosine content larger
than 55 % show a pH-dependent solubility in water, viz. soluble in water at pH
2–3 and at pH 5–12, but are insoluble at pH 3–4.This indicates the presence of a
zwitterionic form. Polymers (272a) are soluble in the pH range 2–12, whereas
polymers (272c) are insoluble.267
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The fluorine-containing polyphosphazene [NP(OCH2CF3)2]n acting as ma-
trix material for pharmacological agents, has been applied to the fabrication of
implants.268 It has been suggested that the selective adsorption of albumin
might be responsible for the suppression of platelet adhesion on
[NP(OCH2CF3)2]n surfaces in blood plasma.269 Blends of acrylic acid or 2-
hydroxymethyl methacrylate with {NP(NHCH2CO2Et)x[(NP(OCH2CH2O-
C(O)C(Me) ¼ CH2]2�x}n have been polymerized with AIBN as radical initiator.
The resultant crosslinked polymers exhibit improved mechanical properties.
The methacrylate-crosslinked polymer is more stable towards hydrolysis than
the acrylic acid analogue.270 It has been shown that the lower critical solution
temperature (LCST) of aqueous solutions of polymers with methoxy poly(eth-
ylene glycol) and amino acid ester substituents (273) decreases by the addition
of aqueous saccharide solutions with an exception for saccharide acids. The
reduction has been discussed in terms of the ability of the saccharide to form
intramolecular hydrogen bonds and is almost independent of the polymer
substituents.271
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Poly(ethylene oxide)-block-poly(organophosphazene) copolymers (274a–c)
and (275a–b) have been prepared by controlled cationic polymerization of
phosphoranimines. The self-aggregation process of (274a) in aqueous solution
as a function of the temperature has been studied.272
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Poly(thionyldiphosphazene-block-tetrahydrofuran) polymers (277) have
been prepared by dissolving polythionyldiphosphazene (276) in thf at low
temperature. The length of the organic chain can be qualitatively controlled by
the exposure time of (276) to thf. Subsequent reaction with methylamine or n-
butylamine yields the block copolymers (278a–b). Phosphorescent oxygen
sensor coatings have been prepared by spray coating solvent mixtures of
(278b) with phosphorescent dye agents.273 The oxygen quenching process for
a number of phosphorescent dyes embedded in the polymer matrix of (279) has
been investigated.274
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Flame retardant resins have been prepared using the condensation product
of [NP(OPh)x(OC6H4OH-4)2�x]n and formaldehyde as starting material.275 The
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fluorine-containing polymer {(NP(OCH2CF3)x[OCH2(CF2)nCF2H]2�x}n has
been applied in a flame retardant formulation.276 The fire behavior and
flammability of a number of polyphosphazenes with phenoxy or 4-substituted
phenoxy side groups have been investigated and compared to properties of an
aircraft polyurethane foam. A striking difference is the much lower peak heat
release of the polyphosphazenes.277 Nanofibers of polydiphenoxyphosphazene
have been prepared by electrospinning.278 Their possible applications, when
doped with rare-earth nitrates, have been described.279

5 Crystal Structures of Phosphazenes and Related Compounds

The following compounds have been examined by diffraction methods. Dis-
tances are given in picometers and angles in degrees. Standard deviations are
given in parentheses. Endo (exo) means endo (exo) cyclic.

Compound Comments Ref.

20 NP 157.3(1), 158.1(2) 25
+PNP 134.7(1)

21 (cation) NP 153.7(2), 159.5(2) 25
+PNP 137.7(1)

ButPh2SiN¼P(Me2)OPh NP 151.2(6) 51

RNP(Ph)N(R)P(Ph)=NR
NP (endo) 168.9(7) – 176.5(6) 51

R ¼ ButPh2Si NP (exo) 151.4(7)
+NPN (endo) 84.0(3),
87.0(3)
+PNP (endo) 94.0(3), 95.0(3)

