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Preface to the Series

Topics in Heterocyclic Chemistry presents critical accounts of heterocyclic com-
pounds (cyclic compounds containing at least one heteroatom other than car-
bon in the ring) ranging from three members to supramolecules. More than
50% of billions of compoundslisted in Chemical Abstracts are heterocyclic com-
pounds. The branch of chemistry dealing with these heterocyclic compounds
is called heterocyclic chemistry, which is the largest branch of chemistry and
as such the chemical literature appearing every year as research papers and
review articles is vast and can not be covered in a single volume.

This series in heterocyclic chemistry is being introduced to collectively make
available critically and comprehensively reviewed literature scattered in vari-
ous journals as papers and review articles. All sorts of heterocyclic compounds
originating from synthesis, natural products, marine products, insects, etc. will
be covered. Several heterocyclic compounds play a significant role in main-
taining life. Blood constituent hemoglobin and purines as well as pyrimidines,
are constituents of nucleic acid (DNA and RNA) are also heterocyclic com-
pounds. Several amino acids, carbohydrates, vitamins, alkaloids, antibiotics,
etc. are also heterocyclic compounds that are essential for life. Heterocyclic
compounds are widely used in clinical practice as drugs, but all applications of
heterocyclic medicines can not be discussed in detail. In addition to such appli-
cations, heterocyclic compounds also find several applications in the plastics
industry, in photography as sensitizers and developers, and in dye industry as
dyes, etc.

Each volume will be thematic, dealing with a specific and related subject
that will cover fundamental, basic aspects including synthesis, isolation, pu-
rification, physical and chemical properties, stability and reactivity, reactions
involving mechanisms, intra- and intermolecular transformations, intra- and
intermolecular rearrangements, applications as medicinal agents, biological
and biomedical studies, pharmacological aspects, applications in material sci-
ence, and industrial and structural applications.

The synthesis of heterocyclic compounds using transition metals and us-
ing heterocyclic compounds as intermediates in the synthesis of other organic
compounds will be an additional feature of each volume. Pathways involving the
destruction of heterocyclic rings will also be dealt with so that the synthesis of
specifically functionalized non-heterocyclic molecules can be designed. Each



X Preface to the Series

volume in this series will provide an overall picture of heterocyclic compounds
critically and comprehensively evaluated based on five to ten years of literature.
Graduates, research students and scientists in the fields of chemistry, pharma-
ceutical chemistry, medicinal chemistry, dyestuff chemistry, agrochemistry,
etc. in universities, industry, and research organizations will find this series
useful.

I express my sincere thanks to the Springer staff, especially to Dr. Marion
Hertel, executive editor, chemistry, and Birgit Kollmar-Thoni, desk editor,
chemistry, for their excellent collaboration during the establishment of this
series and preparation of the volumes. I also thank my colleague Dr. Mahendra
Kumar for providing valuable suggestions. I am also thankful to my wife Mrs.
Vimla Gupta for her multifaceted cooperation.

Jaipur, 31 January 2006 R.R. Gupta



Preface

The field of heterocyclic chemistry has grown significantly in the past decade,
especially in areas involving the development of new synthetic methodologies
and the discovery of medicinally active compounds. Much of the progress has
come from discoveries made in academic and industrial laboratories.

This monograph contains six chapters, each providing an authoritative re-
view of the past five to ten years research on a specific class of compounds
and derivatives thereof. In each of the chapters, detailed synthetic method-
ologies are presented, along with highlights of the anticancer and antibiotic
activities of selected compounds. The anticancer section comprises the first
four chapters, which cover heterocyclic derivatives of stilbene and chalcone
derivatives, followed by pyrrole-containing compounds related to the natural
products lukianol A and B, derivatives of -, 8-, y- and §-carbolines, as well
as diazo and diazonium DNA cleavage agents. The remaining two chapters de-
scribe recent developments in the field of novel synthetic antibacterial agents
and B-lactam-based inhibitors of g-lactamases.

The editor gratefully acknowledges Dr. Toni Brown and Dr. Hilary Mackay
for their assistance in assembling this monograph.

Holland, MJ, March 2006 Moses Lee
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Abstract Combretastatin A-4 (CA-4, 7) has had a major impact in the field of medici-
nal chemistry as a potent bioactive molecule that binds to the cholchicine site of tubulin.
However, its poor water solubility spurred a wealth of research into analogs to overcome
these pharmakokinetic deficiencies. The focus of this chapter is the recent synthesis of
novel and interesting biologically active heterocyclic analogs of CA-4, 7 that possess the
stilbene and chalcone core. This review will also discuss alternative methods of synthe-
sizing potentially biologically active derivatives of CA-4, 7, reported in the last 5 years.

Keywords Chalcone - Colchicine - Combretastatin - Stilbene - Tubulin

1
Introduction

1.1
Tubulin

Tubulin, a globular protein of molecular weight 100000, forms heterodimers
in the presence of guanosine triphosphate. Microtubules are arrangements of
the «,-dimers into polymeric tubes and are hollow cylinders (outer and in-
ner diameters, 24 nm and 15 nm, respectively). Microtubules are polar struc-
tures and are long protein fibers that exist in dynamic equilibrium with the
tubulin dimer. Microtubules are vital components of the cell and are respon-
sible for several important functions including intracellular transport, forma-
tion of the mitotic apparatus, mechanically stabilizing cellular processes, and
formation of the mitotic spindle during cell division [1, 2]. A crystal structure
of tubulin has been recently disclosed [3].

Antimitotic agents are tubulin binders that work by microtubule depoly-
merization or destabilization. There are currently five compounds in the
standard agents database that are classified as tubulin binders: vinblastine
(1), vincristine (2), maytansine (3), rhizoxin (4), and paclitaxel (Taxol, 5).
Taxol (5) is the only compound from this class that promotes the assembly of
microtubules, resulting in highly stable, nonfunctional polymers and is used
in the treatment of ovarian and mammalian cancer [4-6]; the others inhibit
tubulin polymerization by binding to the same site of tubulin [7,8]. Vin-
blastine (1) and vincristine (2) belong to a large class of compounds known
as the vinca alkaloids, which were isolated from the Madagascar periwinkle
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CHs O

1 Vinblastine R = CH3 .
2 Vincristine R = CHO 3 Maytansine

4 Rhizoxin 5 Paclitaxel (Taxol)

Structure 1 vinblastine, 2 vincristine, 3 maytansine, 4 rhizoxin and 5 paclitaxel (Taxol)

(Catharanthus roseus) [9]. Maytansine (3) is an ansa macrolyde isolated from
Maytenus ovatus [10], and rhizoxin (4) is an antitumor macrolide isolated
from the fungus Rhizopus chinensis [11]. Another very important tubulin
interactive anti-cancer agent is colchicine (6), and this compound binds to
a different binding site of tubulin but is also used in anti-cancer therapy.

1.2
Colchicine

Colchicine (6) was isolated by Pelletier and Caventou in 1820 and is the
main alkaloid of the poisonous meadow saffron plant (Colchicum autum-
nale L.) [12-16]. Following some considerable debate over colchicine’s struc-
ture [17-20] and its successful synthesis [21-26], colchicine was found to
bind to tubulin at what is referred to as the colchicine binding site [1, 27].
Colchicine (6) is used in the treatment of a broad range of diseases includ-
ing acute gout and Mediterranean fever [28] and induces depolymerization
of tubulin. This compound (6) distorts the tubulin/microtubule equilibrium
by binding to the tubulin dimer and halting mitosis in the metaphase. The
reason this approach is such a successful target in cancer therapy is that
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6 (-)-(aR,7S)-colchicine

Structure 6 colchicine

spindle poisons exert their influence when mitosis is in the metaphase—
hence the large amount of research being performed in this area. How-
ever, the utility of colchicine (6) as an anti-cancer agent is seriously ham-
pered by its toxicity [29]. Thus, research has focused on the discovery of
molecules that are as effective as tubulin binders, but are less toxic than
colchicine.

13
Combretastatins

Combretastatins are a class of compounds originally derived from the African
Willow tree (Combretum caffrum) and are powerful reversible inhibitors of
tubulin polymerization. This class of molecules has been shown to bind to the
colchicine binding site of tubulin, by the same mode of action as mentioned
above (Sect. 1.2). Combretastatins consist of a cis-stilbene core structure.
To date, there have been several compounds that have shown promise as
potential anticancer drugs. However, development of these compounds as an-
ticancer agents is limited by issues of chemical stability, bioavailibilty, toxicity,
and solubility.

The most famous of these compounds is combretastatin A-4 (CA-4, 7), iso-
lated by Pettit et al. in 1989 [30]. Pettit’s research led to the isolation and
structural determination of a series of phenanthrenes, dihydrophenanthrene,
stilbene, and bibenzyl compounds [31]. CA-4 (7), alongside CA-1 (8), was
found to be an extremely active inhibitor of tubulin polymerization [30, 32].
The major problems associated with these compounds were poor bioavail-
ability and low aqueous solubility [33, 34], and hence, research in the field
was turned to designing better alternatives with the hope of eradicating the
negative properties of these potent compounds.

Following the synthesis of the sodium, potassium, and succinic acid es-
ters of CA-4, which were not soluble in water [35], CA-4P (9), the disodium
phosphate pro-drug was developed and is currently in phase II of clinical tri-
als [36]. CA-4P is a promising candidate for combination anti-cancer therapy
because it is inactive as a phosphate but is rapidly hydrolyzed in vivo to the
active CA-4, 7 compound [31, 37].
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MeO N

MeO O
OMe OH

OMe

7 Combretastatin A-4 (CA-4)

MeO N
MeO ‘ O .
— Na
M P
OMe o—p (0]

9 Combretastatin A-4P (CA-4P)

MeO O X
MeO O OH
OMe OH
OMe
8 Combretastatin A-1 (CA-1)

MeO N

MeO O ~OH
OMe -
NH

OMe (0]

Iz

10 AVE8062 (AC-7700)

Structure 7 CA4, 8 CA-1, 9 CA-4P, 10 AVE8062 (AC-7700)

Other analogs of CA-4, 7 have been developed and are also in clinical tri-
als. These include AVE8062 (formerly known as AC-7700, 10), a water soluble
analog [33].

1.4
Chalcones

Chalcones (including 11) contain a 1,3-diaryl-o,8-unsaturated ketone moi-
ety and have anti-cancer properties [38]. As analogs of CA-4, 7, the mode
of cytotoxic action of chalcones has been shown to be similar to the com-
bretastatins. They bind to the colchicine site of tubulin and inhibit tubulin
polymerization [39].

1.5
Focus of This Review

There are a number of reviews published in the field of tubulin binders as
anti-cancer agents, but these mostly focus on the cytotoxicity of combre-
tastatins and chalcones [1, 40, 41]. There has also been much published on

o)

HsCO O — O OH

HsCO OCH3
OCHj

11

Structure
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Fig.1 General structure of a stilbene heterocyclic derivative (A), and two chalcone het-
erocyclic derivatives (B and C). (Dashed circles represent the location of the herocyclic
ring)

different analogs of these compounds that make variations to the phenyl
rings either-side of the enone or stilbene core (e.g., benzophenone deriva-
tives [42-44], and Lavendustin A derivatives [45]). As a result, this chapter
will discuss heterocyclic analogs of these two classes of compounds with the
main focus relating to the synthesis of biologically active heterocyclic analogs
of the combretastatins and chalcones. Figure 1 shows the generic structures of
the types of compounds to be included.

2
Stilbene Heterocyclic Derivatives

A number of biologically active stilbene compounds have been reported
that contain different heterocyclic rings derived from the stilbene core of
the molecule (Fig. 1A); these can be divided into two categories: aromatic
and non-aromatic. Within each section a further division can be made: five-
and six-membered rings. The five-membered aromatic rings include imida-
zole, pyrazole, triazole, furazan, oxazole, and thiazole. Non-aromatic rings
include dihydrooxazole, furanone, dihydrofuran, oxazolone, and dihydroth-
iophene. A number of fused ring systems exist. These usually consist of
a five-membered heterocycle fused to a phenyl ring, e.g., benzothiophene,
benzofuran, and benzindole. In the aromatic six-ring category, biological
activity was observed for pyrazine- and pyridine-containing molecules. No
six-membered non-aromatic heterocyles with biological activity were found
in the search.
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Table 1 Biologically Active Stilbene Derivatives

5-Membered aromatic

rings

CA47
H4CO,

H,CO
HyCO ‘

OCHj

N=\
O N NH
HsCO
HsCO O
OCH;
R

HCT-15 NCI-

ICso nM H460

(34, 40] 1.7
(34, 40]
17R=NH, 8.
R=0H 10
(34, 40]

19 79
(34, 40]

23 67

IC50 nM

3.0

8.5
11

34

190

Colon 26 Anti-

IC50 nM

—~NH [50]
| )—TMS

i!'b NH,

OCH;

N-NH
HyCO ) [50]
SOu
H,CO Q
OCHs NH,

OCHj

> 3000

tubulin
ICsp pM

>10

Anti-
tubulin
ICsp pM

1.2

0.68
0.73

HCT-15 (human colon adenocarcinoma, MDR positive), NCI-H460 (human lung large cell
carcinoma, MDR negative), Colon 26 (murine colon), B16 (murine melanoma), SH-SYSY
(human neuroblastoma), HL-60 (human leukemia), A549 (human lung cancer), MCF7
(human breast cancer), SK-MEL-2 (human melanoma), HCT-116 (human colon carci-
noma), A431 (human epidermal carcinoma), PC-3 (human prostate tumor)



Table 1 (continued)

N=N
H,CO §
H,CO O

OCH,
NH,

CA47

N-Q

! _N

B16
IC50 nM
(52]
43 56
SH-SY5Y
ICS() nm
[54] 5.8
[54]

R=O0CH; 14
53b R=0H 17.5

HCT-15 NCI-
ICso nM  H460
IC50 nM
[34, 40]
R =NH, 11 9.2
54R=0H 22 2.3
[34, 40]
55 7.2 11
[34, 40]

15 35

Anti-
tubulin
ICs0 pM

0.92
0.98

T. Brown et al.
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Table 1 (continued)

Colon 26 Anti-
IC5o nM  tubulin

IC50 mM
R [50]
N=
HsCO 1 67b R = NH, 57.5 1
AN
H5CO 69 R=H 14.5 3
H,CO
NH,
OCH;
5-Membered HL60
non-aromatic rings 1Cs50 pM
[60]
70 0.1
[60]
71 0.25
A549 MCE-7 SK-MEL-2
IC50 nM ICS() nM IC50 nM
[61]
78 16.3 11.4 10.2
[61]

77b 5.3 4.7 3.3
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Table 1 (continued)

]

HaCO Q
H,CO ‘ Q
OCH

OCH,
CA-47
o)
HsCO HN%
o)
H,CO
wed ()
R
OCH,

5-Membered fused
aromatic rings

CA-47

OCH; [73]

HsCO !

Oad
HsCO
s ()

OCH,

HCT-116
ICsg
ngmL™!

> 1000

A549 MCE-7
IC50 nM IC50 nM

2.1 2.7

7.9 5.7
3.8 4.9

Anti-
tubulin
ICs0 pM

3.6

Anti-
tubulin
IC50 mM

2.1

> 40

T. Brown et al.

B16 HCT-16
ICS() nM IC50 nM

1.0 0.9
5.4 6.1
2.4 3.7
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There are a number of other compounds that make modifications to the
A- and B-ring of the combretastatin derivatives; however, these molecules are
outside the scope of this review.

Table 1 contains representative examples of compounds with biological ac-
tivity in a variety of cell lines. The synthesis of the most potent compounds in
each section will be discussed, followed by alternative methods of producing
these important compounds.

2.1
5-Membered Aromatic Rings

2.1.1
Imidazole Compounds

Synthesis of two different 4,5-disubstituted imidazole compounds were de-
scribed by Wang et al. [34] and required the formation of tosmic reagents,
12 and 13 (Scheme 1). This reagent was formed via the reaction of substi-
tuted benzaldehydes with p-toluene sulfinic acid, formamide, and catalytic
10-camphorsulfonic acid to produce a methoxybenzenesulfonyl-formamido-
intermediate. Further reaction with POCI; yielded the tosmic reagents 12
and 13. Reaction of 3-nitro-4-methoxy-1-benzaldehyde (14) with benzyl-
amine (15) produced an imine that was reacted with the aforementioned
tosmic reagent 12, to form the benzyl-protected imidazole 16. Transfer hy-
drogenation with ammonium formate and palladium on carbon produced
the imidazole-amino-stilbene analog 17. Wang et al. [34] also described the
synthesis of a second methylimidazole derivative 18. A similar synthetic ap-
proach was followed except the tosmic reagent 13 was used, and a different
imine intermediate was employed. The final amino-compound 19 was ob-
tained by reduction using palladium on activated carbon catalytic hydrogena-
tion (Scheme 1).

The synthesis of the furan-imidazole derivatives, shown in Scheme 2, were
also described by Wang et al. [34]. Reaction of 4-(dimethylamino)benzalde-
hyde (20) with trimethylsilylcyanide (TMS)-CN in the presence of Znl, pro-
duced the TMS cyanohydrin 21. Compound 21 was treated with LDA followed
by the addition of 3,4,5-trimethoxybenzaldehyde to give the benzoin inter-
mediate 22. Oxidation with CuSOy4 in aqueous pyridine, followed by reaction
with 3-furaldehyde in acetic acid, produced the substituted imidazole 23.

The synthesis of methylimidazole-thiophene compounds was reported by
Santos et al. [46] and has been included for completeness, although no
biological activity has been reported for these heterocycles. The forma-
tion of these imidizole-thiophenes (24a-d), occurs via the condensation of
2-formylthiophene (25) with benzil derivatives (26a-d) in the presence of am-
monium acetate to yield the imidazole-thiophene compounds (27a-d). These
compounds can then be N-methylated by treatment with iodomethane in
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the presence of potassium carbonate to produce compounds 24a-d in yields
ranging from 65 to 90%.

Santos et al. [46] also describe the synthesis of multiple analogs of these
compounds (e.g. compounds 28a-31d). In addition, a number of interest-
ing derivatives of these compounds were synthesized using similar condi-
tions employing microwave technology by Usyatinsky and Khemelnitsky [47].
After only 1.5 minutes in a domestic microwave oven, a wide variety of these
central bi-aryl compounds obtained. Solid-phase synthesis employing a simi-
lar reaction as described in Scheme 3 was reported by Sarshar et al. [48].
The most interesting compound produced in this manner was compound
33. These compounds, produced using solid-phase synthesis, were designed
as modulators of P-glycoprotein-mediated multidrug resistance in CEM/VLB
1000 cells. They were found to be at least an order of magnitude more po-
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tent than a known drug, Verapamil, against a variety of resistant cell lines
(compound 33, EDsy = 0.08 M, CEM/VLB 1000). Compound 33 completely
resensitizes two cell lines (MCF7/ADR and MES-SA/DX5) in the presence
of Taxol (5) [48]. Kozaki et al. have synthesized a series of dimer-type com-
pounds (e.g., 34) using chemistry similar to that described in Scheme 3 [49].

2.1.2
Pyrazole Compounds

Synthesis of a pyrazole derivative with an amino group in position 3 in
the B-ring was described by Ohsumi et al. [50]. Phenylacetronitrile (35)
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Scheme4 a 1 M aq. NaOH, trimethyloctylammonium chloride, CH,Cl,, rt; b Lithium
trimethylsilyl diazomethane, THE, —78 °C; ¢ 10% aq. KOH, EtOH, reflux; d Zn, AcOH,
rt [50]
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and nitrobenzaldehyde (36) were condensed in aqueous NaOH to give the
Z-acrylonitrile intermediate (37) that was treated with lithium trimethylsi-
lyl diazomethane to give the TMS-protected nitro-pyrazole derivative (38)
in good yields. The TMS group was removed by aqueous 10% KOH to
produce the nitro-compound (39) and the amino group was formed by re-

OCH,CH3

Z\
Z/

1Y

Structure



Synthesis of Stilbene and Chalcone Analogs of Combretastatin 15

HsCO ocH
3
HsCO Q HeCO O Br
Br
a H3CO =N,
< NCHg)y —— ¢ N-CHa
HSCO H3CO
HaCO O © O Br
Br H3CO
HsCO
4 42, 55%
Scheme 5 a CH3NHNH, [51]
NH,NHPh
2
Mequ) MezNH NHNHPh A2 AN
/ f / .o A ] N
Ar2 1 Ar2 KAYJ —_— 1 N'N Ar1 N(
Ar ) Ar bH: ; Ph
o} o Ph HoO
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duction with Zn/AcOH to give the corresponding aniline derivative (40),
Scheme 4.

