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1. Introduction

Contrary to indoles, the 7-azaindole (1H-pyrrolo[2,3-b]pyr-
idine) nucleus is present only in a few natural products such
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as alkaloids from the variolin family. Nevertheless, 7-aza-
indole derivatives have attracted much attention due to their
physicochemical and pharmacological properties. 7-Aza-
indole can be considered as a bioisostere of an indole or
purine moiety. Substitution of the C-7 position of indole by
an sp>-hybridized nitrogen provides a skeleton containing a
hydrogen-bond donor and acceptor in a rigid three-atom
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arrangement. This review aims to update our preceding re-
port! in 2001 that was further completed by a short review?
by Nora de Souza et al. on 4-, 5-, 6- and 7-azaindoles for the
period 2001-2006. First, the use of 7-azaindole in inorganic
chemistry is described. In the second part, its synthesis and
uses in organic synthesis are reported.

2. Inorganic complexes
2.1. Mononuclear complexes

A wide range of 7-azaindole complexes have been synthe-
sized in order to evaluate the luminescence properties of
these derivatives. Amongst them, some of the 7-azaindole
derivatives developed by Wang et al.> have been used as
blue emitters in organic light emitting devices. The lumines-
cent properties of 7-azaindole complexes with miscella-
neous metals have been reviewed previously.*® The blue
emission of the 7-azaindol-1-yl anion was commonly re-
ported as being unstable towards air and moisture.

Some efforts have been devoted to improve the stability and
performance of compounds based on the 7-azaindole skele-
ton. The first approach concerned the direct use of the pyr-
role nitrogen atom in a C—metal bond. It has been shown
also that the 7-azaindol-1-yl anion could be stabilized by
central ions such as aluminium, zinc or, more recently,
boron.” The incorporation of a 7-azaindol-1-yl anion with
a single electron-deficient boron atom through an N-B
bond results in the formation of a new stable blue-lumines-
cent scorponiate ligand. The borate ligand K[BH(7-aza-
indol-1-yl)3] 2, obtained from the reaction of KBH, with an
excess of commercially available 7-azaindole 1 (Scheme 1),
was found to generate complexes with Zn™ and Cu'ions. The
cuprous complex [BH(7-azaindol-1-yl);](CuPPh3) did not
show blue emission, while compound 2 and complex
[BH(7-azaindol-1-y1)3](ZnCl) display bright blue emission.
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2 K[BH(7-azain),]
Scheme 1. Reagents and conditions: (a) KBHy, 180 °C, 1 h, 87%.

The synthesis of 1-diphenylphosphino-7-azaindole 3 (dppai)
was performed either by reacting PCIPh, with 1 in DMF in
the presence of Et;N in 36% yield® or in a two-step process
involving the lithium 7-azaindol-1-yl salt and PCIPh, (72%
yield). 1-Diphenylphosphino-7-azaindole 3 (dppai) was co-
ordinated as a P,N bidentate ligand [PtCl,(dppai-P,N)] 4 by
reaction with [PtCl,(cod)] in dichloromethane. New palla-
dium complex 5 with azaindolylphosphine as ligand was
also developed as an active catalyst for the co-polymeriza-
tion of CO and ethene (Fig. 1).!°

One major modification was the replacement of the proton of
the indole nitrogen atom by an aromatic group, providing

CI~ —r_ TfO— /P
@ \© ) Ph Pd “Ph

COMe
3 dppai 4 5

Figure 1. Ligand dppai and derivatives.

a series of stable and highly luminescent 1-aryl-7-azaindole
derivatives.'!"'> Wang et al. have also carried out intensive
studies on three-coordinate boron compounds that have
emerged as promising materials for electroluminescent
devices. These new organoboron compounds 7 (BAr,L in
which Ar is mesityl and L is 7-azaindol-1-yl) have been syn-
thesized in two steps (Scheme 2).!? First, an Ullman conden-
sation between 7-azaindole 1 and 1,4-dibromobenzene or
1,4-dibromobiphenyl afforded compounds 6a or 6b. Sub-
sequent treatment of 6a,b with n-BuLi followed by addition
of the electrophilic reagent (mesityl),BF afforded 7a,b. The
same procedure was applied to 8 to obtain the functionalized
phenyl organoboron 9.

6a n=1 7an—1

6b n=2 7b n=
7\
. N
s Q@
8
Scheme 2. Reagents and conditions: (a) KOH, CuSOy,, 1,4-dibromobenzene

or 1,4-dibromobiphenyl, 210 °C, 43%; (b) n-BuLi, Mes,BF, —78 °C,
T7a=85%, Tb=78%, 9=67%.