47 NP(cl2) 149.0(3) 53
Cp0TiCl2(NPR3) NP 160.6(2) 60
Cp0 ¼ Cp, R ¼ Cy (cyclohexyl)
Cp0TiCl2(NPR3) two independent mols. in unit

cell
60

Cp0 ¼ Cp, R ¼ Pri mean NP 161.1(3)
Cp0TiCl2(NPR3) NP 159(1) 60
Cp0 ¼ Cp, R ¼ But

Cp0TiCl2(NPR3) NP 160.8(4) 60
Cp0 ¼ C5Me5, R ¼ Pri

Cp0TiCl2(NPR3) NP 159.5(3) 60
Cp0 ¼ C5Me5, R ¼ But

Cp0TiCl2(NPR3) mean NP 160.6(6) 60
Cp0 ¼ indenyl, R ¼ Pri

Cp0TiCl2(NPR3) NP 161.2(2) 60
Cp0 ¼ C5H4Bu

t, R ¼ But

Cp0TiCl2(NPR3) NP 160.3(2) 60
Cp0 ¼ C5H4Bu

n, R ¼ But
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Cp0TiPh2(NPR3) NP 160.2(4) 60
Cp0 ¼ Cp, R ¼ But

Cp0Ti(CH2SiMe3)2(NPR3) NP 158.1(2) 60
Cp0 ¼ Cp, R ¼ Ph
Cp0TiCl(OC6H3Pr

i
2-2,6)(NPR3) mean NP 158.3(7) 60

Cp0 ¼ Cp, R ¼ But

53 NP 159.6(3) 61
60b mean NP 157.4(5) 63

+PNP 133.7(3)
62b mean NP 155.1(4) 63

+PNP 147.7(3)
65b.CH2Cl2 mean NP 158.4(5) 63

+PNP 128.6(3)
73 NP 161.4(2) 65
74 NP 161.1(3) 65
75 NP 162.0(3) 65
77b NP 159.5(6) 66
77c NP 159.2(3) 66
78a NP 159.7(3) 66

NPh2P

N

Me

PdCl2

Me

NP 159.0(3) 66

2-(Me3SiN¼PPh2)C5NH4.PdCl2 two independent mols. in unit
cell mean NP 158.0(2)

67

80a R ¼ benzyl (Bn), R0 ¼ Me NP 160.8(6) 67
80a R ¼ SiMe3, R

0 ¼ Me NP 160.0(2) 67
80a R ¼ Ph, R0 ¼ Pri NP 160.2(3) 67
80b R ¼ Bn, R0 ¼ Pri NP 161.3(7) 67
80b.Ch2Cl2 R ¼ SiMe3, R

0 ¼Me NP 158.6(9) 67
82a.2CH2Cl2 R¼ R00 ¼ Ph, R0 ¼
Pri

NP 160.0(3) 67

82a R ¼ H, R00 ¼ But, R0 ¼ Pri NP 159.8(2) 67
84b R ¼ H NP 160.1(2) 67
84c R ¼ H NP 161.5(5) 67
84c R ¼ Me NP 160.9(3) 67
84c.H2O R ¼ Ph two independent mols. in unit

cell mean NP 159(1)
67

90.0.5CH2Cl2, R ¼ C6H4OMe-4,
R0 ¼ R00 ¼ Et

NP 161.0(4) 68

91.10CH2Cl2, R ¼ R0 ¼
C6H4OMe-4, R00 ¼ Prn

NP 159.6(5) – 162.3(4) 68

92.2CH2Cl2, R ¼ Ch2CN NP 160.8(3) 68
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95 NP 157.6(4) 69
96a.CH2Cl2 mean NP 160.8(3) 69
97a NP 160.7(3) 69
100 NP 157.0(7) 69
101 NP 163.2(2) 69
(C6H3Me2-2,6)N¼PPh3 NP 155.3(2) 70
103a NP 161.0(2) 70
103b NP 161.3(2) 70
103c.thf NP 161.6(3) 70
103d NP 160.5(2) 70
104 NP 162.8(5) 70
105 NP 160.3(5), 161.7(5) 70
107b NP 157.5(2) 70
108b NP 161.9(2) 70

Me2P NSiMe3

MCl2

PhP

Ph

NSiMe3

Me2
P

PPh
Ph M = Zr

M = Hf
M ¼ Zr NP

157.6(8)
–
161.6(8)

71

M ¼ Hf NP
160.7(3)