A second method of producing pyrazole-containing compounds was de-
scribed by Olivera et al. [51] and involves the use of an enaminoketone (41)
(Scheme 5). The initial amine-exchange/heterocyclization produced pyrazole
tautomers, so another method was attempted with NH,NHMe. However, two
isomers were produced with the methyl group on either nitrogen. Compound
42 was formed in 55% yield.

The authors also described a typical butyllithium organometallation re-
action to produce the various compounds of interest. A possible mech-
anism for the reaction of enaminoketones with NH,NHPh is shown in
Scheme 6 [51].

2.1.3
Triazole Compounds

Synthesis of the amino-triazole derivative (43) was performed in the au-
thors’ laboratory by Pati et al. [52] (Scheme 7). Substituted benzyl bromide
was reacted with triphenylphosphine to produce the phosphonium bro-
mide starting material, 44. The Wittig reagent, obtained by treatment with
sodium hydride, was reacted with 3,4,5-trimethoxybenzaldehyde 18 to gen-
erate the nitro-stilbene 45 in good yields. The alkyne 46 was obtained
by bromination of the stilbene, followed by didehydrobromination. Com-
pound 46 was then reacted under thermal conditions with benzyl azides
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to form the benzyl protected-1,2,3-triazole 47 in modest yield. Removal
of the protecting group by catalytic hydrogenation yielded the triazole
amino-compound 43. Although the reported cytotoxic activity of these com-
pounds is modest, these compounds are interesting from the perspective
of solubility and warrant further investigation in the realm of medicinal
chemistry.

Synthesis of another triazole derivative was described by Clerica et al. [53].
This synthetic strategy involved reaction of an isothiazole derivative (e.g.,
compound 48) with an equimolecular quantity of NaN3 in a variety of sol-
vents, e.g., different alcohols, THF, etc. Acetonitrile was used to produce
compound 49 in a 30% yield, Scheme 8.
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214
Furazan Compounds

Another interesting class of five-membered aromatic heterocycles has re-
cently been published by Tron et al. [54]. These compounds have biological
activity in the nM range. An example of the formation of these furazan (1,2,5-
oxadiazole) derivatives is shown in Scheme 9. The diol 50 was oxidized to the
diketone 51 using TEMPO and sodium hypochlorite. Transformation to the
bisoxime 52 was performed in an excess of hydroxylamine hydrochloride and
pyridine at high temperature for several days. Basic dehydration of 52 formed
two products (53a and b). A Mitsunobu reaction was then employed using
toluene as solvent to form compound 53b in 24% yield.
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Scheme 9 a TBDMSiCl, imidazole, CH,Cly; AD mix o (Sharpless asymmetric dihydrox-
ylation reagent), methanesulfonamide, H,O/¢-butyl alcohol; b NaOCl, KBr, TEMPO in
CH,Cl,/H,0; ¢ NH,OH - HCI, pyridine/EtOH, 90 °C; d NaOH, 1,2-propanediol, 160 °C;
e PPh;, DIAD, toluene, 0 °C, reflux [54]

2.1.5
Oxazole Compounds

The biologically active oxazole compounds were synthesized by Wang
et al. [34], and two types of isomers were described: those with N1 point-
ing towards the A-ring (e.g., 54) and those with N1 positioned closest to
the B-ring (e.g., 55), Scheme 10. Tosmic reagents 12 and 13 were used for
this synthesis as described in Sect. 2.1.1, Scheme 1. The chemistry described
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in Scheme 1 was also used to form the final oxazole compounds 54 and 55,
except the starting benzaldehydes (56 and 18, respectively) were different.

The formation of methyl-oxazole compounds was also described by Wang
et al. [34] utilizing an analog of the keto-enol intermediate (22) described in
Sect. 2.1.1, Scheme 2. Scheme 11 shows the synthesis of compound 57 which
exhibits anti-tubulin activity of 7.7 uM [34]. In addition, a range of oxazole
COX-2 inhibitors has been reported by Hashimoto et al. [55] employing simi-
lar chemistry.

Oxazole compounds can also be produced by use of the Stille reaction.
Clapham and Sutherland describe the use of tri-2-furylphosphine/Pd,(dba)s-
catalyzed Stille coupling reactions (Scheme 12) to produce a range of oxazole-
containing derivatives, including 58, with an 85% yield [56].

A highly efficient and interesting method of oxazole production was de-
scribed by Lee et al. [57]. Scheme 13 describes the synthesis of compounds
59 and 58 using solvent-free microwave irradiation in yields of 70% and 68%,
respectively.
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2.1.6
Thiazole Compounds

Davies et al. describe the preparation of both oxazole- and thiazole-
containing derivatives of combretastatin. By formation of the ketoamide in-
termediate 60, in a 54% yield (Scheme 14), both classes of compounds may be
obtained by altering the last step of the reaction [58]. To produce the oxazole
61 a cyclo-dehydration reaction was performed using triphenylphosphine-
iodine-triethylamine, and the thiazole compound 62 was formed by thiona-
tion using Lawesson’s reagent, with an excellent yield (94%).

Scheme 15 shows the synthesis of an oxazole 63a and thiazole 63b deriva-
tive, accomplished by Yokooji et al. [59]. They employed arylation using
tertiary phosphines and bromobenzene with Cs;COj3 in xylene to form these
compounds.

The synthesis of other biologically active thiazoles was described by
Ohsumi et al. [50] and is shown in Scheme 16. Condensation of phosphonium
bromide and 4-methoxy-3-nitrobenzaldehyde gave a 1:1 mixture of (Z)- and
(E)-stilbenes. (E)-stilbene 64 was purified by crystallization and then con-
verted to bromohydrin 65 by NBS-H,O. Oxidation of the bromohydrin by
DMSO-TFAA gave the bromoketone intermediate 66, which was condensed
with thiocarbamoyl compounds in the presence of Na,CO3 in DMF to give the
corresponding 2-substituted thiazole derivatives (67a and b). Compound 67a
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was converted to a diazonium salt then reduced by H3PO, to give the nitro-
thiazole compound (68a); the aniline compound 69 was formed by reduction
of the nitro group using Zn/AcOH.

2.2
5-Membered Non-Aromatic Rings

221
Dihydroisoxazole Compounds

The synthesis of two different derivatives of methoxy-dihydroisoxazole com-
pounds with biological activity have been described by Simoni et al. [60]. The
first derivative has the iminium and the methoxy group nearest the A-ring 70
and the other has the iminium and methoxy closest to the B-ring 71. Methyl ni-
tronic ester 72 was prepared by treating the corresponding nitro compound 73
with ethereal diazomethane. The nitronic ester 72 was reacted with both the cis-
and trans-TBDMS-protected (TBDMS: t-butyldimethylsilyl) combretastatin
derivatives (74) in the presence of p-toluene sulfonic acid in refluxing CH,Cl,

H3CO 72

OCH;
HsCO N @i
I;/\,ﬁ OTBDMS - {@SOZHC:NOQCm

OCH a
3 74 )/}b\ \
<j>—sozc»-|2No2
HsCO. o-N 73
SO,Ph
HsCO :
HasCO
OCHs
OR
OR ¢ ~76a R = TBDMS, 15%
¢ - 75a R = TBDMS, 15% C - o
C78b R = H, 99% 76b R = H, 69%
d d
0-N
HsCO HaCO \
~~0OCH,
HaCO : H3CO H
HaCO HiCO [ | ooH
3
OH
70, 65% 71, 69%

Scheme 17 a Diazomethane, Et;0; b CH,Cly, p-Ts-OH, reflux; ¢ TBAF, CH,Cl,; d Na,
CH;0H or MeLi, THF [60]
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to produce the isooxazolines 75a and 76a. Following treatment with sodium
methoxide, these compounds were converted to the 3-alkoxyisoxazolines 70
and 71 in good yields (Scheme 17).

2.2.2
H-Furan-2-one Compounds

Kim et al. describe the synthesis of biologically active furanone compounds
(Table 1) involving the formation of an amino and a hydroxyl compound
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Scheme 18 a Br;, AcOH, HCI, rt; b 3,4,5-trimethoxyphenylacetic acid, NEt3, CH3CN, rt;
¢ DBU, CH3CN, 0°C; d p-TsOH, benzene, reflux; e Zn, AcOH, rt; f 10% Pd/C, THE, rt;
g TEA, p-TsOH, 4 A molecular sieve, CH3CN, reflux [61]
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(77b and 78, respectively, Scheme 18) [61]. In both cases the formed «¢-bromo
acetophenone, 79a or 79b, was reacted with 3,4,5-trimethoxyphenylacetic
acid in the presence of triethylamine to give the required phenacylacetates
80a and 80b. The hydroxylphenylacylacetate 80c was obtained by debenzy-
lation using catalytic hydrogenation with 10% Pd/C, followed by an Aldol-
type condensation and subsequent dehydration with triethylamine and p-
toluenesulfonic acid to produce the hydroxyl compound 78. Formation of the
amino-compound proceeded via an Aldol-type cyclization mediated by DBU
(1,8-diazabicyclo[5.4.0Jundec-7-ene) to give the 4-hydroxy-4-(4-methoxy-3-
nitrophenyl)-3-(3,4,5-trimethoxyphenyl)dihydrofuran-2-one 81. This was de-
hydrated with p-toluene sulfonic acid in refluxing benzene to give the ni-
tro compound, converted to the amino-compound 77b by reduction using
Zn/AcOH. A number of compounds have been produced using a similar
method with varying R-groups on the aromatic rings [62-64].

O
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Scheme 19 a CSF, PdCl,(PPhs),, toluene, H,O, BnEt3NCl, 3 h [65]
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Scheme 20 a 3.2 equiv PhMgCl or 4-MeSC¢H4MgCl, CsHi2, 80 °C, 19 h; b CO,; ¢ m-CPBA,
0-21°C [67]
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Zhang et al. reported the use of densely functionalized molecules through
Suzuki cross-coupling reactions [65]. This synthesis involves the reductive
amination of mucaholic acids to form the unexpected lactone (e.g., 82). Com-
pound 82 can then be reacted with phenylboronic acid (83) to form the
2,3-diaryl-o,8-unsaturated-y-lactone 84 as outlined in Scheme 19 in a 78%
yield. A similar procedure is outlined in the work of Bellina et al. [66].

Another route to the synthesis of the furanone-containing compounds
(e.g., 84, Scheme 18) is via magnesium-mediated carbometallation of propar-
gyl alcohols, as described by Forgione et al. [67]. Scheme 20 demonstrates
this procedure as a feasible means of producing the Merck anti-inflammatory
drug Vioxx, 85.

2.2.3
Dihydrofuan Compounds

Scheme 21 shows the synthesis of a dihydrofuran derivative 86. Synthesis
of this compound was described by Nam et al. [68] utilizing a furanone
compound 87 synthesized by Kim et al. [61] via a similar synthetic ap-
proach as described in Scheme 17. The lactone was reduced using lithium
aluminum hydride to give the diol 88 and intramolecular etherification
using the Mitsunobu reaction afforded the dihydrofuran 86 in moderate
yield (47%).

0
HsCO ‘ x HsCO ! N
HSCO HaCO
OCH3 OCHz

OCHs OCHj
86, 47%

Scheme 21 a LiAlHy, Et,0, 3 h, rt; b PPhs, DEAD, THF [68]

224
3-H-oxazol-2-one Compounds

The synthesis of 3-H-oxazol-2-ones was described by Nam et al. [69]. The
substituted benzoin 89 was formed from the coupling of 3,4,5-trimethoxy-
benzaldehyde 18 with 3-nitro-4-methoxybenzaldehyde, Scheme 22. Reac-
tion with PMB-isocyanate and subsequent cyclization gave the protected
oxazolone derivative 90. The PMB group was removed by reflux in TFA
and reduction of the nitro-group was performed using Zn to give the
combretoxazolone-aniline 91.



Synthesis of Stilbene and Chalcone Analogs of Combretastatin 25

o)
PMB.
o v
o) OH
H3coj©)\|-1 a HsCO O HsCO O
HsCO — > Q No2 Q NO,
OCH, HsCO OCHg HeCO OCH3
18 89 OCH;
o] o)
HNJ< HNJ<
c o] o)
e
EEE—
HsCO O HsCO O
O NO2 O NH,
HCO™  bon, HCO™ b,
OCH; s

91

Scheme 22 a (i) TMS-CN, Znl,, THF; (ii) LIHMDS, Ar,CHO, THE, -78 °C; b (i) PMB-
NCO, toluene, 80 °C, 3 h; (ii) AcOH, reflux, 8 h; ¢ TFA, reflux, 3 h; d Zn, CH;COOH [69]

2,25
Dihydrothiophene Compounds

Synthesis of the dihydrothiophene derivatives was described by Flynn
et al. [70] (depicted in Scheme 23) and involved the conversion of 3-butynol
92 to benzyl 3-butynal sulfide 93. Sonogashira coupling of the sulfide 93
with acetic acid 5-iodo-2-methoxyphenyl ester 94, produced the interme-
diate 95. Treatment of compound 95 with iodine resulted in a rapid and
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Scheme 23 a KOH, TosCl, CH,Cly; b NaH, BnSH, THE 18°C; ¢ 94, Pd(PPhs),Cl,,
2.0 mol %, Cul 4.0 mol%, DMF/EtsN 3:1, 18°C; d I,, CH,Cly; e 97, (from 3,4,5-
trimethoxyiodobenzene, 2 equiv t-Buli, 1 equiv ZnCl,), Pd(PPh3),Cl, 5.0 mol %, THE,
18 °C, 4 h followed by MeOH, K,CO3 [70]
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efficient 5-endo-dig-iodocyclization to produce the acetic acid 5-(3-iodo-
4,5-dihydrothiophen-2-yl)-2-methoxyphenyl ester 96. Cross-coupling of the
obtained vinyliodide (96) with arylzinc (97) via in situ hydrolysis of the ac-
etate group produced the thiophene compound 98.

23
Fused Non-Aromatic 5-Membered Compounds

2.3.1
Methoxybenzothiophene Compounds

Methoxybenzothiophene compounds contain a thiophene moiety with a ben-
zene ring fused at the 2,3-position. These compounds do not possess bio-
logical activity but have been included for completeness. The synthesis of
these compounds is described by Flynn et al. [71] and shown in Scheme 24.
Sulfide 99 was prepared by a process involving a multi-step reaction con-
sisting of diazotation, xanthate substitution, methanolysis, and benzylation
with an overall 55% yield. Reagent 99 was then coupled to an ethynyl zinc
species 100 (obtained directly from g,8-dibromostyrene by the addition of
2 equiv of n-BuLi and zinc chloride) giving the aryne intermediate 101. Re-
action with iodine produced the rapid 5-endo-dig-iodocyclization to give
3-iodobenzo[b]thiophene 102. Negishi coupling of 102 with arylzinc 97 pro-
duced the target compound 103 with a good yield. Yue and Larock also report
the synthesis of these compounds using similar chemistry [72].
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Scheme 24 a HBF,, NaNO;, H,0; b KSC(C)OEt, DMF; ¢ MeOH, KOH d aq. KOH, BnCl,
n-BuyNHSO, cat., CH,Cly; e 2 x n-BuLi, THE then ZnCl;, Pd(PPhs),Cl, 2 mol %, 99;
f I, CHyCly; g 97 (from 3,4,5-trimethoxyiodobenzene, 2 x t-BuLi, THF and ZnCl,),
Pd(PPh3),Cl; 2mol % [71]
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23.2
Methoxybenzofuran Compounds

These compounds contain a furan ring fused to a benzene moiety in the
2,3-position. This synthesis was also described by Flynn et al. [73] and is
shown in Scheme 25 involved the coupling of 2-iodo-5-methoxyphenol 104,
4-methoxyphenylethyne 105 to form the intermediate o-alkynylphenolate
106. Aryl iodide 107 was added to the phenolate in DMSO with heat. Ox-
idative addition, palladium(II)-induced cyclization and reductive elimination
resulted in the product 108 with an 88% yield.

Formation of the fluorinated analog was described by Dai and Lai and in-
volved a Suzuki coupling [74] to produce compound 109 shown in Scheme 26.
This compound is of interest as a known COX-2 inhibitor.

J@[ [ ] o y-=—(J)-oon
HsCO ¢ °

OCHjy OMgCI
105 106
OCH3
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b ( Pd'Ar cyclization, H3CO
- > H3CO Q O OCHjs reducnve N (o)
ellmlnatlon

HaCO

HsCO OMgCI
HsCO
HsCO |

108,88%  OCH.
HscO 107 3

Scheme 25 a MeMgCl 2 equiv, Pd(PPh3),Cl; 3 mol %, THE 65 °C, 1.5 h under Ny(g); b cool
to rt, add 107 and DMSO, then heat to 80 °C, 16-18 h [73]
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S
J

SO,CH3
109, 82%

Scheme 26 a NBS (N-bromosuccinimide), THF-MeCN (1 :2),—20-0 °C; b 4-FCcH4B(OH),,
Pd(PPhs),, CsF, PhCH; — H,0 (4 : 1), reflux, 18 h; ¢ Oxone, THE, rt, 3 h [74]
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233
Methoxyindole Compounds

The indole compound was described by Flynn et al. [73] and is prepared
in a similar manner as the thiophene 103 and furan 108. One method in-
volved a similar synthesis as described in Scheme 25, using the relevant
starting material. However, an alternative synthesis involved a one-pot, room-
temperature synthesis, Scheme 27. The o-iodotrifluoroacetanilide 110 was
coupled to the alkyne 111 under Sonogashira conditions in MeCN. K,COs
and the aryliodo compound 107 was added and the reaction stirred to pro-
duce the protected product 112 with a 77% yield. Deprotection to the corres-
ponding phenol 113 was performed using AICl;.

An alternative method of producing indole-containing compounds in-
volves a bis-Suzuki reaction of 2,3-dihaloindoles 114 with 2 equiv of boronic
acids 115 with 10 mol % Pd(OAc), [75]. The paper describes the differ-
ence in electronic effects of the boronic acids. Electron-rich boronic acids
give better yields (85-95%) whilst the electron-deficient boronic acids give
poorer yields (44-55%). Scheme 28 shows the general synthesis of these
compounds.

Another Suzuki coupling reaction was described by Zhang et al., to pro-
duce arylindoles 116a and b, using solid-phase synthesis [76]. The synthesis
was achieved by palladium-mediated coupling/intramolecular indole cycli-
zation of resin-bound 2-trimethylsilylindole 117, Scheme 29.

| QiPr
HsCO j‘f oPr
OCH
07 “CFs4 3
110 11 o:<CF3
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b
H3CO
- > S NH
H3CO, HsCO
H3CO I HsCO O
R
HSCO OCH3
107

c (112 R =OiPr, 77%
113 R=0OH, 93%

Scheme 27 a Pd(PPhs),Cl; 3 mol %, EtsN 2 equiv, Cul 6 mol %, CH3CN, 18 °C, 1 h under
Nz(g); b K,CO3 5 equiv, 107, 18°C, 18 h, C A1C13 4 equiv, CH2C12 [73]
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Scheme 28 a Pd(OAc);, 10 mol %, P(o-tol)3, K,COs3, aq. acetone or DMF; b Mg, MeOH,
89-95% [75]

116a R=OCHj, 84%
116b R=CHa, 71%

Scheme 29 a ArB(OH),, [Pd]; b TBAF [76]
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Scheme 30 a Na,COs, TsCl, 60-85°C; b (i) PCls5, 50°C, (ii) AICl3, C¢Hg, 80-90°C;
¢ H,S04, 120 °C; d 4-NH,S0O,CgH4 — COCI, THE, Et3N, rt; e Zn, TiCly, THE reflux [77]

Another series of COX-2 inhibitors was described by Hu et al., and the
key step in this reaction is the construction of the indole skeleton by the Mc-
Murry coupling reaction [77]. The chemistry described in this paper is shown
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in a general manner in Scheme 30. 0-Aminobenzoic acid 118 was subjected
to Friedel-Crafts conditions, following tosyl protection 119. Hydrolysis with
concentrated H,SO4 gave the substituted 2-aminobenzophenone 120 that was
acylated with 4-aminosulfonylbenzoyl chloride to give amide-linked interme-
diate 121. The cyclization step was achieved by McMurry condensation to
produce the indole compound 122.