In the same investigation, the metal could be changed. Lumi-
nescent organic/organometallic complexes 10 of group 15
metals of general structure M[4-CgHy4(7-azaindol-1-yl)]3
with M=P, Sb, Bi have been synthesized '* by halogen—
metal exchange of 1-(4-bromophenyl)-7-azaindole by n-
BuLi followed by reaction of MCl; (Fig. 2). Cyclometallated
compounds from group 7 and especially rhenium complexes

M,
N Qo
N N 10 M =P, Sb, Bi
_ \
= NZ
N— N A |
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Figure 2. M[4-C¢H4(7-azaindol-1-yl)]; complexes.
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have been studied for photochemistry (Scheme 3). The Re(I)
complexes 13 bearing a 2,6-bis(7-azaindol-1-yl)phenyl tri-
dentate ligand were synthesized by complexation of 1,3-
bis(7-azaindol-1-yl)-5-phenyl derivatives 12 (prepared from
11) with Re,(CO);( and exhibited green luminescence.

R

R=H, F, CF3, OMe CO CO CcO
7-azaindol-1-yl

Scheme 3. Reagents and conditions: (a) 1, K,CO3, CuSO,, 180-200 °C,
5-24 h, 12-85%; (b) Re,(CO);q, diglyme, reflux, 24 h, 62-85%.

Che et al. reported'® Zn,O(7-azaindol-1-yl)s derivative as
a blue emitter. In view of this work, the blue-luminescent/
electroluminescent properties of promising Zn(II) com-
plexes of 7-azaindole 1 and N-(2-pyridyl)-7-azaindole
(NPA) 14 such as Zn(7-azaindole),(MeCO,),, Zn(NPA)-
(MeCO;), and Zn(NPA)((S)-(+)-MeCH,CH(Me)CO,),
have been examined. In particular, the ligand 14 was pre-
pared and complexed with zinc acetate to form a bright
blue-luminescent complex 15 (Scheme 4). The use of a
2-pyridyl moiety improves the stability of the complex by
chelating the metal centre.'”
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Scheme 4. Reagents and conditions: (a) 2-bromopyridine, K;CO3, CuSQOy,
200 °C, 4 h, 64%; (b) Zn(OAc),, EtOH, 2 h, 66%.

Organoplatinum complexes are also an important class of
molecules because of their well-established roles in catalysis
and photochemistry. The synthesis of the binuclear complex
Pt,(Me)4(TTAB) 17 has been conducted by reaction of li-
gand 16 (TTAB) with Pt;(Me)4(SMe,), (Scheme 5).'® The
compound 17 was found to react readily with halogenated
solvents such as CFCl;, CCl,, CHCl; and CH,Cl, at room
temperature to afford quantitatively a binuclear platinum(IV)
complex 18 (Pt,(Me)4(TTAB)Cl,). Elucidation of the
structure of 18 by single-crystal X-ray diffraction analysis
pointed to the formation of two internal Pt—C bonds as well
as the transformation of the benzene ring into a 1,4-cyclo-
hexadienyl dianion.

Song and Wang recently reported the facile benzene
C-H bond activation by two isomeric platinum(II) com-
plexes that contain a bis(7-azaindol-1-yl)methane ligand
(BAM).'%2° To further enhance the rigidity of the chelate,
1,2-bis(7-azaindol-1-yl)benzene (1,2-BAB) 19 has been
synthesized (Scheme 6).

The new ligand 19 resembles one half of TTAB 16, therefore
allowing the synthesis of a mononuclear platinum(Il)
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Scheme 5. Reagents and conditions: (a) Pt,(Me),(SMe,),, THF, rt, 3 h,
74%; (b) CHCl3, rt, 2 h, 95%.
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Scheme 6. Reagents and conditions: (a) Pt;Mes(SMe,),, Et,0, 5 h, rt, 57%;
(b) [H(Et,0),]1[B(ArF)4], toluene, rt, then CD;CN, rt, 81%.

complex. The major advantage is the coordination environ-
ment close to that of the TTABPt, complex without the com-
plication of a cooperative effect by a second platinum(II)
centre leading to studies on the resulting steric effect.?! A
mixture of 1,2-diiodobenzene, 1, Cul and caesium carbonate
was heated in DMF at 150 °C to afford 1,2-bis(7-azaindol-1-
yDbenzene 19 (1,2-BAB) in 75% yield. Complex 20 was
prepared in 57% yield by the reaction of ligand 1,2-BAB
19 with Pt,Me4(SMe,), in Et;O. The Pt(II) complex 21
was then generated in situ by the treatment of 20 with
1 equiv of [H(Et;0),][B(ArF)4] (ArF=3,5-bis(trifluoro-
methyl)phenyl) followed by the addition of deuterated aceto-
nitrile (CD5;CN) (Scheme 6).