Me2P
N

Me3Si

Ph

ButMe2Si
Ph
P

PMe2
N

SiMe3

Ph

SiMe2But

Ph
P

Zr

Cl

Cl

NP 161.9(4), 163.2(4) 71

110 mean NP 157.4(2) 72
111 mean NP 163.9(3) 72
113 NP 157.4(5), 164.2(4) 72
114a NP 155.2(5), 164.5(4) 72
114b NP 153.1(2), 165.5(2) 72
114c NP 156.0(3), 166.4(3) 72
NiCl2{CH2[P(Ph2)¼NSiMe3-
N]2}

NP 159.1(2) 74

NiI2{CH2[P(Ph2)¼NSiMe3-
N][P(Ph2)¼NH-N]}

N(Si)P 160(1), N(H)P
160.3(9)

74

{Ni{CH2[P(Ph)2¼NH-N,P]2}2}
21 mean NP 159.9(1) 74

[MeP(Ph2)¼N¼P(Ph2)NH2]
1 mean NP 157.4(2), N(H2)P

163.3(2)
74

+N(H2)PN 121.4(1)
+PNP 142.9(1)

116.thf mean NP 159.9(3) 75
117.0.5toluene mean NP 160.0(3) 75
118.2.5CH2Cl2 mean NP 159(3) 76
120 mean NP 163.4(2) 77
121a NP 160.9(2), 161.8(2) 77

538 Organophosphorus Chem., 2006, 35, 479–560



(continued )

Compound Comments Ref.

121b NP 162.0(3), 163.2(3) 77
121c mean NP 161.7(2) 77
122 NP 160.3(2), 161.4(2) 77
124 NP 158.4(3), 159.8(3) 75
125.0.5CH2Cl2 NP 157(1), 160(1) 75
126a two independent mols. in unit

cell mean NP 159.9(2)
81

+PNP 126.5(3), 127.7(3)
126b.CHCl3 mean NP 159.9(4) 81

+PNP 131.6(3)
128 NP(O) 158.6(5), NP 163.7(6) 81

+PNP 114.1(3)
{PhHg[Ph2P(S)NP(O)Me2]}2 NP 158.7(4), 161.0(4) 82

+PNP 131.1(3)
{PhHg[Ph2P(S)NP(O)Ph2]}2 NP 157.4(5), 160.2(6) 82

+PNP 134.7(4)
130 NP 162(2), 163.0(2) 83
131 NP 156.2(7), 160.6(7) 83
132 NP 153.7(4), 162.0(4) 83
133 mean NP 161.3(7) 83
Cl2P(O)N¼P(Me)(Ph)OCH2CF3 NP(O) 155(1), NP(Me) 160(1) 88

+PNP 137(1)

H2C P

PH2C

H2C

N

N

But But

ButBut

TiR2

R ¼ Me: NP
156.9(2), 158.9(3)

113

R ¼ Bn: mean NP 158.6(2)

{Cl3(m-Cl)Ta[N¼P(Cl2)N(-
SiMe3)2]}2

NP 157.8(4), 160.0(4) 114

[(IN¼PEt3)]1 NP 162(2) 115
[BrMn4(CH¼Cme2)3(m3-
NPEt3)4]

mean NP 158.3(2) 116

Ge W(CO)3

C
PP

Ph2
N SiMe3

NMe3Si

Ph2

(OC)5W NP 160.3(4), 162.6(4) 117

C

Mo

Ph2P PPh2

NN SiMe3Me3Si

CO
OC CO

NP 157.9(2), 158.2(2) 117

Cl2BN(L)B(Cl2)NL
NP 153.5(3) – 157.7(3) 118

L ¼ PCl2N¼PCl3 +NPN 111.5(1),
+PNP 138.7(2)

(Br2BN¼PCl3)2 NP 155.1
(5)

118
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Compound Comments Ref.

Li[CHMeP(Ph2)¼NCO2-

Me]2.(thf)2

NP 163.4(2) 119

Ph(Morph)(Cy2N)P¼N-S3N3 mean NP 164.2(2) 120
Ph2(C6H12N)P¼N-S3N3.C7H8 N(S)P 158.6(3),

N(C2)P 164.9(3)
121

C7H8 ¼ norbornadiene
[Ph3P¼N¼PPh3]1 two independent PNP units 122

mean NP 158.4(3)
+PNP 138.0(2), 140.3(2)

[Ph3P¼N¼PPh3]1 NP 151.9(3), 158.4(3) 123
+PNP 136.3(2)

[Ph3P¼N¼PPh3]1 NP 157.4(2), 158.4(2) 124
+PNP 139.2(1)