24
Aromatic 6-Membered Compounds

241
Pyrazine Compounds

The synthesis and biological testing of the pyrazine compound 123 was de-
scribed by Wang et al. [34]. The same benzoin intermediate 22 was formed
as described in Scheme 2. A three-step reaction was then performed to ob-
tain the desired pyrazine 123, shown in Scheme 31: (i) oxidation of CuSO4
in aqueous pyridine, (ii) reaction with ethylenediamine in EtOH, and (iii)
aromatization in the presence of elemental sulfur.

CHs
_N H4CO N=
HsC O OH 8 \w
O OCHS a, b,C H300 N
4>
0 oCH HaCO O
20 OCHs
N
HaC™ eh
123, 42%

Scheme 31 a Pyridine, CuSO4-5H,0, H; O, reflux; b ethylenediamine, EtOH, reflux; c elem-
ental sulfur, 140 °C, 30 min [34]

HsCO HsCO
O ‘ N R
N
I 2 I 126, 58-80%

H3CO O HsCO O

125 124 HO

127, 89-96%
R1=ethyl, propyl or 4-methoxyphenyl

R2=ethyl, propyl or 4-methoxyphenyl HO

Scheme 32 a AcOH, O, reflux, 6 h; b BF;-SMe, [78]
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An alternative method of synthesizing the pyrazine compounds was de-
scribed by Ghosh et al., and the synthesis is shown is Scheme 32 [78].
Reaction of a 1,2-dione (124) with a 1,2-diamine (125) to form an imine
intermediate followed by spontaneous oxidation of the dihydropyrazine in-
termediate, formed the protected pyrazine compound 126. The free phenol
127 was obtained by removal of the methyl-protecting groups with a boron
trifluoride-dimethyl sulfide complex. Similar compounds were prepared via
the same method by Simoni et al. [79].

24.2
Pyridine Compounds

The synthesis and biological activity of these pyridine-containing compounds,
in which the nitrogen points toward the B-ring, was described by Simoni
etal. [60]. A double Suzuki cross-coupling strategy was employed as previously
described by the same group [79], and the synthesis is shown in Scheme 33.
The desired diphenyl compound 129 was obtained in good yields from a Suzuki
coupling in toluene; tetrakis(triphenylphosphine)palladium(0) was employed
as the catalyst for the reaction, and Na,COs3 provided the basic environment.
The subsequent Suzuki cross-coupling between the bromophenyl derivative
130 and boronic acid (131) produced pyridine 132. Hydrogenation in the pres-
ence of Pd/C produced the deprotected hydroxyl compound 129.

Synthesis of the pyridine derivative, in which the nitrogen is closest to
the A-ring was also described by Simoni et al. [60], is shown in Scheme 34
and was more productive than the synthesis described in Scheme 33. The
keto-compound 134 was reacted with the vinamidinium hexafluorophosphate
salt (CDT-phosphate) 135, tert-BuOK, ammonium acetate, and an equimolar
amount of DABCO (1,4diazabicyclo[2.2.2]octane). Hydrogenation using 10%

HsCO HaCO B(OH),
H3CO BOH: + § N a HsCO \_/ .
H3CO | Br H.CO Br N OBn
s OCHs
130, 53%
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H3CO
o yaYe
E—— N

=0

H3CO OH

H3CO OBn

132, 15% 129, 65%

Scheme 33 a Pd(Ph3P)4, aq. Na,CO, toluene/EtOH; b H,, Pd/C, EtOH [60]



32 T. Brown et al.
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Scheme 34 a t-ButOK, DABCO, NH4OAc, THE, 6 h reflux; b TFA, CH,Cl,, 5 h rt.; ¢ Hy, 10%
Pd/CaCO3, 1 M NaOH/EtOH 1: 1, 18 h, rt [60]
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palladium over CaCOs yielded the protected compound 136. Treatment with
TFA (trifluoroacetic acid) in CH,Cl, removed the MEM-protecting group to
yield the hydroxyl product 137 with a good yield.

Synthesis of the phenyl derivative (138) was also described by Simoni
et al. [60] and employs the same synthetic strategy as for the pyridine deriva-
tive (137) described in Scheme 34. No biological activity was reported for this
compound, but it was included in order to provide a broader coverage of
stilbene derivatives.

The aforementioned section described the synthesis of a wide range of bi-
ologically important heterocyclic derivatives of combretastatin. The next part
of this chapter will focus on the synthesis of heterocyclic chalcone derivatives.

3
Heterocyclic Chalcone Derivatives

There are considerably fewer examples of heterocyclic chalcone analogs of
combretastatin than in the heterocyclic stilbene derivative category. Of these,
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Table 2 Biologically active chalcone derivatives

Alkene-functionalized
3-membered heterocycles

(80]

Alkene-functionalized
5-membered non-fused
aromatic compounds

[70]

142

CA-47 [83]
OCHjg [83]

O 145

o
H,CO O A g
w4
OCH;

OCH,

140b R; =H

Bl6
ICs0 uM

140a R, = OCH; 25

29

Anti-
tubulin
ICs0 pM

1.0

Colchicine OVCAR-3 A498

Binding

L1210
ICs0 UM

Colchicine MCF-7
binding  ICsp nM
inhibition

(%) 5 M

67 300

NCI-H460
Glsg Glsp Glso

Inhibition pgmL™! pgmL! pgmL!

(%) 5uM

100

23

0.19 0.46 0.13

HCT-15 (human colon adenocarcinoma, MDR positive), NCI-H460 (human lung large
cell carcinoma, MDR negative), B16 (murine melanoma), MCF7 (human breast cancer),
HL-60 (human leukemia), L1210 (murine leukemia), OVCAR-3 (human ovarian cancer),
A498 (renal human cancer), hACAT-1 (acyl-CoA: cholesterol acyl transferase-1 from Hi5
cells), hACAT-2 (acyl-CoA: cholesterol acyl transferase-1 from Hi5 cells), CA46 (Burkitt

lymphoma)
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Table 2 (continued)

Alkene-functionalized
5-membered fused
aromatic compounds
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5-membered aromatic
compounds

0
Hye—<

H;CO, N~N

H,CO O

H,CO

CH,

7

d

NH,
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H4CO, N-NH
Reptt oy
HO O OH
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tubulin
ICso pM

(71]
145R=H
154 R = OH

(73]
(73]
157

(73]

159

(85]
167

(87]
170

Colchicine
binding
inhibition
(%) 5 uM

> 40
3.5

2.1

1.3

1.6

HCT-15
IG5 pM

365

Anti-
oxidant
activity
ICso pM

9.70

CA46
IC50 nM

91

80

54

NCI-460
IG5 pM

1000

COX-1
inhibition
(%)

100 pM

87.0

2000
500

11

42

45

COX-2
inhibition
(%)

100 pM

61.0

T. Brown et al.

Anti-in-
flammatory
inhibition
75 mgkg™!

68.8
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Table 2 (continued)

N—NH
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N=NH
S
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180 R = NO,
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[92]
182

[87]
184a R = OCH;
184bR=H

(60]
189

(60]
190

[95]
197

Bl6 L1210
IC50 [LM IC50 [LM
32 37

5 2.4

Antimicrobial activity
zone inhibition

@ 25 pgmL™!

Bacillus subtillus

9

Anti- COX-1

oxidant  inhibition

activity (%)

IC50 pM 100 uM

10.71 80.8

18.96 47.4

HL60 Apoptotic

ICso pM  activity
ACso pM

3 4.5

3 4

hACATI  hACAT2

ICso M ICs0 pM

32.4 68.5

COX-2
inhibition
(%)

100 uM

58.1
35.0

35

Anti-inflam-
matory in-
hibition (%)
75 mgkg!

60.3
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only a relatively small number have been assessed for biological activity. As
a result the remaining part of this chapter will focus on those analogs that:
a) possess biological activity, b) closely resemble CA-4, 7 structurally, c) have
an interesting synthetic scheme, and/or d) have the potential to possess anti-
tumor activity.

There are two distinct classes of compounds that fit the criteria men-
tioned above: alkene-functionalized chalcone derivatives (Fig. 1B) and enone-
functionalized chalcone derivatives (Fig. 1C). Within each class, both aro-
matic and non-aromatic compounds exist. Those compounds functionalized
at the alkene include: i) 3-membered heterocycles, e.g., epoxide and aziri-
dine compounds, ii) 5-membered aromatic derivatives including fused and
non-fused compounds, and iii) 6-membered aromatic pyrazine compounds.
The enone-functionalized compounds include: i) 5-membered aromatics
such as pyrazole and isoxazole compounds, ii) 5-membered non-aromatic
compounds for example pyrazolines and isoxazolines, and iii) 6-membered
non-aromatics where a discussion of heterocyclic and non-heterocyclic com-
pounds will be given for completeness.

Table 2 shows a representative example of compounds that possess biolog-
ical activity. The synthesis of the most active compound in each class will
follow plus any alternative methods of producing them.

3.1
Alkene Functionalized Chalcone Derivatives

3.1.1
3-Membered Heterocycles

a) Epoxide Compounds

Synthesis of biologically active epoxides were reported by Le Blanc et al. and
were synthesized initially as a route into the pyrazole compounds shown in
Sect. 3.2.1a Scheme 48 [80]. Scheme 35 shows the synthesis of two of the most
active epoxides 139a and 139b. They were formed from the reaction of chal-
cones (140a and 140b, respectively) by reaction with H,O, and K, CO3 in MeOH

(6] (0]
H3CO = R1 a HsCO Ry
U T o0
H3CO R R>

HsCO
OCHs, OCHg
140a R1=0CHjs, R2=H 139a R1=OCH3, R2=H, 89%
140b R1=H, R2=OCHj 139b R1=H, R2=0OCHg, 78%

Scheme 35 a H,0,, K,CO3, CH30H, rt, 3h [80]



Synthesis of Stilbene and Chalcone Analogs of Combretastatin 37

at room temperature for 3 hours. These conditions improve on those stated by
Bhat et al. [81]. They report a similar reaction except NaOH and EtOH were
used. The reaction time was significantly longer at 15 versus 3 hours.

b) Aziridine Compounds

The aziridines are the nitrogen analogs of the epoxides and undergo simi-
lar electrophilic reactions. No biological data were obtained for these com-
pounds nor were they used as precursors to any CA-4, 7, analogs. They have
been included since the synthesis is noteworthy, and they could be interest-
ing intermediates. Xu et al. stereoselectively aziridinated chalcones using the
nitrene precursor (PhINTS) and a copper catalyst to form compound 141
(Scheme 36) [82].

9] 0
= a I’
—_—
¢ Y
Ts

141, 80%
Scheme 36 a PhINTS, AnBOX, CuOTf, CH,Cl,, 5h [82]

3.1.2
5-Membered Aromatic Rings

a) Non-Fused Thiophene Compounds

Flynn et al. described the synthesis of thiophene-containing analogs of CA-
4, 7 [70]. The synthesis of compound 142 was performed using interme-
diate 96 (a description of the formation of this intermediate is given in
Scheme 23). Aromatization of 96 with DDQ and acetate hydrolysis yielded
the hydroxyl intermediate 143. Dilithiation of 143 and reaction with 3,4,5-

QCHs ocH
OAc 30H
a,b c
P . —_—
I~ s Q

I~~~ s
. a H3CO cl
9 H3CO

143, 91% OCH3 142, 65%

144
Scheme 37 a DDQ, CH,Cl,; b MeOH, K,COs3; ¢ ¢t-BuLi, — 78 °C, then 144 [70]
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trimethoxybenzoyl chloride 144 produced the thiophene compound 142 in
65% yield (Scheme 37).

b) Fused Thiophene Compounds

Pinney et al. reported the synthesis of benzothiophene CA4 analogs and an
example synthesis is given in Scheme 38 [83]. Benzothiophene (145) was pro-
duced by reacting aromatic thiol 146 with «-bromoacetophenone 147 to gen-
erate the sulfide 148. Compound 148 was then cyclized to the benzothiophene
149 using polyphosphoric acid and heat. Formation of 145 was achieved by
Friedel-Crafts aroylation of 149 with the methoxybenzoyl chloride 144.
2,3-disubstituted benzo[b]thiophenes were similarly synthesized and were
described by Flynn et al. [71]. Dibromostyrene 150 is coupled to iodoben-

HsCO SH
¢ 146 0 O
a M Tt —
L b
N
HsCO 2

o 148, 90-95%
o )
HaCO OCHj
147 c 149, 90%
o
0.0l
HsCO OCH;
OCH;,

144

Scheme 38 a NaOH, EtOH; b PPA, heat; ¢ 144, AlCl;, CH,Cl, [83]

Br

Z "Br

OiPr
OCHj

150 HsCO

Scheme 39 a 2 x t-Buli, THE then ZnCl,, Pd(PPh3),Cl, 2mol%, 151; b I, CH,Cly;
¢ t-BuLi, THE, 144; d AICl3 3 equiv, CH,Cl, [71]
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zenesulfide 151. The diaryl alkyne 152 then reacts with iodine to give
the 5-endo-dig-iodocyclization to the 3-iodobenzo[b]thiophene 153. The
iodobenzo[b]thiophene is then coupled with the aryl acid chloride 144 to
form the target compound 154 (Scheme 39).

¢) Fused Benzofuran Compounds

The synthetic approach to the benzo[b]furan is similar to that of the thio-
phenes described in Scheme 39. The synthetic approach was described by
Flynn et al. [73], and an example synthesis is given in Scheme 40. The ap-
propriate iodophenol 104 is coupled to the aryl alkyne 111. The intermediate
155 is subsequently cyclized in the presence of an appropriately substituted
aryl iodide, e.g., 107 under an atmosphere of carbon monoxide gas, to give
the benzo[b]furan chalcone derivative 156. Deprotection of the hydroxyl pro-
duces the target compound 157.

OCHs
QiPr
jod >
HsCO OH
104 Il
+ a
_f
| | O OMgClI
OCHs
OiPr 155
OCHs

111

Scheme 40 a CH3MgCl 2 equiv, Pd(PPh3),Cl, 3 mol %, THE, 65 °C, 1.5 h, Ny(g); b cool to
rt, 107, DMSO, 80 °C, 16-18 h, COg); € AlCl;, CH,Cl, [73]

d) Fused Indole Compounds

Flynn et al., also described the synthesis of the fused indoles [73]. The
o-iodotrifluoroacetanilide 110 was coupled to aryl alkyne 111 under Sono-
gashira conditions followed by subsequent reaction with aryl iodide, 107 with
gaseous carbon dioxide produced the fused indole 158. Lewis acid dealkyla-
tion with aluminum trichloride produced the deprotected alcohol 159.
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HsCO i—i O

10 4 CFs

OCHs OCH3
OiPr L 166 — Hico OCHj 158, 73%

OCHsg
111 OCHs

159,91% OCHs

Scheme 41 a Pd(PPhs3),Cl,, Cul, EtsN, CH3CN, 18 °C, 1 h, Nz(g); b 107, K,CO3, 18 °C, 18 h,
CO(g); ¢ AlCl3;, CH,Cl, [73]

3.1.3
6-Membered Aromatic Derivatives

a) Pyrazine Compounds

Buron et al.,, published the synthesis of botryllazine derivatives containing
a pyrazine core [84]. Scheme 42 describes the synthesis of these compounds.
Chloropyrazine 160 was employed as the starting material for the synthe-
sis of the pyrazine chalcone analog 161. 2-Chloro-3-tributylstannylpyrazine
162 was the key intermediate and was coupled with acid chloride 163 to pro-
duce the ketone 164. Following protection and subsequent reaction with 165,
pyrazine 166 was generated. Oxidation, deprotection, and demetallation pro-
duced the pyrazine of interest 161.

3.2
Enone Functionalized Chalcone Derivatives

3.2.1
5-Membered Aromatic Rings

a) Pyrazole Compounds

Szczepaikiewicz et al. [85] reported the synthesis of pyrazoles (e.g., 167) from
the diketone 168 with hydrazine hydrate, shown in Scheme 43. Nigram et al.
executed a similar synthetic sequence [86].
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Scheme 42 a (i) LTMP, THE - 100 to —40 °C, 2.5 h, Bu3SnCl (ii) H,O, HCl, THE -40 to
0°C; b 163, 10% Pd(PPhs),, PhCH3, 110 °C; ¢ ethylene glycol, APTS; d LTMP, THF — 75 °C,
165; e MnO,, THE, rt; fp-CH3OC6H4B(OH)2, Pd(PPhs)4, EtOH, K,CO3, PhCH3, 8 h; go M
aq. HCI, CH30H, 65 °C, 2 h; h pyridinium hydrochloride, 210 °C, 1.5h [84]

0
HaC—4
HsCO c a HCO, N-N
g Ha T () CHa
co HsCO O
Hg
NO
OCHs 168 H3CO 2
0
HaC—4
b cd H3CO N\N
o N \ CHj
HaCO O
HaCO NH,
167

Scheme 43 a Hydrazine hydrate, CH,Cl,/EtOH; b Ac,0; ¢ H,/Pd - C, EtOAc; d separate
regioisomers by flash chromatography [85]
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Similarly, Scheme 44 indicates that Selvan et al. utilized S-hydroxy enones
(e.g., 169) to synthesize pyrazoles (e.g., 170) [87]. Although this example is
a curcumin analog and not a chalcone derivative, it has been included as this
class of compounds exhibited anti-oxidant and COX-1/COX-2 activity.

Scheme 45 shows a general reaction of the pyrazole chemistry reported
by Pinto et al. [88]. This group generated bis-pyrazoles (e.g., 171) from bis
chromones (e.g., 172) and dibrominated bis-chalcones (e.g., 173) using simi-
lar reaction conditions as stated in Schemes 43 and 44.

Fattah et al., utilized f-keto vinyl ethers (e.g., 174) in the presence of hy-
drazine as precursors to pyrazoles (e.g., 175) [89]. Scheme 46 gives a general
illustration of this reaction.

O OH
H3CO. AN NG OCH; 4 HsCO N-NH OCHs
O O "y
HO OH HO OH
169
170

Scheme 44 a Hydrazine hydrate, acetic acid [87]

OH O Br Br O OH
B a
%
Br l ¥z Br
52-61%

173 OH HN~N HO

t bstituti s !
meta or para substitution // W@
| Y

172
meta or para substitution

Scheme 45 a Hydrazine hydrate, MeOH, reflux, 24 h [88]

R
O  OCH.CHj N-N
_ : -0
4>
L0 (.
174 175, 70-85%
Bt = Benzotriazol-1-yl R=PhorH

Scheme 46 a Hydrazine hydrate or phenyl hydrazine, EtOH, reflux [89]
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A different method of generating pyrazoles was reported by Aggarwal et al.
and is shown in Scheme 47 [90]. Reaction of diazo compound 176 (derived from
benzaldehyde 165) with an alkynylbenzene enabled cyclization to pyrazole 177.

Pyrazoles were synthesized in the authors’ laboratory by Le Blanc et al.
from the epoxy-ketone as already stated in Sect. 3.1.1a, Scheme 35 [80]. The
synthetic strategy employed by Le Blanc et al. [80] was based upon that the
strategy published by Bhat et al. [81] who also described the synthesis of
pyrazoles but did not report cytotoxic evaluation on the synthesized com-
pounds. Scheme 48 shows the synthesis of the most active compound (178).
Dissolution of the epoxide (179) with a xylenes followed by treatment with p-
toluenesulfonic acid and hydrazine hydrate produced the pure nitro-pyrazole
180 in good yield (60%). Catalytic hydrogenation with palladium on acti-
vated carbon allowed the amino-pyrazole (178) to be obtained in a pure form.
This synthesis allowed relatively large numbers of compounds to be produced
as the crude product was sufficiently pure. Yield, reaction time, and purifi-
cation compared to reported approaches were improved [50, 61, and 81].
Cytotoxicity of these pyrazole analogs was disappointing. The planarity of
these compounds may account for this, as CA-4, 7 is a twisted molecule.