The synthesis of a novel blue-luminescent ligand 22 (acac-
azainH=1-(7-azaindol-1-yl)butan-1,3-dione) was carried
out by heating a solution of 1 and 4-methylene-2-oxetanone
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in toluene at 90 °C. Addition of triphenylboron in a THF so-
lIution of 22 led to the boron complex 23 in 83% yield
(Scheme 7). 7-Azaindole 1 emits at 360 nm in toluene solu-
tion and in the solid state, whereas compound 22 has a broad
emission band at A=420 nm in the solid state and at
A=429 nm in CH,Cl,. Nevertheless, the boron complex
23 has very weak blue luminescence in solution and in the
solid state, which makes it unsuitable for electroluminescent
applications.?

X
Dh
— 4-/ "
NH N~ N o>—¥
1 0)3\ é/o
o}

22 acac-azainH

Scheme 7. Reagents and conditions: (a) 4-methylene-2-oxetanone, toluene,
90 °C, 2 h, 92%; (b) BPhs, THF, reflux, 4 h, 83%.

2.2. Dinuclear complexes

The highly reactive acetone imine, obtained from acetone
and ammonia, can be stabilized by coordination to a
silver atom itself bound to the N-1 nitrogen atom of a
7-azaindole moiety stabilized by a tris(pentafluorophenyl)-
platinum(1I).??

7-Azaindole derivatives were also involved in a different
fields of investigation, suggesting potential ferromagnetic
interactions of some new complexes such as heterobridged
u-alkoxo-pi-7-azaindole dicopper(Il) complexes.?*

2.3. Physical and spectroscopic properties

Hydrogen bonding in diruthenium(ILIII) tetraacetate com-
plexes with biologically relevant axial ligands has been
examined.?> Di-adduct complexes of the mixed-valent
form of diruthenium tetraacetate, [Ru,(pu-O,CMe),L, |(PFg),
where L is 7-azaindole, were synthesized. In order to further
elucidate the potential interactions of these dimers with
DNA, the nature of the ligand coordination and the second-
ary inter- and intramolecular hydrogen-bonding interaction
in the complex were assessed.

The molecular symmetry and electronic spectroscopy of the
7-azaindole dimer have been studied.?® The excited-state
double proton transfer (ESDPT) of the 7-azaindole dimer
has been investigated with picosecond time-resolved reso-
nance-enhanced multiphoton ionization spectroscopy.?’” A
vibrational analysis of the 7-azaindole—water complex has
been calculated.?®

The molecular structure and properties of 7-azaindole 1 in its
first four singlet states were studied with a view to improve
the current understanding of the photophysical behaviour of
its C,, dimer.?® This compound, which exhibits a double
proton transfer via its two hydrogen bonds upon electronic
excitation, has been used as a model for the photophysical
behaviour of DNA base pairs. Electronic excitation of

7-azaindole simultaneously increases its acidity and basic-
ity. These changes facilitate a concerted mechanism for
the double proton transfer in the dimer. The methanol-cata-
lyzed double proton transfer of excited 7-azaindole in re-
verse-micellar methanol nanopools®® and in the gas phase
was examined.?!3?

A theoretical study of the ground and first excited singlet
state proton-transfer reaction in isolated 7-azaindole—water
complexes has been developed.>® The absorption and fluo-
rescence of 7-azaindole-3-acetic acid have been examined.>*
The excited-state double proton transfer in 3-formyl-7-
azaindole has been studied and the role of the nt* state in
proton-transfer dynamics was evaluated.>> In this area,
a full investigation of its tautomerism and proton-transfer
solution has been reported.*® The intrinsic proton-transfer
dynamics of cyclic H-bonded 1/1 7-azaindole/alcohol com-
plexes in n-alkanes were studied.?’

In concluding, this part of the report and as an introduction to
the use of the 7-azaindole core in organic chemistry, it was
indicated that 1-aryl-7-azaindole derivatives could be used
for their photoluminescence properties. Thus, rigid-rod %
conjugated compounds such as 25 have been prepared by
two successive Sonogashira reactions (Scheme 8). Com-
pound 6a was first submitted to a palladium-mediated cou-
pling reaction with trimethylsilylacetylene followed by
removal of the trimethylsilyl group in basic conditions.
The alkyne 24 obtained in excellent yield was engaged sub-
sequently in a second Sonogashira reaction, providing di-
meric compound 25. The photoluminescence properties of
this new molecule have been investigated, leading to prom-
ising results in the field of molecular electronic devices.

N
/N/ )
N
a N b
IR o RO
6a 24 O
Br \\ . N
N /

Scheme 8. Reagents and conditions: (a) (i) trimethylsilylacetylene,
Pd(PPhs),, Cul, Et3N, 80-100 °C, 12 h, 83%; (ii) KOH in excess, MeOH/
THF 2:1, rt, 20 min, 94%; (b) 6a, Pd(PPh;),, Cul, Et;N, 80-100 °C, 24 h,
60-75%.