[Ph3P¼N¼PPh3]1 X-ray diffraction. mean NP
157.3(5)

125

+PNP 145.1(4)
neutron diffraction NP
156.1(9), 160.5(9)
+PNP 140.0(5)

Cl3PNAl(Cl2)N(PCl3)AlCl2
NP 153.1(3) 126

Me3SiN¼PCl3.AlCl3 NP 160.6(6) 127

N PPh2

C
PPh2N

Zn

SiMe3

SiMe3

Zn C

Ph2P N

Zn
NPh2P

SiMe3

SiMe3

Cl Cl

mean NP 162.3(2) 128

OP(Ph2)N(Me)N¼CHFc NP 168.0(3) 153
N3P3(NHBut)6 two independent mols. in unit

cell
136

NP(endo) 156.3(4) – 158.5(4)
NP(exo) 162.5(4) – 166.4(4)
+NPN (endo) 115.1(2)
– 116.4(2)
mean +NPN (exo) 101.7(1)
+PNP 120.2(2) – 123.4(2)

N3P3(NHCy)6 NP(endo) 159.3(4) – 160.9(4) 136
NP(exo) 164.0(5) – 166.2(5)
mean +NPN (endo) 116.3(1)
+NPN (exo) 99.6(2)
– 102.0(3)
mean +PNP 123.6(2)

N3P3(NHPri)6 NP(endo) 159.2(2) – 160.1(2) 136
NP(exo) 162.9(3) – 167.0(3)
+NPN (endo) 115.3(1)
– 116.4(1)
+NPN (exo) 98.2(1)
– 105.7(2)
+PNP 121.9(2) – 124.0(2)
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Compound Comments Ref.

N3P3(NHCH2CH2C6H5)6.thf NP(endo) 159.3(2) – 160.8(1) 136
NP(exo) 163.9(2) – 166.9(2)
+NPN (endo) 115.0(1)
– 116.8(1)
+NPN (exo) 98.0(1)
– 104.8(1)
+PNP 118.4(1) – 125.0(1)

N3P3(NHC6H5)6 NP(endo) 158.2(3) – 160.2(2) 136
mean NP(exo) 165.6(2)
+NPN (endo) 114.7(2),
116.6(2)
+NPN (exo) 95.1(3), 101.5(2)
+PNP 122.4(3), 124.8(2)

N3P3(NHC6H4Me-4)6 mean NP(endo) 159.9(3) 136
NP(exo) 162.7(6) – 167.6(6)
+NPN (endo) 114.0(3)
– 116.8(3)
+NPN (exo) 95.6(3)
– 103.9(3)
+PNP 121.9(4) – 125.5(4)

N3P3(NHPrn)6 two independent mols. in unit
cell

136

NP(endo) 158.6(4) – 161.2(3)
NP(exo) 162.2(4) – 165.6(4)
+NPN (endo) 115.0(2)
– 117.1(2)
+NPN (exo)
99.5(2) – 104.7(2)
+PNP 121.1(2) – 124.2(2)

N3P3(NCH2CRCH)6 mean NP(endo) 159.9(1) 136
NP(exo) 163.5(2) – 165.5(2)
+NPN (endo) 114.4(1)
– 115.5(1)
+NPN (exo) 98.4(1)
– 101.7(1)
+PNP 122.2(1) – 125.4(1)

N4P4(OC5NH3Me-4)8.2CH2Cl2 NP 154.2(1) – 156.6(1) 140
+NPN 123.3(1), 124.7(1)
+PNP 134.1(1), 146.0(1)

N4P4(OC5NH3Me-4)8.H2O NP 155.2(2) – 156.5(2) 140
+NPN 122.6(1) – 123.8(1)
+PNP 141.1(1) – 143.8(1)

N4P4(OC5NH4)8 NP 155.4(1) – 156.2(1) 140
+NPN 123.5(1), 125.4(1)
+PNP 138.7(1), 141.1(1)

142a NP 157.0(2) – 161.1(2) 141
+NPN 115.4(1) – 119.9(1)
+PNP 119.9(1) – 122.1(1)
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142b NP 156.5(2) – 160.5(2) 141
mean +NPN 117.4(1)
+PNP 121.8(1) – 122.8(1)