To try and address this issue of conformation, Forrest et al., in the authors’
laboratory examined methyl- and phenyl-substituted analogs of the pyrazoles
mentioned above, employing a similar synthesis [91]. These molecules are

N
O N+ N—NH
)
/©)‘\H ab H c
—_— B — e
HsCO HsCO
165 176

177, 51%

Scheme 47 a p-Toluenesulfonyl hydrazide, acetonitrile, rt, 3h; b 5M aq. NaOH; ¢ phenyl-
acetylene, 50 °C, 48 h [90]

o N—NH
HsCO NO; a HaCO I NO,
DI D OhAa®
H5CO OCH3 H3CO OCH3
OCHs OCHs 180, 60%
179 ’
b N—NH
% .
SR a s
H3CO OCHs
OCHs
178, 78%

Scheme 48 a Hydrazine hydrate, p-TsOH, xylenes/CH,Cl,, reflux; b H,, 5% Pd/C, THE,
rt [80]
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still under investigation as the cytotoxicity of these compounds was found to
be comparable to the unsubstituted pyrazoles (Table 2).

b) Isoxazole Compounds

Moustafa and Ahmed reported the synthesis of isoxazoles [92,93]. These
compounds are related to pyrazoles except that an oxygen replaces the amine
nitrogen. Scheme 49 shows the synthesis of 182 from the corresponding chal-
cone 183 by reaction with hydroxylamine. Although these compounds were
not tested for cytotoxicity as tubulin binders, they were found to possess anti-
bacterial and anti-fungal activity.

The isoxazoles 184a and b were synthesized by Selvam et al., and the syn-
thesis is described in Scheme 50 [87]. As with Scheme 49, this group utilized
hydroxyl amine reacted with the B-hydroxy enones (169 and 185) to form the
isoxazoles (184a and b).

A more elaborate approach was taken by Kaffy et al. [94]. The goal of
the research was a series of compounds with greater stability and a higher
affinity for endothelial cells within tumor vessels than CA-4, 7; however, the
paper described a method that was purely synthetic. The synthetic strategy
involved a 1,3-dipolar cycloaddition of a nitrile oxide 186 with a substituted
aryl alkyne 187 to form the oxazole 188.

Simoni et al., described the synthesis of isoxazole analogs of CA-4, 7 [60].
The synthetic approach was similar to that of Kaffy et al. Two isomers could
be produced by following the synthetic route shown in Scheme 52, the ni-
trogen pointing to the A-ring (194) and the oxygen pointing to the A-ring
(195). The same starting materials and the same reaction conditions were
used for both compounds; the difference lay in which set of reaction con-
ditions were applied to which starting material. To produce oxime 192- and

Q N—O
= a | P
4>
CHs
PhO,S CHs PhO,S
183 182
Scheme 49 a Hydroxylamine hydrochloride, sodium acetate/acetic acid, EtOH, reflux,
6h [92,93]

O OH R
R4 A ONF Rz a R
9 L, T LD o
HO OH HO
169 R1=R2=0CH3 184a R1=R2=0CHj3;
185 R1=0OCH3 R2=H 184b R1=0CH3 R2=H

Scheme 50 a Hydroxylamine hydrochloride, acetic acid, 85 °C, 6 h [87]
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O _
)K@EOTBDMS OTBDMS X \\ OTBDMS
OCH
8 OCH; OCH3
75%
o
N+
HsCO =Z Il HsCO
+ HsCO O \
HsCO — O
OCH, OTBDMS HiCO g8 OCHjg
187 OCHjs OTBDMS
186 HaCO.
O-N
oo )\
c g
. o
HaCO OCHs
OH

Scheme 51 a Hydroxylamine hydrochloride, pyridine, EtOH, reflux, 1h; b aq. NaOCl,
Et3N, CH,Cly, 0°C, rt, 24 h; ¢ TBAF [94]

(0} O O 0
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HzCO OCH; HsCO OCHg

18 OCHg 191 191 OTBDMS 18 OCHg
a b J b
NOH
NOH
HaCO H HJ\@OTBDMS H H OCHjg
HsCO . OCH HsCO : OCHs
OCHj 194, 67% OTBDMS OCHa
192, 56% 193, 47% 195, 85%
c,d.e
c,de
-0 OH
HaCO HsCO O‘Ql oH
O N
OCH O
HaCO O ¢ H3COOCH3
HsCO 489, 88% HsCO
190, 68%

Scheme 52 a Hydroxylamine hydrochloride, sodium bicarbonate, CH3;OH/H,0 3:1;
b CH3PPh3;*Br~, NaH, THF; ¢ CHCl3, pyridine, NCS, TEA; d TBAF, CH,Cly; e MnO,,
benzene, reflux [60]



46 T. Brown et al.

193-substituted aldehydes, 18 and 191, respectively, were reacted with hydrox-
ylamine in aqueous MeOH. The olefins 194 and 195 were prepared by a Wittig
reaction of 191 and 18, respectively, with methyltriphenylphosphonium bro-
mide. The nitrile oxides of the oximes (192 or 193) following Torsell’s proced-
ure underwent a [3 + 2] regioselective cycloaddition with required olefin (194
or 195) to produce the isoxazoline intermediates. Oxidation was performed
using MnO; in a benzene solution, and the corresponding isoxazoles (189 or
190) were obtained.

3.2.2
5-Membered Non-Aromatic Ring Compounds

a) Pyrazoline Compounds

Pyrazoline compounds are partially unsaturated pyrazoles. Jeong et al. [95,
96] and Moustafa and Ahmad [92] described the formation of these com-
pounds from chalcones (e.g., 196) using hydrazine hydrate to form the pyra-
zolines (e.g., 197, Scheme 53 [95]). Chimenti et al. also described the synthesis
of the pyrazolines from reaction of hydrazine with chalcones but included
acetic acid in the reaction mixture [97].

Scheme 54 shows the synthesis reported by Cox et al. of the pyrazoline
compound 198 [98]. The Weinreb amide (e.g., 199) was reacted with a ter-
minal alkyne followed by a reaction of the resulting alkyl ketone (200) with
an aryl cuprate to produce the pyrazoline 198. Cox et al. employed the use
of microwave technology in this reaction. Kidwai and Misra also employed
microwave technology to produce pyrazoline compounds [99].

Although none of the pyrazolines have been tested as tubulin binders Jeong
et al. reported the activity of pyrazolines for their lipid peroxidation inhibitory

o}
= a N—NH
|O |O —_— !
HO OH O O
HO OH

196 197, 96%
Scheme 53 Hydrazine hydrate, EtOH, rt-reflux [95, 96]

[e) O CH3

~NH
_OCHs a,b _ '\f CHs
N . c
—— D
199 200 198, 91%

Scheme 54 a n-Buli, HCCCHj3, THE — 78 °C to rt, 3h; b Ar'Li, CuBr-DMS, THE, — 78 °C,
3 h; ¢ hydrazine hydrate, EtOH, microwave, 150 °C, 30 min [98]
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properties against hACAT-1 and hACAT-2 [95, 96]. Chimenti et al., examined
the pyrazolines against anti-bacterial strains [97] and -alkyl pyrazolines syn-
thesized by Cox et al., were reported to exhibit inhibitory properties against
mitotic kinesins that are essential to formation of the mitotic spindle [98].
Breslin et al., synthesized a host of pyrazolines that were found to be active
in inhibiting mitotic kinesins with ICsy values of less than 50 uM [100]. These
compounds typically contained a difluoro-A-ring, with a variety of substituents
on the B-ring. This observation led to an examination of the bioactive proper-
ties of pyrazoline analogs of CA4, 7 by the authors. Early studies carried out by
Dickson et al. showed that these pyrazolines have improved ICsy values when
compared to pyrazole derivatives and CA-4, 7 [101].

b) Isoxazoline Compounds

Isoxazolines are partially unsaturated isoxazoles. In most cases these com-
pounds are precursors to the isoxazoles, and as a result, the synthesis can
also be found in Sect. 3.2.1b. Kaffy et al., used a 1,3-dipolar cycloaddition of
a nitrile oxide (186) with the respective styrene (201a or b) to generate isox-
azolines (202a or b, respectively). Depending on the substitution of the vinyl
portion of the styrene molecule, either 3- or 4-substituted isoxazolines could
be formed (Scheme 55) [94]. Simoni et al. employed similar chemistry to pro-
duce isoxazolines [60]. Kidwai and Misra emplyed microwave technology to
treat chalcones with hydroxylamine and basic alumina [99]. The isoxazoles
synthesized by Simoni et al. possess anti-proliferative and apoptotic activity
in the micromolar range [60].

Q
R N
| I N-O

o, OCHj3

H3CO . ab :

[——
HeCO OTBDMS HsCO R OCHjg
OCH3 OCH3 OH OCH3
2018 R = CO-Et 186 202a R = CO,Et, 63%
= to 202b R = CONEt, 58%

Scheme 55 a Et3N, aq. NaOCl/CH;,Cl,, 0°C, rt, 24 h; b TBAF [94]

3.23
6-Membered Non-Aromatic Ring Compounds

a) Dihydropyrimidine Thione Compounds
Heterocyclic rings can be produced from the reaction of a chalcone 203 under

basic conditions with urea or thiourea, generating the corresponding diaryl
guanidinium structure 204a or 204b as displayed in Scheme 56 by Kidwai and
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X
N N~ NH
O F O a ‘)'\/K‘
- 70
HyCO .
203 2042 X =0
204b X = S

Scheme 56 a (i) Urea, HCI, EtOH, reflux, 8 h or thiourea, NaOH, EtOH, reflux, 5 h; (ii) urea
or thiourea, EtOH, neutral alumina, microwave [99]

Misra [99]. Scheme 56 indicates another route to the same compounds also
reported by Kidwai and Misra but employing microwave technology [99].

This section has illustrated a number of chalcone-derived analogs of com-
bretastatins. For the most part there have been limited biological studies with
these compounds; however, the synthesis was included for completeness and
to indicate that they warrant further investigation.

4
Conclusions

The synthesis of biologically important heterocyclic stilbene and chalcone
derivatives of combretastatins has been discussed. Combretastatins have been
shown to be inhibitors of tubulin polymerization. In many cases the com-
pounds described in this chapter were included because of an interesting
synthesis or structure, although limited biological data were found. It is the
author’s opinion that a great number of the compounds contained within this
review are worthy of further investigation as potential tubulin binders.
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Abstract This review examines the antitumor activity and synthetic strategies for pyrrole-
containing natural products possessing the oxygenated 3,4-diaryl or 3,4-diheteroaryl
substitution pattern during the period of 1995-2005. The specific pyrrole-containing
natural products are discussed in an order according to their characteristic structural
features, which include the dihydroisoquinoline and §-lactone framework in some cases.
The presence or absence of methoxy or hydroxy groups at appropriate positions on aro-
matic rings or heteroaromatic rings is discussed and such factors have been correlated
to antitumor activity and multidrug resistance reversal activity for various structural
classes.

Keywords Pyrrole - Natural products - Antitumor agents - Multi-drug resistance

Abbreviations

DMFA  N,N-dimethylformamide dimethylacetal

DPPA  Diphenylphosphorylazide

EDs Effective dose for 50% inhibition of cell culture growth
MDR  Multi drug resistance

MIC Minimum inhibitory concentration

PTSA  p-Toluenesulfonic acid
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1
Introduction

The development of new chemotherapeutic agents for a particular disease
state continues to depend to a significant degree on the discovery of a “lead
compound”, which can be further developed into a viable drug candidate.
A very important aspect of this process is to find novel substances that will
provide a new mode of action for the treatment of a specific disease. From
a historical standpoint, the isolation of novel substances from natural sources
has often provided this lead compound. The number of new drugs and their
origin for the period 1981-2002 has recently been summarized [1], and, of 79

Me — N>ANH % JMe

Me OMe O MeO

Dolastatin-10

Cryptophycin-52

Fig.1 Marine Natural Products in Clinical Trials
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R = Aryl or Heteroaryl groups
X = H or alkyl/aryl grouping

Fig.2 General Structural Features of Pyrrole Containing Marine Natural Products

new pharmaceuticals listed under the category of antitumor agents, 40 have
their origin in the area of natural products chemistry. One area of natural
products, which is attracting significantly more attention, involves substances
derived from marine organisms [2]. At least three substances [Dolastatin-10,
Bryostatin-1 and Cryptophycin-52 (see for example Fig. 1)] of marine natu-
ral product origin are currently in Phase II clinical trials for the treatment of
various forms of cancer.

It is interesting to note that during the period from 1995 to 2005 a sig-
nificant number of marine natural products possessing a pyrrole ring system
have been isolated, characterized, and bioassayed. Many of these pyrrole-
derived natural products contain an oxygenated 3,4-diaryl substitution pat-
tern (Fig. 2), which appears to be directly related to a variety of interesting
biological properties.

Once such natural product derived drug templates are found through ap-
propriate screening techniques, the need to find efficient and versatile synthe-
ses of the natural products and their analogs from readily available starting
materials is crucial to the development of a new drug. Major or minor alter-
ations in the natural product structure may be required to maximize desirable
pharmacokinetic and pharmacodynamic properties of the lead compound
and to minimize the undesirable properties of the substance. The focus of
this review will be to examine the antitumor activity and synthetic strategies
for pyrrole-containing natural products possessing the oxygenated 3,4-diaryl
substitution pattern during the period of 1995-2005. The specific pyrrole-
containing natural products will be taken up according to their characteristic
structural features. It should be noted that there are numerous pyrrole natural
products, which are also of significant biological interest but do not conform
to the oxygenated 3,4-diaryl scaffold and these substances have in some cases
been reviewed elsewhere [3-5].

2
Lukianols

Lukianol A (1) and B (2) (Fig. 3) were discovered in 1992 by Scheuer and co-
workers [6] during the isolation of compounds from the extracts of a Pacific
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Fig.3 General Structure of Lukianol Natural Products

tunicate. A subcategory of tunicates are referred to as ascidians [7], which are
vertebrate animals and are among the more highly evolved marine organisms
routinely examined for natural product purposes. The term tunicate is de-
rived from the fact that their body resembles a tunic. The two lukianols were
examined for activity against a human epidermatoid carcinoma cell line in
which case lukianol A exhibited a minimum inhibitory concentration (MIC)
of 1 ug/mL while lukianol B exhibited an MIC value of 100 pug/mL.

Lukianol A was first synthesized (Scheme 1) by Furstner and coworkers [8]
in 1995 in which case a disubstituted o, 8-unsaturated ketone (3) was used as
the starting material. This material was epoxidized, rearranged, trapped as an
oxazole, subsequently cleaved via hydrogenolysis, and acylated to give a tri-
carbonyl compound (5). A key step involving a titanium mediated McMurry-
type ring closure of 5 produced 2-carbomethoxy-3,4-diarylpyrrole (6) in
good yield. It should be noted that this last reaction creates the oxygenated
3,4-diarylpyrrole scaffold, which is presumed to be critical for biological
activity. The transformation of this pyrrole (6) to lukianol A (1) is com-
pleted by alkylation at nitrogen, ring closure and demethylation with boron
tribromide.

Banwell and coworkers [9] reported their synthesis of lukianol A in 1997
and suggested therein that lukianol A and related compounds might be func-
tioning as antimitotic agents by virtue of their close structural relationship
to combretastatin A-4, which is known to bind to the colchicine site of tubu-
lin. The Banwell synthesis is depicted in Scheme 2. The synthesis commences
with the tribromination of an N-triisopropylsilyl protected pyrrole (8) fol-
lowed by selective metalation of the 2 position, carbomethoxylation and
subsequent N-deprotection. The resulting 2,3,4-trisubstituted pyrrole (10)
is subjected to Suzuki cross-coupling conditions with the appropriate aryl
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Scheme 1 Furstner Group Synthesis of Lukianol

boronic acid to give the key lukianol synthon (6) prepared by Furstner and
thereby constituting a relay synthesis of the natural product.

Boger and his research group [10] have also developed a very efficient
and flexible synthesis of lukianol A as depicted in Scheme 3. The key trans-
formation for the formation of the tetrasubstituted pyrrole precursor (15)
involves formation of a symmetrically substituted diazine (14) by a Diels-
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Alder/retrograde Diels—Alder reaction sequence of a diaryl alkyne with a 3,6-
dicarbomethoxy tetrazine. The resulting diazine (14) is then reduced, cleaved
and cyclized with Zn/acetic acid to the 2,3,4,5-tetrasubstituted pyrrole (15),
which is then N-alkylated with «-bromo-4-methoxyacetophenone to give
a pentasubstituted pyrrole (16). The synthesis of lukianol A is completed by
ester hydrolysis, decarboxylation, ring closure and deprotection.

A clear advantage of this methodology is the ability to generate analogs
quickly and easily thereby making it useful for the preparation of related
natural products, which will be evident later in this review. In this paper,
Boger also reported the activity of lukianol A and several synthetic pre-
cursors against a select group of cancer cell lines whereby ICs5y values in
the range of 1-20 pM were observed. Perhaps more importantly, Boger also
examined the multidrug resistance (MDR) reversal activity of lukianol, re-
lated analogs and synthetic precursors in comparison to verapamil, which
is a well-known MDR reversal agent. Since multidrug resistance cancer cell
lines are a challenging problem in chemotherapy, the ability to inhibit cellu-
lar P-glycoprotein efflux pumps with suitably functionalized small molecules
becomes quite significant. Although lukianol A did not demonstrate MDR re-
versal activity, a precursor (15) did exhibit some reasonable activity in this
regard. It is also of interest to note that the MDR reversal activity of these
pyrrole-containing compounds occurs at non-cytotoxic concentrations. An-
other general trend observed by Boger and others is that phenolic hydroxyl
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groups in such pyrroles are normally associated with cytotoxic behavior

while the O-protected derivatives are associated with MDR reversal behavior.
The observance of this kind of activity is a continuing theme for many of the

oxygenated 3,4-diarylated pyrrole-containing natural products.

Our own research group [11] has been interested in using vinylogous
iminium salt derivatives for the preparation of highly functionalized pyrroles,

thereby providing another alternative to the synthesis of lukianol A.
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Our synthesis (Scheme 4) begins with the treatment of desoxyanisoin (17)
with DMF acetal to give a vinylogous amide (18), which is then converted
to a diarylsubstituted vinylogous iminium salt (19) as an E/Z mixture of
isomers in a 60/40 ratio, respectively. This salt is crystallized cleanly with
sodium hexafluorophosphate in methanol. This compound (19) is condensed
with glycine methyl ester hydrochloride under basic conditions to give the
Furstner intermediate (6) which was previously converted to lukianol A.
It is postulated that that the iminium salt (19) forms a Schiff’s base with
glycine and this is followed by an anionic ring closure with elimination of
chloride and dimethyl amine to give the desired 2,3,4-trisubstituted pyrrole
(6). Alternatively, the iminium salt can be hydrolyzed to the corresponding
B-chloroenal (20), which also reacts readily with glycine methyl ester hy-
drochloride under basic conditions to produce the Furstner intermediate (6).
Kim and coworkers [12] have reported a modification of our synthetic strat-

o ! OMe

O DMFA, DMF and Heat
MeO —_————
17
POCI3, CH,Cl, and Heat, followed by
NaPFg in MeOH
OMe
o Water/THF at rt
SN
MeO o
20
H,N—"~CO,Me H,N—"~CO,Me
NaH, DMF and Heat NaH, DMF and Heat
MeO OMe
/ A\
N~ "CO,Me
|
H

Furstner intermediate

Scheme 4 Gupton Group Synthesis of Lukianol
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egy by condensing the dimethyl ester of aminomalonate with our vinylogous
amide (18) in an acidic two-step process which involves heating in acetic acid
in the first step, followed by heating in acetic acid/water. In collaboration with
our group and the Hall and Burnham groups [13-16], our key pyrrole in-
termediate (6) was evaluated against a number of cancer cell lines in which
case EDsj values in the range of 3-20 uM were observed. It was also deter-
mined that when L1210 lymphocytic leukemia cell metabolism was examined
over a 60-min period upon treatment with this pyrrole (6), DNA and pro-
tein synthesis were inhibited. Inhibition of the enzymes DNA polymerase «,
certain RNA polymerases, ribonucleoside reductase, dihydrofolate reductase,
PRPP amido-transferase, IMP dehydrogenase as well as purine de novo syn-
thesis was also noted during this study. Additional synthetic analogs, which
contained only one aryl group and in some cases no methoxy or no hydroxyl
groups, continued to exhibit cancer line EDs( values in the range of 3-20 uM.

The Bullington group [17] at Johnson and Johnson Pharmaceutical have
also developed a very efficient and concise synthesis (Scheme 5) of the Furst-
ner intermediate (6) to lukianol A. The synthesis relies on the condensation
of benzyl nitriles with aromatic aldehydes under basic conditions to give the
corresponding electron deficient alkenes (23).