3. Synthesis of the 7-azaindole core

The conventional synthetic strategies (Fischer, Madelung or
Reissert reaction) for the easy preparation of the indole core,
applied to the synthesis of 7-azaindole, suffer from poor
yields, limited scope or availability of the appropriate start-
ing materials. In our preceding review in 2001, a great effort
was devoted to the summary of all the synthetic approaches
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to 7-azaindole.! Innovative pathways have been developed
to improve the access to such derivatives.

3.1. Pyrrole generation by nucleophilic cyclization of
2-chloro-3-ethylaminopyridine derivatives™

After deprotonation at the C-3 position of 2,6-dichloropyri-
dine 26 with LDA, the addition of acetone or acetophenone
occurred smoothly to afford, respectively, the tertiary alco-
hols 27a or 27b in 71% yield. In agreement with the litera-
ture, small amounts of regioisomeric adducts resulting
from lithiation at the C-4 position of the pyridine 26 were
detected. Dehydration of alcohols 27 at 130 °C provided
a-styrene derivatives (84-98%). Epoxidation of alkenes with
m-CPBA (28a,b=73-81%) was followed by opening of the
oxirane ring at the sterically less hindered position by pri-
mary amines, leading to the 7-azaindole nucleus 29 in
good yield (63-95%) (Scheme 9). The rate of the annelation
reaction was determined by the steric hindrance of the
primary amine.

S o o

27a R'= 28a,b
27b R'= Ph l d

R! = Me, Ph N\
R? = Bu, Allyl, Ph, |
—
Bn, cyclopentyl al N N\
R2
29

Scheme 9. Reagents and conditions: (a) LDA, THF, —78 °C, 2 h then
R'COMe, —78°C to rt, 27a=71%, 27b=71%; (b) H,SO4/AcOH 1:3,
130 °C, 30 min, 84-98%; (c) m-CPBA, CH,Cl,, rt, 28a=81%, 28b=73%;
(d) R*NH,, n-BuOH, 110 °C, then aq HCI, 63-95%.

A shorter approach was reported by condensation of 26
on chloroacetone, which directly led to common inter-
mediate 28a. Ensuing treatment with benzylamine and
then aq HCI gave 7-azaindole 29a as described previously
(Scheme 10).%°

o)
|\ a X b l\
—
Cl N~ ~Ccl ¢l N 7

Cl N

ENGZ

o

n
26 28a 29a

Scheme 10. Reagents and conditions: (a) LDA, THF, —78 °C then chloro-
acetone; (b) BnNH,, n-BuOH, 120 °C, then aq HCI, 50% overall yield.

3.2. Carbolithiation of 3-vinylpyridine*°

A new route to 7-azaindole based on a vinylcarbolithiation
of 2-amino-3-vinylpyridines as the key synthetic step has
been described (Scheme 11). The methodology involves
a novel cascade reaction sequence of controlled carbolithia-
tion of the vinyl double bond followed by addition of a suit-
able electrophile, leading to a supposed molecular diversity.

The synthesis of substituted 3-vinyl-pyridin-2-ylamines 31
was achieved in high yield (75-85%) by a Suzuki coupling

€1
=
NHCOt-Bu

L

NHCOt-Bu
>
a
I R?
XX
X
NHCOt- Bu N/ H

R1-H4Me5Me6M R?
Rz—nBu s-Bu, t-Bu

R® = Ph, t-Bu, thiophenyl

Scheme 11. Reagents and conditions: (a) 2,4,6-trivinylcyclotriboroxane/
pyrldme Pd(PPh;),, K,CO3;, DME/H,0, reflux, 20 h, 75-85%; (b) (i)
R’Li (4 equiv), THF, —78 °C; (ii) H,0O, 70-88%; (c) (i) PhLi (1.5 equiv),
THEF, —30 °C; (ii) RLi (2 equiv), —78 °C; (iii) DMF, —78 °C; (iv) % M
HCI, reflux, 40-85%; (d) (i) PhLi (1.5 equiv), Et,O, —30°C; (ii) R2Li
(2 equiv), —78 °C; (iii) R’CN, 0° C; (iv) 12 M HCI, reflux, 38-70%.

reaction between 3-bromo-2-aminopyridines 30 and 2,4,6-
trivinylcyclotriboroxane—pyridine complex. The carboli-
thiation of 31 was highly effective with primary, secondary
and tertiary alkyllithiums without addition on the pyridine
ring. The reaction of 31 with PhLi failed. Aqueous quench-
ing led to compounds 32 in 70-88% yields. The reaction of
31a (R!=H) with r-BuLi followed by trapping with DMF
and acidification generated the 7-azaindole 33a (R'=
R?=t-Bu) in 40% yield. Abstraction of the hydrogen on
the nitrogen atom with PhLi (1.5 equiv) prior to treatment
with #-BuLi (2 equiv) increased the yield of 33a to 69%.
The sequence was extended to the reaction of 31 with 7-,
s- or n-BuLi and DMF leading to compounds 33 in a broad
variety of yields. Substitution of DMF by nitriles opened the
access to a wide range of 2,3-difunctionalized 7-azaindoles
34 in 38-70% yields.