142c two independent mols. in unit
cell

141

NP 156.9(3) – 160.6(3)
+NPN 116.8(2) – 118.5(2)
+PNP 120.4 (2) – 122.9(2)

142d NP(endo) 157.4(2) – 160.3(2) 141
+NPN 116.8(1) – 117.3(1)
+PNP 120.9(1) – 123.0(1)

142e.H2O NP(endo) 159.2(2) – 160.2(2) 141
mean NP(exo) 164.3(2)
+NPN 116.2(1) – 117.3(1)
+PNP 119.8(1) – 121.0(1)

142f NP(endo) 158.9(2) – 159.9(2) 141
NP(exo) 163.4(2), 164.7(2)
mean +NPN 117.1(6)
+PNP 121.2(1) – 123.6(1)

N

P
N

P

N
P

Ph

PhO NHPh

O O

Ph

O O

O

NP(endo) 158.0(2) – 161.2(2) 143
NP(exo) 164.7(2)
+NPN 116.6(1) – 118.3(1)
+PNP 121.7(1) – 122.5(1)

143b (meso) NP(endo) 155.8(3) – 163.4(4) 143
NP(exo) 163.2(4) – 166.6(4)
+NPN(endo) 113.8(2)
– 122.1(2)
mean +N(C)PN(C) 105.1(1)
+PNP 119.2(2) – 124.4(2)

143b (racemate) NP(endo) 153.8(4) – 163.4(4) 143
NP(exo) 163.2(4) – 175.4(6)
+NPN(endo) 112.6(2)
– 122.4(3)
mean +N(C)PN(C) 105.1(3)
+PNP 118.1(2) – 123.1(3)

143c (meso) NP(endo) 154.6(4) – 162.5(4) 143
NP(exo) 162.6(4), 165.9(4)
+NPN(endo) 114.5(2)
– 120.3(2)
+N(C)PN(C) 105.6(2)
+PNP 119.9(2) – 123.4(2)

148a NP(endo) 155.2(5) – 161.2(5) 148
NP(exo) 162.5(5) – 169.2(4)
+NPN(endo) 115.8(3)
– 117.9(3)
+N(H)PN(H) 100.0(3)
– 103.0(3)
mean +PNP 120.4(2)
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148b NP(endo) 158.6(2) – 159.8(2) 148
NP(exo) 163.9(3) – 165.6(3)
+NPN(endo)
115.5(1) – 117.2(1)
+N(H)PN(H)
101.5(1) – 102.7(1)
+PNP 119.4(1) – 121.3(1)

148c NP(endo) 158.8(5) – 160.5(5) 148
NP(exo) 164.8(6) – 166.8(5)
+NPN(endo) 116.2(2)
– 117.7(2)
mean +N(H)PN(H) 101.8(2)
+PNP 119.2(3) – 121.3(3)

149a.0.5C6H14 NP(endo) 160.1(6) – 163.6(5) 148
NP(exo) 159.0.(6) – 161.4(5)
N(H)P (exo)
169.7(6) – 171.7(6)
+NPN(endo)
115.0(3) – 116.1(3)
+N(H)PN(C)
111.1(3) – 112.3(3)
+PNP 117.9(3) – 119.7(3)

149b.0.5C6H14.2thf mean NP(endo) 161.5(3) 148
mean NP(exo) 159.9.(4)
mean N(H)P (exo) 169.8(4)
mean +NPN(endo) 115.2(3)
mean +N(H)PN(C) 111.8(2)
mean +PNP 119.1(4)

149c.4thf NP(endo) 160.8(3) – 162.2(3) 148
mean NP(exo) 159.9.(2)
mean N(H)P (exo) 170.5(2)
mean +NPN(endo) 115.2(1)
+N(H)PN(C) 110.7(2)
– 112.8(2)
+PNP 118.7(2) – 121.3(2)

150.2thf NP(endo) 160.5(3) – 162.2(3) 149
mean N(Al)P 166.3(3)
mean NP(Ph) 159.4(2)
mean N(H, Ph)P (exo)
170.7(4)
+NPN(endo) 113.3(2)
– 114.2(2)
+N(Al)PN(Al) 89.8(2)
+N(H)PN(C) 111.0(2),
111.8(2)
+PNP(endo) 118.5(2)
– 125.6(2)
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151 NP(endo) 159.4(2) – 161.7(2) 150
NP(exo) 163.5(3) – 165.7(3)
+NPN(endo) 113.9(1)
– 115.4(1)
+N(R)PN(R)(exo) 99.9(1)
– 104.9(1)
+PNP(endo) 124.0(1)
– 124.8(1)