Methyl isocyanoacetate is known to react with such electron deficient
alkenes under basic conditions to give 2-carboalkoxy pyrroles (6) via

MeO
OMe
O CNCH,CO,Me, KOt-Bu
and Heat

7\ -

N~ CO,Me

0

6

Furstner Intermediate

Scheme 5 Bullington Group Synthesis of Lukianol
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a Michael-type addition followed by ring closure and elimination. One of the
strengths of this approach is the ease of incorporation of various aromatic
groups into the pyrrole ring with control of regiochemistry.

The final method (Scheme 6) available for the preparation of the Furst-
ner intermediate (6) for conversion to lukianol A was developed by Wong
and his group [18]. It is somewhat reminiscent in a general sense to the
cross-coupling strategy used by Banwell. A 3,4-bis(trimethylsilylated)pyrrole
(24) protected as an N-sulfonamide is monoiodinated to differentiate the
reactivity of the 3,4-positions. This iodopyrrole (25) undergoes Suzuki cross-
coupling with 4-methoxyphenylboronic acid at the iodo-bearing carbon. This
monoarylated pyrrole (26) then undergoes replacement of the remaining
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Z/ g - 2/ \;
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SO,NMe, SO,NMe,
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24
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Scheme 6 Wong Group Synthesis of Lukianol
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TMS group and the Suzuki cross-coupling reaction is again repeated. This se-
quential process allows for the introduction of different aromatic groups at
positions 3 and 4 of the pyrrole system. The synthesis of the Furstner inter-
mediate (6) is completed by removal of the sulfonamide group.

3
Lamellarins

The lamellarins (Fig. 4) are another group of the 3,4-diarylpyrrole-containing
natural products of marine origin. The first isolation and structure determin-
ation of these substances was reported [19] by Faulkner and Clardy in 1985.
As a consequence of their significant biological activity, this class of com-
pounds has attracted great attention. Bailly has recently provided an excellent
review [20-24] detailing the origin, structure, and relevant biological infor-
mation for the lamellarins. There are at present over 30 compounds that are
considered to be lamallarin-type alkaloids having been isolated from proso-
branch mollusks and ascidians. From a structural standpoint, the lamellarins
fall into one of three categories (Fig. 4). Lamellarins O, P, Q, and R have
a motif (29) closely related to the lukianols. At least 16 of the remaining
lamellarins can be characterized by a tetrahydroisoquinoline structure (30)
and another eight examples exhibit the dihydroisoquinoline framework (31).
Bailly, Steglich and others have suggested that the biogenesis of these and
related 3,4-diarylpyrroles derives from 3,4-dihydroxyphenylalanine (DOPA)
secondary metabolites and that substances with a dihydroisoquinoline struc-
tural type (31) have a clear specificity for acting on DNA manipulating
enzymes.

RO OR
RO
o o ()
RO
I\ °
7\ RO N Y
N COzMe
é RO Y
X
29 30 31
Z = oxygenated phenyl group X =MeO or HO or H _
connected by a one or two carbon X=MeQorHO or H
tether to nitrogen; a carbonyl group Y=HOorH _
may be present in the tether. R =Me or Hor SO;Na
R=MeorH

Fig.4 General Structure of Lamellarin Natural Products
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Bailly’s review [20-24] covers in great detail the origins and nature of
lamellarin biological activity and a brief treatment of this topic will be men-
tioned here. Compounds exhibiting the dihydroisoquinoline structure (31),
which bear a sulfate group, show impressive activity as inhibitors of HIV-1 in-
tegrase [25] whereas little cytotoxicity for cancer cell lines is observed. Other
compounds of this structural type, such as lamellarin D, are known to be in-
hibitors of mammalian topoisomerase I, which is the site of action for the
important anticancer agent camptothecin. Additional lamellarins of this class
(31) are also known to bind to DNA, and in the presence of certain metals,
will produce DNA cleavage. Ishibashi [26] and Quesada [27] have reported
that lamellarins of type 30 and 31 exhibit ICs values in the range of 10 WM for
a variety of cancer cell lines and they have correlated this activity to the pres-
ence or absence of certain methoxy and hydroxy group substitution. More
recently, Bailly and coworkers [28] have pointed out that lamellarin D can
act as a potent apoptotic agent against P388 leukemia cells. As was the case
for the lukianols, the lamellarins as reported by Quesada [27], exhibit very
promising activity as MDR reversal agents at non-cytotoxic concentrations
for cancer lines resistant to normal chemotherapy. Consequently, lamellarins
with a structural scaffold containing the tetrahydroisoquinoline (30) or di-
hydroisoquinoline (31) framework have been an important target for many
synthetic chemists and these syntheses will be presented in some detail.

In 1997, Steglich reported (Scheme 7) the synthesis [29] of lamellarin G
trimethyl ether (36) based on the biosynthetic proposal that such compounds
arise from 3,4-dihydroxyphenylalanine (DOPA) secondary metabolites.

The coupling reaction of appropriately substituted arylpyruvic acids with
themselves in the presence of base and iodine at low temperature produced
the desired symmetrical 1,4-diketone (33) in good yield. Reaction of this dike-
tone with a highly functionalized arylethylamine in the presence of molecular
sieves generates the pentasubstituted pyrrole (34). Subsequent treatment with
lead tetraacetate produces a pyrrololactone (35) through oxidative lactoniza-
tion. The last step involving the formation of the isoquinoline framework is
quite unique and involves an intramolecular Heck-type reaction with loss of
a carboxylic acid group to produce lamellarin G trimethyl ether (36). Steglich
has also used a similar strategy [30] for the preparation of lamellarin L
whereby two different arylpyruvic acids were coupled together in the first step
of the synthesis.

Ishibashi and coworkers [26] have reported a very efficient method for
synthesizing a variety of lamellarin alkaloids and the preparation of lamel-
larin D and H are presented in Scheme 8.

An appropriately functionalized isoquinoline (38) bearing a benzyl group
is prepared from an aromatic aldehyde (37). The benzyl position is metalated
with LDA and the resulting carbanion is reacted with a highly substituted
methyl benzoate to produce a ketone (39). The isoquinoline nitrogen is alkyl-
ated with ethyl a-bromoacetate and the resulting quaternary salt is cyclized
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Scheme 7 Steglich Group Synthesis of Lamellarin Natural Products

with triethyl-amine to the lamallarin scaffold (41). The O-benzyl protecting
groups are removed from the pyrroloisoquinoline (41) via hydrogenolysis
to give lamellarin D (42), which could be transformed to lamellarin H (43)
by treatment with boron tribromide. Assuming the benzylated isoquinolines
(38) can be easily prepared with some degree of structural diversity, this syn-
thetic strategy should provide a wide range of lamellarin analogs in a very
efficient manner.
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Banwell’s group [31] has also made significant contributions to the syn-
thesis of lamellarin-type alkaloids and their preparation of lamellarin K is
described in Scheme 9. The preparation of unsymmetrical alkynes (46) bear-
ing oxygenated phenyl groups is accomplished by cross-coupling chemistry.
A phenolic group (48) is then unmasked via a Bayer-Villager oxidation and
subsequent ammonolysis. The phenolic group is esterified with «-iodoacetic
acid and the resulting «-iodoacetic acid ester is reacted with an appropriately
substituted dihydroisoquinoline to give a quaternary salt (49). Upon treat-
ment of this salt (49) with base an azomethine ylide forms and undergoes
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intramolecular cycloaddition to the alkyne to form the lamellarin scaffold
(50). Selective deprotection of the i-propoxy groups by aluminum trichloride
in methylene chloride produces lamellarin K (51).

Banwell’s group has provided an alternative strategy [32] for obtaining the
lamellarin framework and it is presented in Scheme 10. The methodology in-
volves the formation of a 2,4-disubstituted pyrrole (53) containing an acid
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chloride at carbon 2 and an iodo group at carbon 4. The acid chloride is ester-
ified with 2-bromophenol and this product (54) is then alkylated on nitrogen
with the tosylate ester of o-bromophenethyl alcohol to give a trisubstituted
pyrrole (55). This pyrrole is subjected to a Negishi cross-coupling reaction to
yield a key pyrrole synthon (56), which is then subjected to an intramolecular
Heck-type coupling reaction producing the lamellarin scaffold (57). Banwell
has referred to this process as a “double-barrelled approach” since two Heck
reactions are accomplished in a one-pot process. Although the yield is rather
low for the last step, the rapid assembly of the lamellarin skeleton is quite
impressive.

Ruchirawat has also been active in the construction of the lamellarins and
his route [33] to lamellarin G trimethyl ether (36) is depicted in Scheme 11.
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Scheme 11 Ruchirawat Group Synthesis of Lamellarin Natural Products

In this route a dihydroisoquinoline (58) is N alkylated with a highly func-
tionalized «-bromoacetophenone (59) to give a quaternary salt (60), which is
treated with base and cyclizes to a pyrroloisoquinoline (60). The pyrrole nu-
cleus is then formylated under Vilsmeier-Haack conditions at position 5 and
a proximate mesylated phenolic group is deprotected with base to yield a pen-
tasubstituted pyrrole (61). Subsequent oxidative cyclization of this formylpyr-
role produces the §-lactone portion of lamellarin G trimethyl ether (36). This
sequence allows for rapid and efficient analog synthesis as well as the synthe-
sis of the natural product.

Ruchirawat has also developed a second generation and third generation
variant of Scheme 11. The second generation strategy [34] utilizes the basic
structure of compound 60 whereby a bromine is present at the 5-position
of the pyrrole and the nearby mesylate group is replaced with a carbethoxy
substituent allowing for selective metalation and ring closure to lamel-
larin G trimethyl ether (36). The third-generation strategy [35] employs an
ethoxycarbonyl-8-nitrostyrene for construction of the desired pentacyclic
precursors (61).
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Guitian and coworkers [36] have also employed dihydroisoquinoline start-
ing materials (62) for their approach (Scheme 12) to the lamellarins. The
dihydroisoquinoline nitrogen is oxidized and the N-oxide (63) undergoes
a 1,3-dipolar cycloaddition with an alkynyl ester to generate the desired
lamellarin precursor (64) after rearrangement of the initial adduct. Depro-
tection of an isopropyl protected phenol and subsequent lactonization with
aluminum trichloride yields either lamellarin I (65) or K (54) depending on
the nature of the phenolic protecting groups that are employed.

Ishibashi and Iwao have reported [37] a novel route (Scheme 13) to lamel-
larin G trimethyl ether that utilizes a much different strategy than the
one outlined in Scheme 8. The synthesis begins with the dialkylation of
a phenethyl amine with ethyl «-bromoacetate to yield an aminodiester (67).
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Scheme 13 Second Ishibashi Group Synthesis of Lamellarin Natural Products

This aminodiester (67) is condensed under basic conditions with dimethyl
oxalate to give a pentasubstituted system (68) bearing hydroxyl groups at
positions 3 and 4 of the pyrrole. The hydroxyl groups are triflated and
sequentially cross-coupled with highly oxygenated boronic acids to yield
a pentasubstituted pyrrole (70). This pyrrole (70) is hydrolyzed, cyclized and
decarboxylated to give an intermediate, which is subjected to Heck cross-
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coupling conditions. This allows for the formation of the dihydroisoquinoline
portion of the molecule and completes the transformation to lamellarin G
trimethyl ether (36).

Handy and coworkers [38] have also offered a very useful approach
(Scheme 14) to lamellarin G trimethyl ether (36) and they have referred to this
strategy as being “modular in nature”. The route starts with an N-protected
4-bromo-2-carboethoxypyrrole (72) and involves introduction of three differ-
ent aryl groups via three sequential, regiospecific halogenations, which are

MeO B(OH)2
MeO MeQ ~ PoMe MeO  OMe
Br MeO@B(OH)Z MeO O
N\ — OHy
_— =
Mo Pd(PPhs),, DMF B { ) Pd(EPha),, DMF, I\
BOC 3)4, ) r H,0 and Na,CO
H,0 and Na,COjy N "COEt e 2~53 MeO N~ CO,Et
followed by NBS in DMF H Voo &
72 73 e 74
OH
TsCl in Pyridine
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\J
MeO OMe MeO OMe
NBS in DMF O
Br
I\ | d—couet
MeO l N CO,Et MeO O 2
MeO MeO
76 75
MeO, OH MeO  ome
MeO,

Pd(PPhjy),, DMF,
H,0 and Na,CO3

36

Scheme 14 Handy Group Synthesis of Lamellarin Natural Products
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followed by three Suzuki cross-coupling reactions. This procedure allows for
great diversity for the introduction of alternative aromatic groups. In add-
ition, Handy and Zhang [39] have provided a recent and excellent review of
the lamellarin alkaloids.

Alvarez and coworkers [40] have used a somewhat similar approach to the
method of Handy with the exception that the dihydroisoquinoline framework
is constructed first and bromines are then incorporated at positions 3 and 4
of the pyrrole followed by Suzuki cross-coupling reactions to introduce the
highly oxygenated aryl groups. Due to the great interest in making analogs
of the lamellarin family of alkaloids for drug-development studies, Alvarez
and coworkers [41,42] and Ruchirawat and coworkers [43] have successfully
applied polymer-supported methods to the strategies previously described
in this section. Clearly, the lamellarin scaffold is a privileged structure for
antitumor activity as well as other disease targets.

4
Ningalins

The isolation and characterization of ningalins A-D (Fig.5) from a dark
purple Didemnum ascidian were first reported by Fenical [44] and Kang in
1997. Structurally, the ningalins somewhat resemble the lamellarins in that
ningalins A and B possess either one or two §-lactone rings and in their report
Fenical and Kang suggested that ningalin A may well be a biogenic precursor
to many of the lamellarins. Ningalins C and D are very unique in that they
contain the 2,5-pyrroledione core and are closely related to purpuronone [45]
and the polycitrins. Purpuronone only slightly differs in structure from
Ningalin D in that the N substitution corresponds to a 4-hydroxyphenethyl
group. These 2,5-pyrroledione natural products are quite interesting biolog-
ically in that they inhibit ATP-citrate lyase [45], which is a significant target
for hypercholesterolemia therapy.

Boger and coworkers have examined the cytotoxicity of ningalin A and
B derivatives against various cancer cell lines [10,46] and have found sig-
nificant activity. Of even greater interest has been the impressive ability of
these ningalins (A and B) to function as MDR reversal agents [10, 46, 47] at
non-cytotoxic concentrations as reported by Boger in several papers. As pre-
sented earlier in the discussion of the lukianols, Boger and his group have
very successfully utilized [10, 46] highly functionalized diazines as precursors
to tetrasubstituted pyrroles and the synthesis of Ningalin A is presented in the
Scheme 15.

The Boger group synthesis commences with a Stille coupling of a stannyl
acetylene with two equivalents of a highly oxygenated bromobenzene to yield
a symmetrical diarylalkyne (82). The subsequent reaction of this alkyne (82)
with 3,6-dicabomethoxytetrazine under Diels-Alder/retrograde Diels-Alder
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conditions produces a 3,4,5,6-tetrasubstituted diazine (83). Reduction with
Zn/HOAc converts the tetrazine to the pyrrole (84) and mild acid hydrolysis
produces the monolactonized derivative (85). Treatment of this compound
(85) with DBU followed by boron tribromide yields ningalin A (77) in good
overall yield.

Our research group [48] has also been interested in the synthesis of
ningalin B and our route to ningalin B hexamethyl ether is presented in
Scheme 16.

An aromatic ketone (86) is prepared by Friedel-Crafts acylation and is
treated with DMF acetal to produce the corresponding vinylogous amide
(87). The vinylogous amide is transformed in high yield to a mixture of
B-chloroenal isomers (88) with the E-isomer predominating. Condensation of
the B-chloroenal isomers (88) with glycine methyl ester produces the 2,3,4-
trisubstituted pyrrole (89) in good yield. Interestingly, both S-chloroenal
isomers are converted to the desired product. The pyrrole nitrogen is alky-
lated under basic conditions with the mesylate ester of an aryl ethanol to
produce the desired pyrrole (90). Hydrolysis of the ester group of the pyrrole
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Scheme 15 First Boger Group Synthesis of Ningalin Natural Products

(90) to the corresponding carboxylic acid followed by oxidative lactoniza-
tion with lead tetraacetate yields ningalin B hexamethyl ether (91), which had
been previously demethylated by Boger to ningalin B.

In Scheme 5 under the lukianol section, the Bullington synthesis [17] of
2,3,4-trisubstituted pyrroles was presented. Bullington has used this strategy
to prepare ningalin B and the resulting steps in this route are presented in
Scheme 17. This route also constitutes a very efficient method for the con-
struction of the ningalin A and B scaffold.
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Iwao and Ishibashi [37] have utilized their methodology depicted in
Scheme 13 for the preparation of ningalin B hexamethyl ether (91) with com-
pound 71 functioning as the key precursor for this relay synthesis. This strat-
egy appears to be very flexible for a wide variety of pyrrole natural products.

Steglich has developed [49] a synthesis (Scheme 18) of ningalin C based
upon the route described in Scheme 7, which relies upon a biosynthetic pro-
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posal. A 1,4-diketone (33) is cyclized to a tetrasubstituted pyrrole (94) in
the usual manner (see Scheme 7) and this compound undergoes bis decar-
boxylation under acidic conditions to give a 1,3,4-trisubstituted pyrrole (94).
A Rhodium catalyzed insertion reaction is utilized to install a benzyl es-
ter group at C-2 of the pyrrole (94), which is then hydrolyzed in base to
the corresponding acid. Heating with trifluoroacetic anhydride/potassium
trifluoroacetate effects a cyclization to give an acetate (96). Base-mediated
hydrolysis of this ester (96) in the presence of air produces a double bond
isomerization and oxidation to generate the 2,5-pyrroledione core. Demethy-
lation with boron tribromide completes the synthesis of ningalin C (79).

Ruchirawat and coworkers [50] have also contributed a new methodology
(Scheme 19) to the synthesis of ningalin C. Ruchirawat prepares a key benzo-
quinone (97) in three steps from readily available materials and this material
is reacted with an arylethylamine, which undergoes Michael addition fol-
lowed by air oxidation to give an aminobenzoquinone (98). This amine is
then deprotonated with LDA at low temperature, trapped with an arylacetic
acid ester and subjected to mild acidic dehydration conditions. The resulting
product is permethyl ningalin C (99), which had been converted to ningalin C
by Steglich as described in Scheme 18.
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Boger and coworkers [51] have also extended their very useful pyrrole
methodology to the preparation of ningalin D (Scheme 20). A tetrasubsti-
tuted pyrrole (100) is prepared in the usual manner (see Scheme 3) via
Diels-Alder/retrograde Diels-Alder chemistry involving azines that undergo
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subsequent reductive cleavage. This pyrrole is subsequently N-alkylated and
is then subjected to base-mediated Diekmann condensation to yield the de-
sired highly functionalized pyrrole (102). The symmetrical pyrrole precursor
(101) has been carefully constructed to allow the double Diekmann conden-
sation to occur via proximate esters group attached to the aryl and pyrrole
rings. The Diekmann product (102) is triflated at both phenolic sites and sub-
jected to Suzuki cross-coupling in the presence of LiCl, which is apparently
crucial for effecting a high-yield reaction, thereby producing the anticipated
polycyclic framework (103). This material (103) is hydrolyzed to the corres-
ponding diacid, which is then subjected to Curtius rearrangement conditions
and the resulting isocyanate is trapped with water in the presence of air to
yield permethyl ningalin D (104). Conversion to the natural product (80) is
accomplished by dealkylation with boron tribromide. In this paper, Boger
continues to report very interesting cytotoxicity to cancer cell lines and MDR
reversal activity for the compounds, which were prepared as part of his syn-
thetic route.
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5
Polycitones

The isolation from a marine ascidian and subsequent structure determin-
ation of polycitone A (105) (Fig. 6) was first reported [52] by Kashman and
coworkers in 1994. In this paper, the penta-O-methyl derivative was reported
to inhibit the growth of SV40 transformed fibroblast cells at a concentra-
tion of 10 ug/mL. Loya, Hizi and Kashman published [53] an extensive
account of the biological activity of polycitone A in 1999 in which case in-
hibition of retroviral reverse transcriptases and cellular DNA polymerases
was described. The isolation from an ascidian and structure determination
of polycitone B (106) (Fig. 4) was subsequently reported [54] by Kashman
and coworkers in 2000. Obviously, the presence of extensive bromination in
both polycitone A and B make this family of compounds unique among the
3,4-diarylpyrrole natural products.