3.3. From 2-aminopyridine and methylthioacetone
Gassman et al.*! reported a convenient, but underused, pro-
cess to prepare 7-azaindole in low yield from 2-amino-
pyridine and keto sulfides via a Sommelet—Hauser-type
rearrangement. Recently, Merck researchers enhanced the
previously developed method, expanding it to the construc-
tion of 4- and 6-azaindole.*

When a solution of 2-amino-6-methylpyridine 35a was
treated with +~BuOCI at —78 °C followed by the addition
of methylthioacetone and Et3N, the 7-azaindole 38a was iso-
lated in 87% yield (intermediates 36 and 37 are described in
Scheme 12). Reactions with other substituted 2-aminopyri-
dines gave 38b—f in moderate to good yields (Table 1).
When desired, treatment with Raney nickel in ethanol pro-
vided the desulfurized material 39 in a near-quantitative
yield (Scheme 12).412

3.4. From 3-ethynyl-2-aminopyridine

Knochel et al.*? reported the 5-endo-dig cyclization medi-
ated by potassium or caesium bases of heteroaromatic
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R3 R3 SMe R® SMe
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R N H R! N N N H
37 38 39

Scheme 12. Reagents and conditions: (a) +-BuOCl (2 equiv), CH,Cl,,
—78 °C or —40 °C, MeCOCH,SMe, then Et;N, 44-87%; (b) Raney Ni,
EtOH, rt, 15 min, >90%.

Table 1

Compound R R? R® Yield (%)
38a Me H H 87

38b Br H H 59

38¢ Me H Me 46

38d OMe H H 56

38 CF; H H 44

38f H Me H 63

nucleophiles bearing an acetylenic substituent. As an
example, 5-methyl-3-(phenylethynyl)-2-pyridinylamine 40
afforded the subsequent 5-methyl-2-phenyl-1H-pyrrolo-
[2,3-b]pyridine 41 with 72% yield (Scheme 13).

___Ph

A

N= “ N
H

N
40 4

Scheme 13. Reagents and conditions: (a) KH, NMP, rt, 1 h, 72%.

Recently, an aminopalladation-reductive elimination pro-
cedure was applied by Cacchi et al.** for the synthesis of
2,3-disubstituted 7-azaindole libraries, starting from readily
available precursors, allowing a large diversity of 2-phenyl-
7-azaindoles 43 (Scheme 14).

Ph R2
X 4 a N
| = H—en
N NHR! N~ N
42a R'=COMe 43

42b R'=COCF,

Scheme 14. Rea§ents and conditions: (a) Pd(PPhs);, Cs,CO3, MeCN,
100 °C, R*X or R?OTf (1.5 equiv), 37-93%.

The acidity of the nitrogen—hydrogen bond plays a crucial
role in the cyclization via the aminopalladation-reductive
elimination process. Reaction between acetamido derivative
42a and ethyl 4-iodobenzoate in the presence of Pd(PPhs),
and caesium carbonate in acetonitrile at 100 °C afforded
the desired derivative 43 (R?=4-EtO,C—-C¢H,) in 37% yield
with recovery of the starting material 42a (49%). This result
pointed out the beneficial role of the pyridine moiety in
favouring the formation of the free NH pyrrole ring, when

compared to the benzene series, where no indole was ob-
tained. Under the same conditions, derivative 42b led to 43
in 83% yield making the trifluoroacetamido group an appro-
priate protecting group in this synthetic strategy. A similar
method enabling the cyclization of N-Boc-2-amino-3-alky-
nylpyridines has been reported using a milder base such as
DBU in a mixture of MeOH/H,0.% 5-endo-dig lodocycliza-
tion of N-tosyl-2-alkynylpyridines 42¢,d in the presence of
molecular iodine and anhydrous potassium carbonate in ace-
tonitrile afforded 3-iodo-7-azaindoles 44 in excellent yield
(Scheme 15).%° In the case of 42¢, the 7-azaindole nucleus
was obtained in 90% yield, but with a 1:1 ratio of the 2-tri-
methylsilyl derivative 44a and the desilylated derivative 44c.
An excellent yield was observed for the conversion of 42d

into 44b.
R I
Pz
| Z N
\

7 N
N NHTs Ts
42¢ R=TMS 44a R=TMS
42d R = Ph 44b R =Ph
44c R=H

Scheme 15. Reagents and conditions: (a) I, (3 equiv), anhyd K,CO;
(3 equiv), MeCN, 0-20°C, 24 h, 44a=45%, 44c=45% from 42c;
44b=89% from 42d.