152f mean NP(endo) 156.0(2) 150
N(H)P(endo) 162.7(3)
– 166.2(3)
NP(exo) 158.9(3) – 162.4(3)
+NPN(endo) 104.9(2)
– 110.4(2)
+N(R)PN(R)(exo) 105.9(2)
– 107.8(2)
+PNP(endo) 129.1(2)
– 130.1(2)

[N3P3(NHR)6]2(AgClO4)3,
R ¼ Prn

NP(endo) 160.9(3) – 163.6(3) 151

NP(exo) 161.2(3) – 164.0(4)
+NPN(endo) 109.6(2)
– 112.7(2)
+N(H)PN(H)(exo) 102.4(2)
– 109.0(2)
+PNP 122.6(2) – 128.3(2)

[N3P3(NHR)6](AgNO4)2,
R ¼ Prn

two independent mols. in unit
cell

151

NP(endo) 160(1) – 163.3(9)
NP(exo) 157(1) – 168(1)
mean +NPN(endo) 110.1(2)
+N(H)PN(H)(exo) 100.7(6)
– 105.0(6)
mean +PNP 127.6(3)

[N3P3(NHR)6] (AgClO4),
R ¼ Cy

NP(endo) 157.9(7) – 166.3(7) 151

NP(exo) 161.0(7) – 165.4(7)
mean +NPN(endo) 112.4(2)
+N(H)PN(H)(exo) 101.5(3)
– 106.0(4)
+PNP 124.3(4) – 128.6(4)

[N3P3(NHR)6](AgClO4)2,
R ¼ Bn

NP(endo) 161.1(3) – 162.4(3) 151

NP(exo) 161.0(4) – 163.2(4)
+NPN(endo) 109.9(2)
– 112.1(2)
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+N(H)PN(H)(exo) 100.5(2)
– 104.4(2)
mean +PNP 125.0(2)

[N3P3(NHR)6](AgNO3)2,
R ¼ Bn

mean NP(endo) 161.6(1) 151

NP(exo) 160.6(4) – 163.4(3)
+NPN(endo) 110.7(2)
– 111.4(2)
+N(H)PN(H)(exo) 101.1(2)
– 105.5(2)
+PNP 123.9(2) – 125.3(2)

[N3P3(NHR)6]
(AgNO3)(AgClO4), R ¼ Bn

NP(endo) 161.6(2) – 162.6(2) 151

NP(exo) 161.6(2) – 164.4(3)
+NPN(endo) 109.9(1)
– 111.8(1)
+N(H)PN(H)(exo) 100.5(1)
– 105.1(1)
+PNP 123.4(1) – 125.1(1)

[N3P3(NHR)6](AgClO4),
R ¼ Pyr

NP(endo) 158.3(3) – 163.1(2) 151

NP(exo) 162.0(3) – 164.5(3)
+NPN(endo) 111.5(2)
– 113.2(2)
+N(H)PN(H)(exo) 104.1(1)
– 105.6(1)
+PNP 122.3(2) – 123.9(2)

153 NP(endo) 160.0(1) – 160.9(1) 152
NP(exo) 166.2(1) – 168.8(1)
mean +NPN(endo) 117.3(3)
+N(Me)PN(Me)(exo)
100.5(6) – 106.3(6)
mean +PNP 121.8(4)

158 mean NP(endo) 158.1(6) 153
mean NP(exo) 166.8(4)
mean +NPN(endo) 118.3(6)
+N(Me)PN(Me)(exo)
105.2(3), 108.3(3)
+PNP 119.7(7), 122.1(5)

160 NP(endo) 156.4(6) – 161.2(6) 153
NP(exo) 167.1(5) – 180.8(5)
+NP(N,N)N(endo) 117.1(3),
119.1(4)
+NP(C,C)N(endo) 116.6(3)
+N(Me)PN(Me)(exo)
102.9(3), 105.2(3)
+PNP 116.6(4) – 119.1(3)
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161 NP(endo) 155.7(5) – 159.2(5) 153
mean NP(exo) 167.1(5)
+NP(N,N)N(endo) 115.5(3)
mean +NP(O,O)N(endo)
118.8(3)
+N(Me)PN(Me)(exo)
106.4(3)
+PNP 120.2(3) – 122.2(3)