Steglich and coworkers reported [55] the first synthesis of polycitone A and
B in 2002 by using their biomimetic pyrrole strategy as depicted in Scheme 7.
A tetrasubstituted pyrrole synthon (3,4-diarylpyrrole-2,5-dicarboxylic acid,
107) is prepared in the usual manner (see Scheme 7). A Friedel-Crafts acyla-
tion of both carboxylic acids is accomplished to give a symmetrical diketone
(108). This material is dealkylated with aluminum triiodide to give the corres-
ponding symmetrical phenolic pyrrole (109). Treatment of this pyrrole (109)
with excess bromine in acetic acid halogenates all of the phenolic groups
at C-3 and C-5 to yield polycitone B, which is peracylated with acetyl chlo-
ride/triethylamine thereby producing the desired O-protected octabromi-
nated pyrrole (110). Mitsunobu conditions allows for the alkylation of this
pyrrole (110), which generates the N-phenethylated analog (111). Deprotec-
tion of this pyrrole (111) with hydrazine hydrate produces polycitone A (105).

OH

106
105

Fig.6 General Structure of Polycitone Natural Products
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Our research group [56] has also been interested in developing an efficient
strategy (Scheme 22) for the preparation of the polycitones by utilizing viny-
logous iminium salt starting materials. We quickly recognized that the sym-
metrical pyrrole (108) prepared by Steglich in Scheme 21 is an important syn-
thon for any polycitone synthesis. This key intermediate (108) is prepared by
formation of a vinamidinium salt (113) in high yield from 4-methoxyphenyl-
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acetic acid under Vilsmeier conditions. Reaction of the vinamidinium salt
(113) with the PTSA salt of ¢-amino-4-methoxyacetophenone produces a 2,4-
disubstituted pyrrole (114) in high yield, which is acylated at the 5 position
with 4-methoxybenzoic acid to give a trisubstituted pyrrole (115). Iodination
of this pyrrole (115) is accomplished at position 4 and is followed by a Suzuki
cross-coupling reaction to yield the Steglich synthon (108). Interestingly, the
cross-coupling reaction only works well when the reaction is accelerated by
microwave heating. We believe that stepwise introduction of the various aryl
groups offers significant flexibility for analog synthesis and for subsequent
SAR studies.
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6
Storniamide

The structure determination of the storniamides was first reported [57] in
1996 by Palermo and coworkers as part of a bioassay driven extraction of
a Patagonian sponge from the waters off the coast of Argentina. The struc-
tures of the storniamides (Fig. 7) differ only in the type of oxygenation of
the phenyl groups and storniamide A (117) typifies this family of pyrrole-
containing natural products. Initially, these compounds were found to exhibit
antibiotic properties but Boger has reported [10] biological activity against
an L1210 (leukemia) cell line and very significant activity as an MDR rever-
sal agent. Furstner and coworkers [58] have reported similar results for such
compounds relative to their MDR reversal behavior but he also noted that
significant DNA-cleaving properties of storniamide A precursors were also
observed.

Boger’s group has successfully prepared [10] permethyl storniamide
A (118) via a route (Scheme 23) such as the one already presented in
Scheme 3.

A key pentasubstituted pyrrole (118) was prepared in the usual manner
(see Scheme 3) via the Diels—Alder/retrograde Diels—Alder process followed
by reduction, ring closure, N-alkylation and ester hydrolysis. This pyrrole
diacid (118) was converted to the corresponding diamide (119) by use of the
PyBrOP reagent. Oxidation of the thiols to sulfoxides was accomplished via
sodium periodate and thermal elimination conditions produced a mixture
of olefinic stereoisomers with the desired E,E-isomer predominating thereby
yielding permethyl storniamide A (120). Steglich and coworkers have also
prepared permethyl storniamide A (120) by a route analogous to the one
presented in Scheme 7 and this will not be presented in any greater detail.
Steglich’s strategy for such natural products continues to be very important by
virtue of its biomimetic approach.

117

Fig.7 General Structure of Storniamide Natural Products
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Furstner’s group has also developed [58] a very practical strategy (Scheme
24) for the relay synthesis of permethyl storniamide A (120) via an important
diester (126), which was the precursor to the Boger diacid (118) presented in
Scheme 23.

In this method, Furstner converts N-BOC protected pyrrole to the 2,5-
dibromo compound (122) with NBS and this is followed by metalation and
carbomethoxylation with t-butyl lithium in THF and subsequent trapping of
the metalated species with methyl chloroformate to yield a pyrrole diester
(123). Bromination of this diester at positions 3 and 4 with bromine in wa-
ter followed by Suzuki cross-coupling with 3,4,5-trimethoxyphenyl boronic
acid yields the symmetrical tetrasubstituted pyrrole (125). Base-mediated
N-alkylation of this pyrrole with 4-methoxyphenethyl bromide produces the
key Boger diester (126) and thereby constitutes a relay synthesis of permethyl
storniamide A (120).

Iwao and Ishibashi [37] have also utilized their methodology presented in
Scheme 13 to accomplish a relay synthesis of permethylstorniamide A and
a brief representation of this route is given in Scheme 25.

The preparation of a pentasubstituted pyrrole (130) is accomplished by
base-mediated condensation of an aminodiester (128) with dimethyl glyoxy-
late to give a 3,4-dihydroxylated pyrrole (129), which is reacted with triflic
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anhydride to produce a key pyrrole synthon (130). Application of Suzuki
cross-coupling conditions to this pyrrole (130) generates the Boger diester
(126) and completes the relay synthesis of permethylstorniamide A (120).

7
Lycogalic Acid and Halitulin

Lycogalic acid (131) and halitulin (132) represent unique analogs (Fig. 8) to
the 3,4-diaryl pyrrole scaffold of the natural products previously discussed.
Lycogalic acid (131) contains indole rings attached at both C-3 and C-4 of
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Fig.8 General Structure of Lycogalic Acid and Halitulin Natural Products

the pyrrole system whereas halitulin contains oxygenated quinoline groups at
these positions plus a cycloazadecane system attached to the pyrrole nitrogen
by way of a three-carbon tether. Lycolgalic acid was isolated by Steglich [59]
and coworkers in 1994 from fruit bodies making them unique in their ori-
gin. Prior to their work, Hoshino and coworkers [60] had isolated lycogalic
acid in 1993 from a mutant of the bacterium Chromobacterium violaceum.
No biological activity has yet to be reported for this pyrrole class. Kashman
and coworkers reported [61] the isolation of halitulin from the marine sponge
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Haliclona tulearensis in 1999. In this paper, it was also reported that halit-
ulin exhibited significant cytotoxicity against P-388 (leukemia), A-549 (lung),
HT-29 (colon) and MEL-28 (melanoma) tumor cell lines.

In the report by Steglich for the isolation of lycogalic acid he also de-
scribed his synthesis of lycogalic acid dimethyl ester (135) by his biomimetic
approach (Scheme 26) as previously presented in Scheme 18.

Furstner has also used his methodology [58] as presented in Scheme 24 for
the preparation of lycogalic acid dimethyl ester (135) and this is presented in
Scheme 27. The ability to access indole boronic acids is an important consid-
eration for this particular route.

Furstner has extended this strategy to the halitulin core by using Negishi
coupling conditions and this is presented in Scheme 28.

Banwell, Steglich and Kashman [62,63] have combined their expertise to
complete a total synthesis of halitulin and this is described in Scheme 29.
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This route involves the conversion of a 3,4-diiodopyrrole (139) to the corres-
ponding 3,4-diboronate ester (140) followed by a bis Suzuki cross-coupling
reaction with a bromoquinoline, which generates the halitulin core (141).
This pyrrole (141) is then alkylated with a tosylated cycloazadecane to gen-
erate a pentasubstituted pyrrole (143), which is converted to halitulin by
debenzylation under hydrogenolysis conditions.

8
Dicytodendrins

The dicytodendrins A-E (Fig. 9) are one of the most recent 3,4-diarylpyrrole
natural products to be reported [64]. Their isolation by Fusetani and co-
workers from a Japanese marine sponge was reported in 2003. These sub-
stances (144-148) have been shown to inhibit telomerase at a concentration
of 50 ug/mL thereby making such compounds potentially useful as antitu-
mor agents given that telomerase activity is found in 90% of cancer cells but
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not in normal cells. At the writing of this review, these natural products have
not yielded to total synthesis, but given the current state of synthetic method-
ology reported in this review, it is only a matter of time before synthetic
material will be available for further biological investigations.

9
Conclusions

In summary, the isolation, structure determination, and synthesis of 3,4-
diaryl pyrrole natural products has become a prominent focus of organic
chemists as a consequence of the biological properties of these substances
and their potential to be used as lead compounds for the discovery of novel
anticancer or anti-HIV drugs or to function as MDR reversal agents for the
respective diseases. A variety of synthetic methodologies have demonstrated
significant value in the construction of these pyrrole-containing scaffolds. It is
now possible to prepare analogs, conduct SAR studies, and thereby optimize
desirable pharmacological properties and minimize the undesirable side ef-
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fects. Perhaps in the very near future some analogs or synthetic precursors of
these pyrrole-containing natural products will make it to the pharmaceutical
market place given the rapid developments in this area of organic/medicinal
chemistry.
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Abstract Synthetic approaches to a number of carboline derivatives having antitumor
activity are described. Representative examples of molecules with different substitution
patterns were chosen for discussion, as well as those that illustrated both “classic” and
novel synthetic methods. The majority of the compounds discussed are S-carbolines, as
these have been the most widely studied. Representative examples of isomeric carbolines
are also described, however. Several carboline derivatives show activity at nanomolar con-
centrations, and so are of keen interest for possible development into clinically useful
antitumor agents.
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Abbreviations

Boc tert-butoxycarbonyl

bp Boiling point

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

DIBAL Diisobutylaluminum hydride
DMAP  4-(dimethylamino)pyridine

DME

1,2-dimethoxyethane
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DPPA  Diphenylphosphoryl azide

dppf Bis(diphenylphosphino)ferrocene
GIsp 50% growth inhibition

ICso 50% inhibitory concentration
LAH Lithium aluminum hydride
LDA Lithium diisopropylamide
LiHMDS Lithium hexamethyldisilazide
m-CPBA m-chloroperoxybenzoic acid
MOM  Methoxymethyl

PPA Poly(phosphoric acid)

SEM (2-(trimethylsilyl)ethoxymethyl)
TFA Trifluoroacetic acid

TFAA  Trifluoroacetic anhydride

THF Tetrahydrofuran

TIPS Triisopropylsilyl

1
Introduction

Carbolines are pyridoindoles, and are classified as «, 8, y or § according to
the mode of ring fusion, as illustrated below (Fig. 1). The most abundant are
B-carbolines, which are biologically derived from tryptophan. Compounds
containing the B-carboline ring system have been found to exhibit a wide
range of biological activity, although are perhaps best known for their ability
to bind to GABA, receptors, often as effectively as clinically active benzodi-
azepines [1,2]. Members of this class of compounds have also been found to
bind to 5-HT, serotonin receptors [3] as well as imidazoline receptors [4, 5],
in addition to acting as inhibitors of I«B kinase [6] and PDE5 [7-9]. This re-
view, however, will focus on synthetic methods used to prepare §-carbolines
that have been shown to possess antitumor properties. Synthesis and activity
of other carbolines will also be discussed briefly. The coverage is not in-
tended to be comprehensive - instead, representative compounds containing
the carboline structure as well as the synthetic routes leading to such com-
pounds will be discussed. Emphasis will be placed on more recent synthetic
methods, and will focus primarily on strategies for constructing the carboline
ring system with various substitution patterns, rather than synthetic steps re-
quired for the preparation of the substituents themselves (A review of general
methods of synthesizing S-carbolines has appeared [10]).

— — =N N=
N N N N
H H H H
a-Carboline B-Carboline y-Carboline §-Carboline

Fig.1 General structures of carbolines
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2
Syntheses of Selected $-Carbolines

2.1
Syntheses of 3-Carbolines Substituted Only in the Pyridine Ring

2,11
B-Carbolines Substituted Only at C-1

Since tryptophan (and its decarboxylation product, tryptamine) serve as pre-
cursors in many synthetic and biosynthetic routes to B-carbolines, it is not
surprising that C-1 of the B-carboline ring is the most common site of sub-
stitution (as it is the only ring atom of the S-carboline ring system not
derived from tryptophan). Indeed, this is the only site of substitution for
many p-carboline natural products. Two examples of naturally occurring
B-carbolines substituted only at C-1 which possess antitumor activity are
manzamine A and manzamine C (Fig. 2). Owing to its greater simplicity and
nearly equal antitumor activity, most initial synthetic efforts were directed
toward manzamine C [11,12].

The first two reported syntheses of manzamine C utilized the two most
common approaches to the B-carboline ring system—the Pictet-Spengler
reaction [13, 14] and the Bischler-Napieralski reaction [15]. These two reac-
tions are illustrated in Fig. 3.

In the Pictet-Spengler approach, a tryptamine derivative is condensed
(typically using acid catalysis) with an aldehyde to yield the tetrahydro-g-
carboline 1. The reaction proceeds through formation of an iminium ion 4,
which adds initially to C-3 of the indole ring to give the spiroindolenium ion 5
(Fig. 4). An alkyl shift followed by proton loss gives the observed tetrahydro-
B-carboline. Oxidation to the fully aromatic 8-carboline can be accomplished
using a variety of reagents, though on many occasions such oxidations prove
to be problematic [10].

The Bischler-Napieralski approach to S-carboline synthesis is very simi-
lar to the Pictet-Spengler one, except that the tryptamine derivative is first

manzamine A

Fig.2 Structures of manzamine A and manzamine C
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Pictet-Spengler =
1
N [O]

H \
”O}\R N R
2 3

Bischler-Napieralski

Fig.3 Classic synthetic approaches to S-carbolines

acylated to give amide 2. Dehydration of this amide (typically with POCI3)
leads to an active iminium species which cyclizes and eventually produces
dihydro-B-carboline 3. Once again, an oxidation step is required to prepare
the fully aromatic B-carboline. While oxidation of dihydro-g-carbolines 3 is
generally more facile than that of tetrahydro-pB-carbolines 1, a drawback to
the Bischler-Napieralski approach is that the dehydration reaction leading to
3 often requires vigorous reaction conditions.

The first synthesis of manzamine C, reported by Nakagawa and Hino [16,
17], initially envisioned B-carboline 6 as a key intermediate (Fig. 5). Synthesis
of this compound using the Pictet-Spengler approach, however, proceeded in
fairly low yield (60% for the first step; 10-20% for the oxidation/desilylation
step), and thus other routes to this compound were investigated. Though con-
version of 7 to 8 under Bischler-Napieralski conditions proceeded in approxi-
mately the same yield as obtained via the Pictet-Spengler approach, oxidation
of 8 to yield 9, followed by reduction with LAH, gave alcohol 6 in signifi-
cantly higher yield. Unfortunately, mesylation of 6 followed by treatment with
6-(Z)-azacycloundecene 10 only provided a 10% yield of manzamine C 12
after “tedious chromatography”. Thus, acylation of 10 using ester 9 was inves-

RCHO
N
H

N
H R

Fig.4 Intermediates in the Pictet-Spengler reaction

\

e, 2
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Fig.5 Synthesis of manzamine C by Nakagawa and Hino

tigated, this reaction providing amide 11 in 68% yield. (Compound 11 could
be obtained in 87% yield by conversion of ester 9 to the potassium salt of
the corresponding carboxylic acid, followed by coupling with 10 mediated
by diphenylphosphoryl azide). Reduction of 11 with LAH provided manza-
mine C 12 as colorless prisms after two recrystallizations.

A little over a year later, Gerlach reported a successful synthesis of
B-carboline ester 17 via a Pictet-Spengler approach (Fig. 6) [18]. Treatment
of Np-benzyltryptamine 13 with protected formylacetic acid derivative 14 in
refluxing benzene gave tetrahydro-p-carboline 15 in 89% yield. Treatment
with palladium on carbon for 4.5h in refluxing mesitylene gave aromatized
B-carboline 16 in 90% yield, and methanolysis of the protecting group pro-
vided ester 17 also in 90% yield. From here, the synthesis of manzamine C
was much the same as Nakagawa and Hino’s. DMAP-catalyzed acylation of 10
by 17 gave amide 11, which, after treatment with LAH, gave manzamine C 12
in 56% yield, along with a 42% yield of recovered 11 after column chromatog-
raphy.

The synthesis reported by MaGee and Beck [19] also used ester 17 as a key
intermediate, though the natural product harmane 18 was used as the starting
material instead of tryptamine (Fig. 7). Treatment of 18 with four equivalents
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L|AIH4

COgMe
DMAF’
(73%)
=
Fig.6 Synthesis of manzamine C by Gerlach
- LDA -
N N - \ N
H CH MeOCO>Me H CO,Me
18 (78%) 17

Fig.7 Synthesis of ester 17 by MaGee and Beck

of LDA followed by an excess of dimethyl carbonate allowed isolation of ester
17 in 78% yield. From here, the synthesis of manzamine C essentially followed
that of Nakagawa and Hino.

All three of the syntheses described above required multi-step proced-
ures for the synthesis of amine component 10. In both Nakagawa’s and
Gerlach’s syntheses, introduction of the double bond was achieved by re-
duction of alkyne derivatives, while MaGee’s synthesis used a Ramberg-
Bickland rearrangement to generate the alkene. New syntheses of this key
intermediate and its derivatives continue to be published [20,21]. It ap-
pears, however, that neither the geometry nor the presence of the double
bond in the azaundecene ring are necessary for the antitumor activity
of manzamine C. Nagakawa and coworkers have prepared manzamine C
analogs (by a route directly analogous to that shown in Fig. 5) in which the
6-(Z)-azacycloundecene moiety has been replaced by the corresponding
6-(E)-azacycloundecene group, and also by the saturated dihydro derivative.
The B-carbolines constructed using these modified amines showed equal
or slightly better activity based on in vitro assays with several cancer cell
lines, with ICsq (50% inhibitory concentration) values generally ranging from
2-6 ug/mL [22].
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1) TFA

—————> manzamine A
2) DDQ

Fig.8 Pictet-Spengler approach to manzamine A

Challenges faced in the preparation of 6-(Z)-azacycloundecene, how-
ever, pale in significance compared to those encountered in the prepar-
ation of the polycyclic amine required for the synthesis of manzamine A.
The first [23] and subsequent [24,25] syntheses of manzamine A all pre-
pare the natural product ircinal A 19 and then condense this aldehyde with
tryptamine via a Pictet-Spengler reaction using trifluoroacetic acid to give
the corresponding tetrahydro-§-carboline (Fig. 8). Oxidation to the fully aro-
matic B-carboline is then achieved using DDQ, following the procedure of
Kobayashi and coworkers [26].

2.1.2
B-Carbolines also Substituted at C-3 and C-4

Though C-1 is a common site of substitution in B-carbolines, the presence
of carboxylic acids (or their derivatives) at C-3 is also frequently encoun-
tered, since such functionality can be derived from a tryptophan precur-
sor. Less common is substitution at C-4, although there are a number of
natural products in which the S-carboline ring is substituted at this pos-
ition as well. An example of such a compound is the antitumor antibi-
otic lavendamycin 26, isolated by Doyle and coworkers [27]. Not surpris-
ingly, initial syntheses of this compound followed the classic Pictet-Spengler
and Bischler-Napieralski approaches [28]. The first total synthesis of laven-
damycin (as its methyl ester) was reported by Kende and Ebetino [29] and
involved coupling of quinoline 20 with S-methyltryptophan methyl ester 21
using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide to give amide 22 in
90% yield (Fig.9). This amide underwent a Bischler-Napieralski reaction
upon treatment with polyphosphoric ester with concomitant oxidation to
give fB-carboline 23 in 31% yield. (A few years later, a similar synthesis was
reported by Rao and coworkers in which POCIl; was used as the condensa-
tion agent for the Bischler-Napieralski reaction, which increased the yield of
this step to 85%) [30]. Further modification of the quinoline ring eventually
led to the isolation of lavendamycin methyl ester 25. Attempts to hydrolyze 25
were not successful, only producing small amounts of lavendamycin as part of
a mixture.
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HsC
,COgMe
HO,C COzMe
7/
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22 —
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(30%) o

NH,

Fig.9 Synthesis of lavendamycin methyl ester by Kende and Ebetino

The Pictet-Spengler reaction has also seen much use in the synthesis of
lavendamycin methyl ester. Both Hibino [31] and Behforouz [32] used it as
a key step in their syntheses of this molecule (Fig. 10). In Hibino’s synthesis,
B-methyltryptophan ethyl ester 27 was condensed with quinoline aldehyde 28
to give the corresponding tetrahydro-S-carboline, which was aromatized by
heating with palladium on carbon in xylenes, giving B-carboline 29 in 75%
yield. A five-step sequence (which included conversion to the methyl ester
for easier comparison with known compounds) yielded bromoquinone 24 in
27% vyield for the five steps. This completed Hibino’s formal total synthesis
of lavendamycin methyl ester, since this was the same intermediate used in
Kende’s synthesis.