A flexible palladium-catalyzed 7-azaindole synthesis by
direct annulation of 2-amino-3-chloro-5-trifluoromethylpyr-
idine 45 with ketones has been also reported (Scheme 16).4
This study involves an enamine formation in the first step
followed by a Heck reaction. An extensive screening of
palladium catalysts and ligands indicated that Pd(Pz-Bus),
in combination with a base (K3PO,4 or KOAc) and 0.5 equiv
of MgSQ, as a water scavenger in acetic acid and dimethyl-
acetamide (DMA) was able to perform the cyclization to 46
in high yield.

FiCe O ] FiCa \
| a._ | CO,H

— — N

H

N~ “NH, N
45 46

Scheme 16. Reagents and conditions: (a) MeCOCO,H (3 equiv), Pd(Pt-
Bus),, K3PO,, MgSO,4 (0.5 equiv), AcCOH/DMA, 140 °C, 4 h, 97%.

The application of the Hegedus—Mori—Heck reaction (intra-
molecular coupling) to the synthesis of 7-azaindoles was in-
vestigated on enamines in the presence of Pd(PPhs), and
NaHCO;3 in HMPA at 140 °C, but the reaction was not effec-
tive.*8 Recently, Lachance et al. have developed a rapid and
efficient one-pot microwave synthesis of the 7-azaindole
nucleus.*® A 3-halo-2-aminopyridine was first treated with
an appropriate ketone, to provide the corresponding enamine
47 or 49 and then an intramolecular palladium-catalyzed
Heck reaction on the enamine was subsequently carried out
to afford the 7-azaindole derivatives 48 or 50 (Scheme 17).
Optimization of the coupling reaction revealed that
Pd(PPh;), and pyridine are, respectively, the best palladium
source and solvent under microwave conditions.

A one-pot synthesis of 7-azaindole was also reported by the
formation of the enamine followed by the Heck reaction.*’
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Scheme 17. Reagents and conditions: (a) Pd(PPhs), (5 mol %), Cy,NMe,
pyridine, pwave, 160 °C, 20 min, 48=89%, 50=43%; (b) Pd(PPh;),
(5 mol %), Cy,NMe, pyridine, pwave, 160 °C, 40 min, 57%.

This approach was illustrated by the in situ formation of the
enamine resulting from the condensation of (4-methylsulfo-
nylphenyl)acetone 52 on 3-bromo-2-aminopyridine 51 in the
presence of tetraethoxysilane, PPTS and pyridine under mi-
crowave irradiation (heated successively for 20 min at 160,
180 and 200 °C) followed by the addition of Pd(PPhs),
(5 mol %) and Cy,NMe. The 2-(4-methylsulfonyl)phenyl-
7-azaindole 53 was obtained in 41% yield (Scheme 18).

o]
B
N r a X \
| + — || SO,Me

— —

N~ “NH, NN
51 SO,Me 53
52

Scheme 18. Reagents and conditions: (a) (i) PPTS, Si(OEt),, pyridine,
pwave (sequential heating); (ii) Pd(PPh;);, Cy,NMe, pwave, 160 °C,
6x20 min, 41%.

2-Methyl-7-azaindoles 55 were prepared by palladium-cata-

lyzed annulation of various 2-iodoarylamines 54a,b with
allylic substrates (Scheme 19).%°

|
| Z EI\>7
N

N~ ONHR N

R
54a R =Me
54b R=Bn 55a,b

Scheme 19. Reagents and conditions: (a) allyl acetate, Pd(OAc), (5 mol %),
LiCl, K,CO;, DMF, 120 °C, 12-48 h, 55a=47%, 55b=65%.

The same compounds were synthesized by a Heck reaction
between 54 and allyl acetate, which afforded the 3-alkenyl-
pyridines 56. Formation of the m-allyl complex 57 followed
by internal nucleophilic attack generated the pyrrole ring to
give 55a,b (Scheme 20).

Pd,
| XX OAc | S | S
Pz pZ N') Z~N
N NHR N /N N \
H R R
56 57 55a,b

Scheme 20. Mechanism for 7-azaindole formation.