162 NP(endo) 157.5(2) – 159.3(2) 153
NP(exo) 166.2(2)
+NPN(endo) 117.4(1)
– 118.7(1)
+PNP 121.2(1) – 121.8(1)

163 NP(endo) 156.1(4) – 159.7(4) 154
NP(exo) 164.8(5), 167.9(4)
+NP(N,N)N(endo) 115.9(2)
mean +NP(O,O)N(endo)
118.8(1)
+N(Me)PN(Me)(exo) 99.9(2)
+PNP 120.1(3) – 123.0(3)

165 two independent mols. in unit
cell

152

NP(endo) 154.5(6) – 159.3(5)
NP(exo) 162.4(6) – 167.7(5)
+NP(N,N)N(endo) 115.0(3)
– 116.7(3)
+NP(O,O)N(endo) 119.2(3),
120.5(3)
+N(Me)PN(Me)(exo)
100.4(3) – 106.7(3)
+PNP 121.0(3) – 123.7(3)

166.2MeOH NP(endo) 156(1) – 167(1) 155
NP(exo) 163(1) – 167(1)
mean +NP(N,N)N(endo)
116.1(3)
mean +NP(O,O)N(endo)
117.5(5)
mean +N(Me)PN(Me)(exo)
102.9(3)
+PNP 120.0(8) – 125.7(9)

167a.2CHCl3.2.5H2O NP(endo) 156.2(4) – 162.4(4) 155
NP(exo) 164.7(4) – 167.3(1)
+NP(N,N)N(endo) 115.7(2),
116.4(2)
+NP(O,O)N(endo) 118.2(2)
mean +N(Me)PN(Me)(exo)
101.7(2)
+PNP 122.1(2) – 124.0(2)
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167b.2MeCN.2H2O NP(endo) 157.2(2) – 161.8(2) 155
NP(exo) 165.1(2) – 166.1(2)
+NP(N,N)N(endo) 115.3(1),
116.0(1)
+NP(O,O)N(endo) 119.0(1)
mean +N(Me)PN(Me)(exo)
101.2(1)
+PNP 122.2(1) – 123.5(1)

167c NP(endo) 157.1(4) – 162.1(3) 155
NP(exo) 164.6(4) – 166.6(3)
+NP(N,N)N(endo) 116.5(2),
117.4(2)
+NP(O,O)N(endo) 118.2(2)
mean +N(Me)PN(Me)(exo)
105.6(2)
+PNP 121.1(2) – 122.1(2)

172f NP(endo) 156.9(3) – 161.1(3) 156
mean N(C)P(exo) 165.6(2)
+NPN(endo) 116.2(2)
– 119.2(2)
+N(C)PN(C) 106.2(2)
+PNP 120.8(2) – 122.1(2)

174a.4CHCl3 NP(endo) 155.7(8) – 166.0(7) 156
NP(exo) 163.4(8) – 168.6(7)
+NPN(endo) 109.4(4)
– 120.4(4)
mean +N(C)PN(C)
(exo) 95.1(3)
+N(H)PN(H)(exo) 106.0(4)
+PNP 120.5(4) – 135.0(5)

174b.0.75thf NP(endo) 158.3(5) – 165.4(5) 156
NP(exo) 162.4(5) – 167.9(5)
+NPN(endo) 109.8(2)
– 118.6(2)
mean +N(C)PN(C)
(exo) 94.8(2)
+N(H)PN(H)(exo) 104.3(2)
+PNP 122.4(3) – 133.6(3)

174c.2dmf (dmf ¼
dimethylformamide)

NP(endo) 157.5(6) – 165.5(6) 156

NP(exo) 163.3(7) – 166.0(6)
+NPN(endo) 108.9(3)
– 113.3(3)
mean +N(C)PN(C)(exo)
95.3(2)
+N(H)PN(H)(exo) 102.0(3)
+PNP 124.8(3) – 133.2(4)
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(continued )

Compound Comments Ref.