Behforouz’s synthesis employed more highly substituted quinoline alde-
hyde 30, which, when condensed with ester 21, produced B-carboline 31
without need of a separate oxidation step. Selective hydrolysis of the acet-
amide group then provided lavendamycin methyl ester in high yield. A few
years later, Behforouz and coworkers reported an improved synthesis of 30,
thus boosting the overall yield of their lavendamycin synthesis [33].

Other routes to the key imine intermediate of the Pictet-Spengler reaction
have also been reported. For example, Molina and coworkers [34] generated
imine intermediate 34 by reaction of azide 32 with aldehyde 33 in the presence
of tributylphosphine, via the corresponding iminophosphorane (Fig. 11). Use
of triphenylphosphine was unsuccessful in the formation of an iminophos-
phorane. Without isolation, the intermediate was heated at 165 °C in a sealed
tube with palladium on carbon, giving §-carboline 35 in 45% yield. This com-
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g
HaC COzR \N CHO
OBn 28
7 \y  NHz
N
H
21 R=Me %
27 R=Et P
o
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(79%) o) 30

AcHN

Fig. 10 Syntheses of lavendamycin methyl ester and intermediate by Behforouz and Hib-
ino

Ha
G = | 33 COEt
3!
COEt SN cHo 7N N
Y N OBn N
3 H
N BuzP N
H _
32 BnO
Br
L 2 _

Fig.11 Synthesis of lavendamycin intermediate by Molina

pleted Molina’s formal total synthesis, as the corresponding methyl ester had
previously been used in Boger’s synthesis of lavendamycin methyl ester (see
below).

One of the earliest syntheses of lavendamycin methyl ester, however,
did not employ either the Pictet-Spengler or the Bischler-Napieralski reac-
tions for construction of the S-carboline ring system. Instead, a palladium-
promoted ring closure of aryl pyridine 36 (Fig.12) was used to prepare
B-carboline 37 by Boger and coworkers [35]. Unfortunately, stoichiometric
palladium was found to be necessary, in this case 1.5 equivalents of the
tetrakis(triphenylphosphine)palladium(0) being used. Friedlander condensa-
tion with aldehyde 38 in the presence of benzyltrimethylammonium hydrox-
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BnO CHO
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COMe CO,Me 38
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Fig. 12 Synthesis of lavendamycin methyl ester by Boger

ide (Triton B) gave 39 in 52-58% yield, and intermediate 39 was then carried
on to lavendamycin methyl ester under carefully controlled conditions.

Yet another route to intermediate 39 was reported by Ciufolini and
Bishop [36]. In their synthesis, heating azide 41 in refluxing o-dichloroben-
zene produced f-carboline 42 in 83% yield (Fig. 13). Oxidation with NaClO,
followed by esterification with diazomethane produced 39 in 97% yield. Since
intermediate 41 could be prepared in just four steps in 74% overall yield from
quinoline 40 and o-azidobenzaldehyde, this approach represented a fairly
quick and efficient route to 39.

Although lavendamycin was not used clinically due to solubility and tox-
icity problems [37], interest in lavendamycin analogues continues today. For

s W
(65%)
2) HSO4

(61%)

Fig. 14 Synthesis of lavendamycin analog
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example, Behforouz and coworkers have prepared a number of variants on the
lavendamycin structure [38], many of which show promising antitumor activ-
ity according to several assays, with GI5p (50% growth inhibition) values in
the 200 nM range [37]. The most active compound was amide derivative 46,
prepared from quinone 44, which was itself synthesized from the correspond-
ing methyl compound 43 in 65% yield by treatment with selenium dioxide
(Fig. 14) [39]. Condensation of 44 with amide 45 in refluxing anisole gave
a 63% yield of the corresponding B-carboline by a Pictet-Spengler reaction,
and hydrolysis of the butyramide with sulfuric acid proceeded in 96.5% yield,
completing the synthesis of 46.

213
B-Carbolines Substituted with Heteroatoms on the Pyridine Ring

A few B-carbolines in which heteroatoms are directly attached to the pyri-
dine ring have also been found to exhibit antitumor activity. For example,
Coldham and Boursereau have prepared a series of 1-amino-fS-carbolines as
simple analogs of the manzamine alkaloids [40]. Of those studied, the most
active was 49, prepared in 54% yield from chloro-g-carboline 48, which itself
was prepared from tryptamine by treatment with triphosgene, followed by
oxidation with palladium on carbon, and finally, chlorination using phospho-
rus oxychloride (Fig. 15). Though no yields were reported for the synthesis of
48, the authors in the literature cited reported an overall yield of 49% for the
three steps [41]. Amino-fS-carboline 49 was found to be active against a num-
ber of cancer cell lines, with a GI5p value against HOP-92 non-small cell lung
cancer cells nearly as good as that obtained for manzamine A (0.38 pM for 49,
compared to 0.25 uM for manzamine A). GI5y values against several other cell
lines ranged from 1.6 to 5.2 uM [40].

Substituted analogues of B-carbolin-1-one 47 have also been found to in-
hibit tumor cell proliferation. For example, Hu and coworkers have reported
that f-carbolin-1-one 51 inhibited cell proliferation of HeLa cells with an

o (triphosgene)

X _

N 2) Pd-C N
H a7 H O
J POCl;
— ENT > NH, =
\ N \ N

N (54%) N
Ho N s

49 NEtg

Fig.15 Synthesis of amino-substituted B-carboline
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Fig.16 Synthesis of 3-aryl-B-carboline-1-one

ICsp of 1.17 uM [42]. Unsubstituted B-carbolin-1-one 47 showed no such ac-
tivity, and 3-aryl B-carbolin-1-ones substituted with oxygenated groups at
positions 6 and 7 generally had greatly reduced activity.

The key step in Hu’s synthesis of 51 was cyclization of 50 by heating with
copper(I) iodide and sodium hydride in DME, followed by a 10% aqueous
ammonia work-up. Intermediate 50 was prepared via Michael addition of
ethyl acetamidocyanoacetate to the appropriate chalcone followed by acid-
catalyzed ring closure [42, 43].

2.2
Syntheses of 3-Carbolines Substituted
in Both the Pyridine and Indole Rings

Although ring C (the pyridine ring) is the most common site of substi-
tution in B-carbolines, there are a number of both natural and synthetic
B-carbolines substituted in the indole ring as well that show antitumor activ-
ity. One of the simplest such compounds is the natural product harmine 52
(Fig. 17), which has shown cytotoxicity to a number of human tumor cell lines
with EDsg values [44] in the range of 1.6-2.4 ug/mL [45]. The trans complex
of harmine with PdCl, (fourth coordination site taken up by DMSO) has also
been studied as an antitumor agent, with activity against several cell lines
being better than either cisplatin, carboplatin, or 5-FU [46]. Harmine deriva-
tive 53 was found to be active against a wide variety of tumor cell lines, with
EDs values typically in the range of 1 ug/mL [45]. Since 53 was purchased
for the study, no synthesis was reported, but presumably it can be made by
base-catalyzed condensation of harmine (or an N-protected derivative) with
p-nitrobenzaldehyde.

MeO

Fig.177 Harmine and a derivative
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Although harmine 52 is frequently obtained by isolation (or purchase
order), a synthesis of this compound as well as a number of analogs has
recently appeared [47,48]. The key step to this synthesis was the thermal
electrocyclization of oxime intermediate 55, which was prepared by acyla-
tion of vinylindole derivative 54 followed by treatment with hydroxylamine
hydrochloride. Neither oxime 55 nor its ketone precursor were isolated—
instead, the crude reaction mixture was heated at reflux in o-dichlorobenzene
to ultimately yield harmine in 56% yield overall starting from 54 (Fig. 18).

Harmine derivatives alkylated at N-9 (the indole nitrogen) have been
shown to have even better antitumor activity than their non-alkylated coun-
terparts [49]. For example, N-ethylharmine 56 (Fig. 19) showed ICs¢ values
in the 14-45 M range with regard to cytotoxicity to five different cancer
cell lines, while the corresponding values for harmine 52 were between 45
and 68 micromolar. Only with colon carcinoma cells (Lovo) was 56 less ef-
fective than 52. Significantly better activity has been shown by the analogous
N-benzylharmine 57, with an ICsy value of 0.01 uM against human HepG2
cells [50].

Tumor inhibition rates in mice with Lewis lung carcinoma as well as sar-
coma 180 have also been studied. While 52 displayed inhibition rates of 34.1%
and 15.3%, respectively, against these two types of tumors, 56 showed inhibi-
tion rates of 42.0% and 37.6% respectively [49]. Nevertheless, such inhibition
rates are still less than those observed for known antitumor agent cytophos-
phane, which had inhibition rates of 88.6% and 87.5% against these same two
tumors. Additionally, both 56 and 57 have been found to be neurotoxic [50].

The N-alkylated harmine derivatives were prepared by simple alkylation
of harmine anions (generated using sodium hydride) with alkyl halides and
bromides. For example, 56 was prepared in 83% vyield in this manner, and
the N-methyl analog (which had similar antitumor activity to that of 56) was
obtained in 80% yield using methyl iodide.

—  1)LDA —
2) AcNMe; A —
Meom > MeO \ N. \ N
N 3) NHoOHeHCI N e MeO y

|
54  SO.Ph NaOAc 55 PhO,S N" ch

Fig.18 Synthesis of harmine
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Fig.19 Alkylated harmine derivatives
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Fig.20 Synthesis of S-carboline esters

Good antitumor activity was also observed for a series of N-alkylated
B-carbolines lacking any substituents in the A ring [51]. These compounds
were prepared by initial treatment of tryptophan with a series of aldehydes,
yielding tetrahydro-pB-carbolines 58 via the classic Pictet-Spengler reaction
(Fig. 20). None of the tetrahydro-B-carbolines 58 showed antitumor activ-
ity, but Fisher esterification followed by oxidation with sulfur in refluxing
xylenes produced aromatic S-carboline esters 59, some of which showed an-
titumor activity, as did the free carboxylic acids derived from them. Most
of the activity, however, was confined to compounds in which the C-1 sub-
stituent was a methyl group (those derived from initial reaction of tryptophan
with acetaldehyde). As was found with harmine, alkylation of N-9 appeared
to improve cytotoxicity. Of the many compounds investigated, 61, prepared
by alkylation of 60 with pentafluorobenzyl bromide, showed the best activ-
ity, with ICsy values ranging from 4-47 pM for six different tumor cell lines.
As part of another study, 62 was prepared and found to have high antitumor
activity, yet did not show the neurotoxicity exhibited by 56 and 57 [50].

2.3
Syntheses of 3-Carbolines Fused with Other Rings

Tetracyclic systems in which another ring has been fused to the -carboline
nucleus have also shown promising antitumor activity. Of these, the best
known are the derivatives of canthin-6-one 63 (numbered as shown in
Fig. 21). Though perhaps better known for their antileukemic activity,
canthin-6-one and several of its methoxy derivatives (particularly 1-methoxy-
canthin-6-one and 9-methoxycanthin-6-one) have also been shown to possess
antitumor properties [52-56]. For example, 9-methoxycanthin-6-one had
EDs values [44] of < 2.5 and 4.5 pg/mL against A-549 (human lung cancer)
and MCF-7 (human breast cancer) cell lines, respectively, while canthin-6-one
had EDs values of 3.6 and 7.3 ug/mL against the same cell lines [55].
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Fig.21 Canthin-6-one

A recent synthesis of canthin-6-one 63 relies upon the classic Pictet-
Spengler reaction for construction of the S-carboline framework [57]. Czer-
winski and coworkers allowed Ny, -benzyltryptamine 13 (prepared by reaction
of tryptamine with benzoyl chloride followed by LAH reduction) to react with
2-ketoglutaric acid 64 in a refluxing mixture of benzene and dioxane in a flask
equipped with a Dean-Stark trap (Fig. 22). This produced hexahydrocanthin-
6-one derivative 65 in 80% yield. Removal of the benzyl group using ammo-
nium formate and palladium on carbon followed by oxidation with freshly
prepared manganese dioxide produced canthin-6-one 63 in 65% yield for the
two steps. This completed an exceptionally short synthesis of this compound,
proceeding in 48% overall yield from tryptamine.

Snyder and coworkers followed a completely different path to canthin-6-
one (Fig.23). Earlier they had shown that indole-substituted 1,24-triazine
66 could be heated in refluxing triisopropylbenzene (bp =232°C) to give
B-carboline 67 via an intramolecular cycloaddition/cycloreversion reac-
tion [58]. Selective oxidation of 67 at C-6 was achieved through the use of
triethylbenzylammonium permanganate [59]. Success of the reaction proved
to be very sensitive to the solvent chosen. Heating 67 for4hat 70°Cina5:1
mixture of dichloromethane and acetic acid gave a 65% yield of 63, yet use of
increasing amounts of dichloromethane slowed the reaction down (no reac-
tion occurred in pure dichloromethane), while use of pure acetic acid led to
an intractable mixture.

NP o
S Ph
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Fig.22 Synthesis of canthin-6-one by Czerwinski
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Fig.23 Synthesis of canthin-6-one by Snyder
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Blechert and coworkers investigated another cycloaddition route to
canthin-6-one 63 which proceeded through a single electron transfer mech-
anism [60]. Their synthesis began with natural product harmalane 68, rec-
ognizable as the product of a Bischler-Napieralski reaction conducted on
Np-acetyltryptamine (Fig. 24). (In fact, this precise reaction has been re-
ported previously, proceeding in 70-74% vyield) [61,62]. Treatment with
triflic anhydride produced sulfonamide 69, which was allowed to react with
methyl (E)-3-N,N-dimethylaminoacrylate 70 at a potential of 400 mV in an
electrochemical cell. Use of various ratios of 69 : 70 ranging from 5:1to 1:5
were investigated, with 71 being produced in yields ranging from 57% to 87%.
The best yield was obtained when a 5:1 ratio of 69 : 70 was employed. Re-
ductive removal of the triflyl group with sodium and naphthalene followed
by oxidation with manganese dioxide gave 72 in 44% yield for the two steps.
Acidic hydrolysis of the ester followed by decarboxylation using copper and
pyridine produced canthin-6-one 63 in 50% yield.

As alluded to earlier, methoxy-substituted canthin-6-ones have also shown
antitumor activity, so not surprisingly, there has been interest in the synthesis

70
/\/ COQMG
-
N (94%) N
68 69

(87%)

Fig.24 Synthesis of canthin-6-one by Blechert
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Fig.25 Synthesis of 1-methoxycanthin-6-one by Cook and Hagen
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of these compounds as well. The first synthesis of 1-methoxycanthin-6-one 77
was reported by Cook and Hagen [63, 64] and began with a Pictet-Spengler
reaction between tryptamine hydrochloride and dimethyl «-ketoglutarate 73
(Fig. 25). In contrast to Czerwinski’s later synthesis of canthin-6-one (Fig. 22),
since unprotected tryptamine was employed, tetracyclic intermediate 74 was
obtained in high yield rather than a product bearing the canthin-6-one skele-
ton. Treatment of 74 with seven equivalents of DDQ at room temperature for
3 days resulted in selective oxidation at C-1 in 78% yield. The methyl ester
was then hydrolyzed and decarboxylated in 88% yield, giving intermediate 75.
Heating 75 in methanol and trimethyl orthoformate with p-toluenesulfonic
acid resulted in concomitant enol ether formation, oxidative aromatization,
and methanolysis of the lactam to give ester 76 in 51% yield. Hydrolysis of
the ester with ammonium hydroxide followed by acid-catalyzed lactamization
gave 4,5-dihydro-1-methoxycanthin-6-one in 86% yield, which could then be
oxidized to the final product 77 in 70% yield by treatment with DDQ.
Recently, Suzuki and coworkers [65] have reported another synthesis of
1-methoxycanthin-6-one 77 (Fig. 26). Starting from indole-2-carboxaldehyde
78, reductive amination with ethyl glycinate and sodium cyanoborohydride,
followed by formylation with ethyl formate and formic acid gave amide es-
ter 79 in 79% overall yield (the formylation step was nearly quantitative) [66].
Acid-catalyzed ring closure could be effected using polyphosphoric acid, or,
in somewhat higher yields, using methanesulfonic acid, to give tetrahydro-
B-carboline-4-one 80. Ketalization, deprotection and oxidative aromatization

1) HoNCH,COEt E (0]
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CO,Me OFt
83 H OFt (45%)
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QQ
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84 N cHo

Fig.26 Synthesis of 1-methoxycanthin-6-one by Suzuki
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were all accomplished in one pot and in 72% yield by treatment with 2,2-
dimethoxypropane and chloranil in the presence of p-toluenesulfonic acid.
Functionalization at C-1 of §-carboline 81 was accomplished by N-oxidation
with m-CPBA (74% yield), followed by reaction with diethyl phosphoro-
cyanidate and triethylamine to give 82 in 61% yield. The phosphoryl group
could be cleaved from N-9 either in a separate step, or, more conveniently, as
part of the methanolysis of nitrile 82 to ester 83. Reduction of the ester with
diisobutylaluminum hydride provided S-carboline aldehyde 84 in 70% yield.
Treatment of ethyl acetate with LIHMDS generated the corresponding eno-
late, to which was added aldehyde 84. Aldol condensation and intramolecular
acylation provided 1-methoxycanthin-6-one 77 in 88% yield after appropri-
ate work-up conditions. Unsubstituted canthin-6-one 63 was also made in an
analogous manner in 83% yield from the corresponding aldehyde [65].

Synthesis and evaluation of a series of canthin-5,6-diones 85 (Fig. 27) has
also been reported [67]. The synthesis started with 1-methyl-B-carboline
(harmane) 18, which had been prepared by classic Pictet-Spengler methodol-
ogy. Heating 18 at 180 °C with a series of oxalate esters resulted in alkylation
of N-2, as well as annulation of the fourth ring, producing the corresponding
series of canthindiones 85 which included the natural product picrasidine L
85a. Activity against PC-6 human lung carcinoma cells was measured, and
was found to increase with increasing length of the alkyl group. Unfortu-
nately, yields of 85 were found to drop dramatically with increasing length
of this same alkyl group. Even for 85c, which was the most active com-
pound, GI5g values were significantly higher than those obtained for cisplatin
(0.28 pg/mL). Similar results were obtained using harmine 52 as the starting
material instead of harmane 18. Yields once again decreased with increasing
length of R, while antitumor activity increased. GI5y values, however, were
worse than those obtained for 85.

Another tetracyclic S-carboline that has been evaluated for antitumor ac-
tivity is indolizino[8,7-b]indole 88 (Fig. 28). Alkylation of 1-ethyl-8-carboline

Oy 8 oy
/

R yield (%) Glso (ug/mL)

a Me 750 27.2
180 °C b Et 282 16.2
¢ Bu 6.3 8.5

Fig.27 Synthesis of canthin-5,6-diones
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Fig.28 Synthesis of pyrrole-fused B-carboline
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86 with bromoacetone gave f-carbolinium salt 87 in excellent yield [68].
Cyclization under basic conditions then produced 88 in 36% yield after col-
umn chromatography and recrystallization. When tested against PC-6 cells
(see above), a GI5p of 0.3 ug/mL was obtained, essentially the same as that
of cisplatin. The analogous compound prepared from harmane 18 was also
prepared, in somewhat higher yield, and was found to have essentially the
same GIso value against PC-6 cells (0.5 pug/mL). Pyrrole-fused B-carbolines
were also prepared starting from 18 and 86 using phenacyl bromide as the
alkylating agent, but these were found to have significantly lower activity.