In 2000, Molina and Fresneda®! reported the use of a modi-
fied Hemetsberger indole synthesis for the preparation of
2,4-disubstituted 7-azaindoles as starting materials for the
synthesis of variolin alkaloids and analogues, to which a later
part of this report is further dedicated. Thus, ethyl 4-meth-
oxy-7-azaindole-2-carboxylate 59 was obtained by con-
densation of 4-methoxypyridine-3-carboxaldehyde 58 with
ethyl azidoacetate in the presence of sodium ethylate, fol-
lowed by thermal cyclization (Scheme 21).

OMe OMe
CHO
A X
a,b
| + Ny~ TCOEt —— mcoza

=

N N N
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Scheme 21. Reagents and conditions: (a) EtONa, EtOH, —15 °C, 72 h,
61%; (b) o-xylene, reflux, 25 min, 67%.

Recently, Roy et al.>?> expanded the Hemetsberger—Knittel
reaction to the synthesis of 7-azaindoles. In the total synthe-
sis of 7-azaindole-derived GnRH antagonists,53 the Larock
synthesis of indole>* may be directly applied to 7-azaindole
syntheses with moderate success. Palladium(0)-catalyzed
heteroannulation of alkyne 61 with 2-amino-3-iodopyridine
60 under Larock conditions (Pd(OAc),, PPhs, LiCl,
Na,COs3, DMF, 100 °C, 15 h) generated the desired 7-azain-
dole 62 in only 10% yield with significant recovery of the
starting material 60, whereas using Pd(dppf)CI, as catalyst
provided 62 in 95% yield (Scheme 22).

i OBn
CO,Me SiEt, .

61

Scheme 22. Reagents and conditions: (a) Pd(dppf)Cl,, CH,Cl,, Na,COs,
LiCl, DME, 100 °C, 15 h, 95%.

3.5. From pyrrole derivatives

A new optimized cost-effective synthesis of 7-azaindole was
achieved recently and can be regarded, from now on, as
a convenient way for its industrial production (Scheme
23).5° The inexpensive starting materials, succinonitrile and
ethyl formate, were condensed in the presence of MeONa

NC CN
NC NC t-Bu
ab Z N7 /A d N
_’ H _’ NH, _
2
NC NC \ NN
t-Bu t-Bu
63 64 65
CN CO,H
X X
=Y ACDy w0
— 7 —
N N N
N H N
66 67 1

Scheme 23. Reagents and conditions: (a) MeONa, HCO,Et, toluene, 5 °C to
rt, 2.5 h; (b) --BuNH,, reflux, 2.5 h; (¢) KOH, EtOH, 50 °C to rt, 4 h, 60%
(three steps); (d) 1,1,3,3-tetramethoxypropane, toluene, p-TSA, reflux,
1 h, 80%; (e) AICls, toluene, reflux, 8 h, 91%; (f) concd HCI, 70 °C, 20 h,
94%; (g) concd HCI, reflux, 48 h, 73%.
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to give the corresponding 2-hydroxymethylenebutanenitrile
salt. The latter compound was treated with ~-BuNH, to
obtain the enaminonitrile 63. The base-catalyzed internal
condensation of 63 led to the cyanopyrrole 64 in high yield.
The 7-azaindole 65 was easily built up by reaction of the
intermediate 64 with 1,1,3,3-tetramethoxypropane in the
presence of a catalytic amount of p-toluenesulfonic acid
(p-TSA). Removal of the tert-butyl group was conducted
with AICl; to afford the 3-cyano-7-azaindole 66 in 91%
yield. An acidic hydrolysis at 70 °C led to the acid 67 in
94% yield. The last reaction was also carried out at reflux,
leading to 1.

3.6. Radical cyclization of xanthate derivatives

A radical cyclization onto the pyridine®® ring has appeared
as a potential general approach towards 7-azaindole deriva-
tives (Scheme 24). Xanthate-mediated radical cyclization
has numerous advantages such as experimental simplicity
and the absence of heavy or toxic metals, as well as compat-
ibility with a wide range of functionality. Reaction of chloro-
acetyl chloride with 2-alkylamino-6-chloropyridines 68
gave the amides 69, which were then reacted with potassium
O-ethyldithiocarbonate to afford the xanthate derivatives 70.
Addition of lauroyl peroxide (DLP) to a refluxing solution of
the xanthates 70 in dichloromethane furnished the 7-azaox-
indoles 72 in good yield via the radicals 71 (Scheme 24).

OEt
70
X . X
L L
— —
c” "N N7 Yo c” N N
& R
72 R = cyclopropyl,
butyl, tbutyl
/(j\N/\/ /(j\ NR
Ac  SC(S)OEt
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7N 75-R = -Me, —<]
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N —N""0
Ac \/

Scheme 24. Reagents and conditions: (a) CICH,COCI, toluene or
CICH,CH,Cl, reflux; (b) KSCSOEt, acetone, rt, 1 h, R=cyclopropyl 64%,
R=t-Bu 88%, R=n-Bu 87% (two steps); (c) DLP, CICH,CH,Cl, reflux,
R=cyclopropyl 57%, R=t-Bu 82%, R=n-Bu 73%; (d) RCH,SCSOEt,
DLP, CICH,CH,Cl, reflux, R=Me 84%, R=cyclopropyl 77%,
R=oxazolidinone 87%; (e) DLP, PhCl, reflux, R=Me 50%, R=cyclopropyl
57%, R=o0xazolidinone 66%.