176b NP(endo) 154.8(6) – 159.3(5) 157
NP(exo) 161.7(7) – 169(1)
+NPN(endo) 118.9(3)
– 120.7(3)
+N(H)PN(H)(exo) 105.2(4)
– 108.4(3)
+PNP 125.6(3) – 133.4(4)

145 NP 154.4(4) – 160.4(4) 159
+NPN 116.5(2) – 119.9(2)
+PNP 119.4(2) – 122.9(2)

186 NP 156.4(4) – 158.1(4) 167
+NPN 117.2(2) – 118.2(2)
+PNP 120.7(3) – 122.2(3)

exo-ansa-201 NP 155.0(9) – 161(1) 170
+NPN 117.5(5) – 120.7(5)
+PNP 117.1(6) – 121.5(6)

endo-ansa-spiro-(203) NP 155.7(6) – 158.2(6) 171
+NPN 116.6(3) – 118.8(3)
+PNP 119.8(4) – 122.1(3)

endo-ansa-spiro-(206) NP 156.2(5) – 158.0(5) 171
R ¼ Fc mean +NPN 118.5(2)

+PNP 115.7(3) – 120.2(3)
endo-ansa-(207) NP 155.7(8) – 158.4(6) 172

+NPN 117.9(4) – 119.1(4)
+PNP 116.2(4) – 120.0(5)

exo-ansa-(207) NP 157.3(2) – 158.6(2) 172
+NPN 118.1(1) – 118.9(1)
+PNP 118.9(1) – 121.5(1)

210.2CH2Cl2 NP 155.0(5) – 161.1(5) 173
+NPN 112.8(3) – 119.7(3)
+PNP 119.2(3) – 124.4(3)

211 NP 156.3(2) – 159.9(2) 173
+NPN 116.0(1) – 118.7(1)
+PNP 120.3(1) – 121.4(1)

cis-213 NP 159.8(2) – 160.8(2) 174
+NPN 116.4(1) – 117.3(1)
+PNP 120.4(1) – 121.8(1)

trans-213 NP 158.9(4) – 162.1(4) 174
+NPN 116.9(2) – 117.6(2)
mean +PNP 122.0(1)

cis-214 NP 159.2(2) – 160.3(2) 174
+NPN 116.9(1) – 117.5(1)
+PNP 121.1(1) – 122.3(1)

2, cis-4, cis-6, cis-8-215 NP 158.9(2) – 160.4(2) 175
+NPN 119.3(1), 120.1(1)
+PNP 128.0(1), 133.9(1)
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(continued )

Compound Comments Ref.

2, cis-4, cis-6, trans-8-215 NP 159.1(2) – 159.9(2) 175
+NPN 119.2(1) – 120.4(1)
+PNP 129.6(1) – 131.6(1)

2, cis-4, trans-6, trans-8-215 NP 158.2(2) – 159.3(2) 175
+NPN 117.9(1), 121.2(1)
+PNP 132.6(1), 133.6(1)

2, trans-4, cis-6, trans-8-215 NP 157.4(2) – 159.6(2) 175
+NPN 119.6(1) – 121.7(1)
+PNP 127.5(1) – 137.0(2)

217.4CHCl3.2C6H5Me mean NP 156.4(6) 176
+NPN 119.4(3)
+PNP 139.7(3)

230 mean NP 157.0(2) 181
+NPN 115.0(2)

231a two independent mols. in unit
cell

181

mean NP 158.0(1)
+NPN 114.8(1), 115.3(1)

231b mean NP 157.9(1) 181
+NPN 114.3(1)

231c NP 158.0(2), 158.8(2) 181
+NPN 114.3(1)

231d mean NP 159.0(1) 181
+NPN 114.4(1)
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1409.

98. A.J. Clark, D. Patel and M.J. Broadhurst, Tetrahedron Lett., 2003, 44, 7763.

99. C. Palomo, A.L. Palomo, F. Palomo and A. Mielgo, Org. Lett., 2002, 4, 4005.

100. Y. Lou, J. Chang, J. Jorgensen and D.M. Lemal, J. Am. Chem. Soc., 2002, 124,

15302.

101. J. Blid and P. Somfai, Tetrahedron Lett., 2003, 44, 3159.
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GmbH Weinheim, Germany, 2003, 491.

226. F.F. Stewart and M.K. Harrup, Polymer News, 2001, 26, 78.

227. M. Gleria, R. Bertani, R. De Jaeger and S. Lora, J. Fluorine Chem., 2004, 125, 329.
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