24
Syntheses of Selected Dihydro- and Tetrahydro-g-Carbolines

B-Carbolines in various reduced states have also been found to possess an-
titumor properties. For example, dihydro-g-carboline 91 (Fig. 29), known as
“Mana-Hox”, has been tested against a large number of human cancer cell
lines, and found to be quite effective [69]. IC5 values for 91 were between
1.3 and 6.2 uM for 16 of the 17 cell lines tested. Synthesis of 91 began with
condensation of tryptamine with aldehyde 89 in the presence of TFA to give
tetrahydro-g-carboline 90 [70]. The exact yield for this reaction was not re-
ported, but was in the range of 30-50%. Oxidation with DDQ produced 91,
once again in unspecified yield, though a series of compounds were prepared
by this method, and yields were reported as being between 30 and 75%. ICs
values for both 90 and 91 were determined for several tumor cell lines. While
those for 90 fell between 0.5 and 0.8 pug/mL, ICso values for 91 were all re-
ported as < 0.001 pg/mL, as were the values for paclitaxel.
Tetrahydro-S-carbolines have also been investigated as antitumor agents.
For example, there has been much interest in azatoxin 95, a rationally de-
signed inhibitor of DNA topoisomerase II [71]. Reaction of L-tryptophanol
92 with diethyl carbonate allowed isolation of oxazolidinone 93 in 79% yield
after recrystallization (Fig. 30). Pictet-Spengler reaction with syringaldehyde
dimethyl acetal 94 produced azatoxin 95 in 91% yield after flash chromatog-
raphy [72]. A similar approach, utilizing 3,4,5-trimethoxybenzaldehyde and
regioselective demethylation with HBr had been reported earlier [73]. The
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Fig.29 Synthesis of “Mana-Hox”
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Fig.30 Synthesis of azatoxin and analog

stereochemistry of the product proved to be important, as the enantiomer of
95 was inactive, as was the diastereomeric compound corresponding to prep-
aration from D-tryptophanol, yet retaining the (R) configuration at C-1 [72].

A large number of derivatives of 95 have been prepared, and through this
work it has become apparent that both the planarity of the tetracyclic ring
system, as well as the hydroxyl group at the 4’ position of the pendant aro-
matic ring, are important for activity [74]. A fair amount of variation is toler-
ated at C-4 with retention of activity. For example, oxidation of 93 with DDQ
in acetic acid produced 96, which was unstable, but allowed the introduction
of substituents at C-4 during the cyclization process as shown for the syn-
thesis of 97. Displacement of the 4-methoxy group by p-aminobenzonitrile
(between protection and deprotection of the 4'-hydroxyl as a methyl carbon-
ate) gave analog 98, which was approximately nine times more active than
95 [71]. Unfortunately, solubility and other problems with these compounds
have prevented their clinical use [75].

Synthetic analogs of the natural product rutaecarpine 99 (Fig. 31) have
also been investigated [76,77]. Diazotization of aniline and coupling with
lactam 100 produced 101 in unspecified yield via a Japp-Klingemann reac-
tion [78]. Cyclization via Fischer indole synthesis gave S-carbolinone 102,
again in unspecified yield. Condensation of 102 with a series of anthranilic
acid derivatives utilizing phosphorus oxychloride gave S-carbolines such as
103 in 80-90% yield [77]. Of the derivatives tested, the most promising was
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Fig.32 Synthesis of rutaecarpine analog

103, prepared from 5-nitroanthranilic acid. In vitro studies against a number
of cancer cell lines gave GI5 values of 2-3 uM for almost all of the cell lines
tested, but in vivo studies were disappointing, perhaps due to low bioavail-
ability of the compound.

A different approach to rutaecarpine and its analogs was reported by Yang
and coworkers [79]. For example, heating tryptamine derivative 104 (pre-
pared in six steps from 6-nitropiperonal) with oxazinone 105 (prepared by
treatment of isatoic anhydride with trifluoroacetic anhydride) at 115°C for
30 min produced quinazolinone 106. Yields for this and subsequent trans-
formations were not reported. Heating at reflux in acetic acid in the presence
of hydrochloric acid gave 107, which eliminated trifluoromethane upon treat-
ment with ethanolic KOH, yielding rutaecarpine analog 108. This compound
(the most active of the ones examined) had GI5¢ values in the 1.08-1.55 uM
range against several cell lines, though it was found ineffective against
others.
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25
Syntheses of Selected S-Carbolinium Salts

B-carbolines that exist as positively charged B-carbolinium ions have also
been isolated from natural sources and found to have antitumor properties.
For example, javacarboline 109 (Fig. 33) has been isolated from an Indone-
sian medicinal plant and found to have mild antitumor activity (GIsy value of
35.9 pg/mL against PC-6 human lung carcinoma cells) [68]. Analogs of this
compound have been prepared, however, which show increased activity. For
example, indolo[2,3-a]quinolizine 111 has a GIso value of 0.2 pug/mL against
this same cell line, which is comparable to cisplatin, which has a value of
0.3 pg/mL. This salt has been prepared starting from 1-ethyl-8-carboline 86,
which itself was prepared from tryptamine via a Pictet-Spengler reaction fol-
lowed by oxidation. Alkylation of 86 with ethyl bromoacetate gave 110 in 98%
yield, which was then condensed with 2,3-butanedione by refluxing in anhy-
drous acetone for 6 h, giving 111 in 67% yield. Other salts were prepared in an
analogous manner and displayed similar activity [68].

A similar B-carbolinium natural product that has shown promise as an
antitumor agent is flavopereirine 117 (Fig. 34). This compound has shown
reasonable activity against a number of cancer cell lines, without showing
significant toxicity to healthy cells [80]. An early approach to this system
was reported by Gribble [81] and utilized an indole synthesis reported by
Smith [82]. Treatment of N-trimethylsilyl-o-toluidine 112 with 2.2 equivalents
of n-butyllithium generated the corresponding dianion, which was condensed
with ethyl 5-ethylpicolinate 113 to give indole 114 in 67% yield. Protection
of the indole nitrogen with a phenylsulfonyl group then allowed the pyridine
nitrogen to direct lithiation at C-3 of the indole ring upon treatment with n-
butyllithium. This lithiated indole was then trapped with bromoacetaldehyde
to give intermediate 115, which upon acidic workup cyclized to give 116 in
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Fig.33 Synthesis of javacarboline analog
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Fig.34 Synthesis of flavopereirine by Gribble

35% yield starting from 114. Deprotection with methanolic NaOH resulted in
concomitant dehydration to give flavopereirine 117 in 94% yield.

A different approach to the synthesis of flavopereirine has been reported
by Fiirstner, which utilizes reductive coupling of ketoamides using low-valent
titanium as the indole-forming step [83]. Palladium-catalyzed coupling of
o-iodoaniline 118 with methyl propargyl ether produced alkyne 119 in 96%
yield (Fig. 35). Hydration of the alkyne proceeded in 53% yield, and was fol-
lowed by acylation of the amine with 5-ethylpicolinyl chloride in 85% yield
to give ketoamide 120. During the hydration step, use of methanol as a cosol-
vent was found to suppress the formation of the corresponding unsaturated
ketone, the generation of which would lead to polymerization. The low va-
lent titanium species needed for the reductive cyclization of 120 was prepared
by combining potassium graphite (CgK) with TiCl3 in a 2:1 (CgK: TiCl3)
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Fig.35 Synthesis of flavopereirine by Fiirstner
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ratio. Slow addition of 120 to a refluxing suspension of this reagent in THF
then afforded indole 121 in 52% yield. Demethylation of the methyl ether
and cyclization was achieved in the same step through the use of boron tri-
bromide, though the product was most easily isolated by conversion to the
perchlorate salt 122. DDQ oxidation gave flavopereirine in good yield, again
isolated as the perchlorate salt 123.

Lounasmaa and coworkers [84] reported an interesting approach to flavo-
pereirine starting from alcohol 124 (Fig. 36), which had been prepared as
part of another synthesis [85]. Acetylation of 124 was reported to proceed
in 80% yield, though the reagent used was not specified. Oxidation of this
acetate with m-CPBA produced N-oxide 125 in 52% yield. Treatment of this
N-oxide with trifluoroacetic anhydride initially gave iminium ion 126 via
a Potier-Polonovski reaction [86], though under the reaction conditions (not
specified) elimination of acetate and several proton rearrangements led to di-
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Fig.36 Synthesis of flavopereirine by Lounasmaa
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hydroflavopereirine 127. As this intermediate had previously been converted
to flavopereirine 117 (as its perchlorate salt) using DDQ, this completed
Lounasmaa’s formal total synthesis of flavopereirine.

The key intermediate 124 was prepared starting with tryptophyl bromide
alkylation of 3-acetylpyridine, to give 128 in 95% yield (Fig. 37) [87]. Re-
duction of 128 with sodium dithionite under buffered (sodium bicarbonate)
conditions lead to dihydropyridine 129, which could be cyclized to 130 upon
treatment with methanolic HCI. Alternatively, 128 could be converted directly
to 130 by sodium dithionite if the sodium bicarbonate was omitted. Oxidation
with palladium on carbon produced pyridinium salt 131, which could then be
reduced to 124 (as a mixture of isomers) upon reaction with sodium boro-
hydride. Alternatively, direct reduction of 128 with sodium borohydride gave
a mixture of compounds, from which cyclized derivative 132 could be iso-
lated in 30% yield after column chromatography [88]. Reduction of 132 with
lithium tri-t-butoxyaluminum hydride then gave 124 (once again as a mixture
of isomers) in 90% yield.

3
Syntheses of Selected a-Carbolines

Although «-carbolines (in particular, 2-amino-«-carboline) are perhaps bet-
ter known as mutagens [89], some «-carbolines have been found to pos-
sess antitumor properties. For example, there has been much interest in
the synthesis of natural products grossularine-1 133 and grossularine-2 134
(Fig. 38) since the report of their activity as antitumor agents at the 10 ng/mL
level [90].

The first total syntheses of these compounds were by Hibino and cowor-
kers [91,92] and utilized palladium(0)-catalyzed coupling of 135 and 136 to
produce indole-substituted imidazole 137 in 82% yield (Fig. 39). (A simi-
lar approach to closely related compounds was reported by Achab and co-
workers at about the same time as the first report by Hibino) [93]. Ester
137 was hydrolyzed in near quantitative yield by reaction with sodium car-
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Fig.38 Structures of grossularines
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Fig.39 Synthesis of grossularines by Hibino

bonate in ethanol, and the resulting acid converted to isocyanate 138 via
a Curtius rearrangement by treatment with diphenylphosphoryl azide and
triethylamine. Heating 138 in o-dichlorobenzene at 170 °C for five minutes
effected an electrocyclic ring closure to the corresponding «-carbolinone,
which was transformed into triflate 139 by treatment with triflic anhydride.
Palladium-catalyzed methoxycarbonylation produced key intermediate 140a
in 77% yield (though under slightly different conditions the deprotected
product 140b could be obtained in 93% yield).

Ester 140a served as the immediate precursor for both grassularines, and
was allowed to react with the appropriate aryl lithium (each prepared from
the corresponding bromide by treatment with ¢-butyllithium), giving the de-
sired grassularines after acidic work-up in the yields indicated. Use of 140b in
place of 140a produced a slightly higher yield of 134 (61%), but a lower yield
of 133 (37%).

An alternative route to an intermediate similar to 139 has been reported by
Molina and coworkers [94]. Indole 143 (Fig. 40) was prepared in several steps
starting from 3-acetyl-2-chloroindole, the nitrogen at C-2 being introduced

NMez
N(Boc) 0% NHBOC (80%) w
143 MOM

144 MOM 145 |

NMez

C)o

Fig.40 Synthesis of grossularine intermediate by Molina
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via the azide. Bromination of 143 in methanol/DMF followed by monode-
protection of the exocyclic amine with trifluoroacetic acid afforded 144 in
68% vyield for the two steps. (Alternatively, 144 could be obtained directly
from 143 in 70% yield by treatment with bromine in chloroform). Reac-
tion of 144 with N,N-dimethylguanidine at room temperature for 3 hours
provided 145 in 80% yield, although the precise mechanism of this trans-
formation was not determined. The authors concluded that 145 could then
be converted into grassularines by a process analogous to that reported by
Hibino [92].

An exceptionally short synthesis of grassularine-1 133 was reported re-
cently by Horne and coworkers [95]. This approach utilized intermediate
oxotryptamine 146, which had been prepared previously as part of another
synthesis [96]. Condensation of 146 with dimethylcyanamide produced 147,
which was prone to oxidation, and was only stable as its hydrochloride salt
(Fig. 41). This sensitivity to oxidation was utilized in the key reaction step
in which oxidative dimerization to give 148 was accomplished by stirring
147 in methanolic ammonia solution at room temperature for 1 day. Con-
tinued stirring under these conditions for another 5 days eventually resulted
in the production of 149 in 60% yield directly from 147. Hydrolysis of 149,
which required forcing conditions (12-h reflux in a mixture of ethanol and
6M HCI), but nevertheless proceeded in 95% yield, completed this synthesis
of grassularine-1 133.

The proposed pathway for the conversion of 148 into 149 is shown in
Fig. 42. A proton shift converts 148 into 150, which then undergoes electro-
cyclic ring closure, yielding 151 after another proton shift. Oxidation of 151
gives iminium ion 152, which undergoes ring-opening aminolysis, ultimately
yielding the observed product 149. As oxidation products of indolylimidazole
147 have been isolated along with 133 from the same source, the authors make
a good case for this approach to the synthesis of 133 being biomimetic.

NM92
) (COCl),

CuCN NHo peNON
N 48% 80 85%)
H

MeOH

NMe, H
N

\
O H\ NY\N

NMe,
148

Fig.41 Synthesis of grossularine-1 by Horne
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Fig.42 Pathway for conversion of 148 into 149

Synthetic a-carbolines have also attracted interest as antitumor agents.
For example, Chen and coworkers [97] prepared a series of indolo[2,3-
blquinoline derivatives, the most active of which was 154, which had a mean
GI5p value against three cancer cell lines of 0.78 WM. This compound was
prepared by methylation of 153 with dimethyl sulfate (Fig. 43), and was iso-
lated in 12% yield, along with isomeric 155, which was isolated in 40% yield,
but had significantly lower cytotoxicity. Precursor 153 itself was found to be
inactive.

Synthesis of 153 began with 4-hydroxy-1H-quinolin-2-one 156 which was
heated in refluxing diphenyl ether (boiling point = 259 °C) with p-anisidine

MeO : MeO MeQO.
NH Me,SO, \QNH NH
ors. (50 e OHS52 O o
2—N

N N
N \
153 H

(12%)

Fig.43 Methylation of «-carboline 153
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to give 157 in 68% vyield (Fig. 44). Chlorination with phosphorus oxychlo-
ride followed by heating with benzotriazole gave intermediate 158, which was
heated at 140-150 °C in PPA for 2 h, producing 153 in 32% yield.

4
Syntheses of Selected y-Carbolines

The isomeric indolo[3,2-c]quinolines (which formally are y-carbolines) have
also been investigated as antitumor agents. For example, He and Cheng [98]
prepared a series of such compounds, the most active of which was 161,
starting with a Fischer indole synthesis between phenylhydrazine and 2,3-
dihydroquinolin-4-one 159 to give indolo[3,2-c]quinoline 160 in 53% yield
(Fig. 45). Demethylation with hydrobromic acid gave a 97% yield of the
corresponding phenol, which was then alkylated with (dimethylamino)ethyl
chloride to give 161 in 65% yield after recrystallization from ethanol. This
compound exhibited an ICsy value of 0.05 uM against small-cell lung cancer
cells, which is comparable to, and in some cases better than, that observed for
anticancer agents in clinical use [98].

1) HBr/ HOAc

2) N>

(63%)

Fig.45 Synthesis of y-carboline 161
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Chen and coworkers [99] used a Fischer indole synthesis in a different
sense to prepare indolo[3,2-c]quinoline 167 (Fig. 46). Heating quinolin-2-one
162 at reflux in ethoxyethanol for 2 h with 40% hydrazine hydrate gave 163
in 49% yield. Stirring 163 with cyclohexanone at room temperature for 36 h
gave a 90% yield of hydrazone 164 which was then heated with palladium on
carbon at 250 °C to effect both the Fischer indolization as well as aromati-
zation of the cyclohexanone ring, resulting in the formation of benzo-fused
y-carbolinone 165 in 82% yield. Chlorination with phosphorus oxychloride
proceeded in 63% yield, which was followed by heating at reflux in 2-butanol
with 3-aminoacetophenone to give 166 in 69% yield. Though 166 showed
good cytotoxicity toward a panel of cancer cell lines (mean GIsy of 4.26 pM),
the corresponding oxime 167 was even better (mean GIsp of 1.35 uM against
the same panel). A number of other derivatives were prepared, including the
non-chlorinated version of 167, which was found to be almost as active as 167.

5
Syntheses of Selected §-Carbolines

Compounds containing the §-carboline structure have also been studied.
For example, Deady and coworkers prepared a series of (10H)-indolo[3,2-
blquinolines, (also known as “quindolines”) which are formally benzo-
§-carbolines [100]. Of those tested, the most active was 171, which was
prepared via condensation of indole derivative 168 with methyl 2-amino-3-
formylbenzoate 169 to give §-carboline 170 (Fig. 47) [101]. Treatment of 170
with methyl iodide and potassium hydroxide in DMSO resulted in N-alkylation
of the indole nitrogen as well as conversion of the carboxylic acid to the cor-
responding methyl ester, this reaction proceeding in 55% yield. Heating the
resulting ester with N,N-dimethylethylenediamine in dioxane at reflux for
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Fig.48 Structure of cryptolepine and its hydrochloride salt

7 days resulted in a 44% yield of amide 171. This compound exhibited an ICsq
value of 18 nM when tested against murine Lewis lung carcinoma cells [100].

Since natural product cryptolepine hydrochloride 173 (Fig. 48) has been
found to be cytotoxic to B16 melanoma cells with an ICsy of 0.3 pg/mL
(1.3 uM) [102], there has also been interest in cationic §-carboline-based
compounds as antitumor agents. For example, Wright and coworkers synthe-
sized a series of these compounds and evaluated their activity against MAC15
cells (murine adenocarcinomas of the colon) [103]. Of the compounds pre-
pared, the most active was 179 which had an ICs value of 1.03 uM.

Synthesis of this compound began with the condensation of O, N-acetyl-
indoxyl 174 with 5-bromoisatin 175 to give indolo[3,2-b]quinoline 176 after
stirring at room temperature for 10 days (Fig. 49) [104]. This product was
then decarboxylated by heating at reflux for 6 h in diphenyl ether. Yields were

Br " KOH _ B A N= B

@ 2\?: w ) \/ r
N
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174 Ac N COLH

1) Me»SO;  10d
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HsC, 4 ™
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O \ HOAc \ 7
N 179 (69%) N 178

Fig.49 Synthesis of cryptolepine analog 179
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not reported for either of these reactions. Heating a solution of 177 with
ten equivalents of dimethyl sulfate at reflux in chloroform for 10 days followed
by treatment with base gave 178 in low yield. The authors stated that signifi-
cantly higher yields could be obtained if 177 were heated overnight in a sealed
tube at 50 °C with a large excess of methyl iodide in tetramethylenesulfone,
but no details were provided. Bromocryptolepine 178 was then nitrated by
stirring at room temperature for 24 h in a 1: 1 mixture of nitric and acetic
acids, giving 179 in 69% yield [103].

Rocca and coworkers have described a completely different route to 11-
substituted cryptolepines, and have evaluated the cytotoxicity of such com-
pounds against KB (mouth epidermoid carcinoma) cells [105]. Of the com-
pounds tested, the most active were 186, its hydrochloride salt 187, and its
triflate salt 185, which had ICsy values of 0.53, 0.42 and 0.57 uM, respec-
tively (Fig. 50). Their synthesis began with a Suzuki coupling of boronic acid
180 with quinoline derivative 181 which proceeded in 94% yield to give 182.
Lithiation with 2.8 equivalents of n-butyllithium followed by quenching with
methyl iodide gave methylated derivative 183 (other derivatives were pre-
pared by introducing other electrophiles at this point). Adding boiling hot
anhydrous pyridinium hydrochloride to 183 followed by heating this mixture
at reflux (bp = 215 °C) for 30 min afforded a 92% yield of cyclized indolo|3,2-
blquinoline 184. Methylation with methyl triflate gave triflate salt 185, which
could be deprotonated to give cryptolepine derivative 186 which in turn could
be re-protonated with HCI to yield hydrochloride salt 187. As mentioned
above, all three of these compounds showed significant activity.

6
Summary

A number of carbolines have promise as lead compounds for antitumor
agents. These compounds include natural products, synthetic derivatives of
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such products, and wholly synthetic compounds. Though most of the com-
pounds investigated have been B-carbolines, other isomeric carbolines show
promise as well.
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