Similarly, the 7-azaindolines 75 were obtained from N-allyl-
N-acetyl-2-amino-6-chloropyridine 73, which was subjected
to the radical step via formation of the xanthates 74.

4. Functionalization of the pyridine ring of 7-azaindole

The regioselective synthesis of 7-azaindoles functionalized
on the pyridine ring remains a significant challenge that
has been faced so far by two main approaches: (i) formation
of the pyrrole ring via the cyclization of an appropriate func-
tionalized pyridine precursor or (ii) ring substitution starting
from 7-azaindole N-oxide. This latter approach was fully
examined by Thibault et al.>’ in their investigations of the
selective fluorination of the C-4 position (Scheme 25). Re-
gioselective chlorination occurred at the C-4 position of
7-azaindole N-oxide 76 using methanesulfonyl chloride in
DMEF to afford 77. Buchwald palladium-catalyzed amination
of 4-chloro-7-azaindole 77 with N-allylamine gave 78 with
76% yield. Subsequent deallylation by palladium on carbon
in an acidic medium generated the 4-amino-7-azaindole 79
in 75% yield. The diazonium tetrafluoroborate salt was ob-
tained from the amine 79 at 0 °C and some decomposition
occurred spontaneously in the aqueous tetrafluoroboric
acid solution affording a 1:1.3 mixture of 4-fluoro-7-aza-
indole 80 and 4-hydroxy-7-azaindole 81. In this case, the
desired fluoride compound 80 was isolated in 40% yield
by basic aqueous extractions.
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Scheme 25. Reagents and conditions: (a) MeSO,Cl, DMF, 86%; (b) N-allyl-
amine, Pd(OAc),, NaOr-Bu, (o-biphenyl)PCy,, dioxane, 100 °C, 16 h,
sealed tube, 76%; (c) Pd/C, MeSO3H, EtOH, 105 °C, 12 h, 75%; (d) 48%
aq HBF,, NaNO,, rt, 22 h, 80=40%.

Another approach based on an efficient halogen—lithium ex-
change followed by quenching with an electrophilic fluorine
source was considered to increase the global yield for pre-

paring the 4-fluoro derivative 80 (Scheme 26).%’
Br Br F
X X
76 2 A= m
NN N~ N N N
TIPS TIPS
82

Scheme 26. Reagents and conditions: (a) (MeSO,),0, Me,;NBr, DMF, rt,
4 h, 54%; (b) NaH, TIPSCI, THF, reflux, 3 h, 99%; (c) t+-BuLi, NFSI,
THF, —78 °C, 45 min, 84%.

The 4-bromo-7-azaindole 82 was obtained from 7-azaindole
N-oxide 76 in 54% yield with methanesulfonic anhydride
and tetramethylammonium bromide. Protection of the nitro-
gen atom as the N-TIPS derivative 83 (99% yield) to avoid
lithiation at C-2 was followed by a halogen—lithium ex-
change at C-4 with #-BuLi in THF at —78 °C. Addition of
N-fluorobenzenesulfinimide (NFSI) generated 4-fluoro-1-
triisopropylsilyl-7-azaindole 84 in 84% yield.
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Another promising strategy for the functionalization of the
pyridine moiety is to use the property of the halogen substit-
uent as an ortho-metalating group, providing 4,5-disubsti-
tuted 7-azaindoles (Scheme 27). ortho-Metallation®® of 84
occurred in the presence of 1.5 equiv of s-BuLi at —78 °C
for 1 h. Addition of various electrophiles on the resulting
anion allowed the introduction of a wide diversity of sub-
stituents in the C-5 position (derivatives 85, Table 2). The
hydroxyl group can be introduced either by using Davies re-
agent (camphorsulfonyloxaziridine) or Ti(Oi-Pr),/t-BuO,Li.

F F
E
D =00
—
NN N N
TIPS
84 g5 TIPS

Scheme 27. Reagents and conditions: (a) (i) s-BuLi (1.5 equiv), THF,
—78 °C, 1 h; (ii) electrophile.

Table 2

Electrophile NFSI (CCl3), CBry NBS
E F Cl Br Br
85, Yield (%) 70 68 63 26
Electrophile CICO,Me TosN; Davies reagent

E COzMC N3 OH

85, Yield (%) 87 50 58

The same methodology was also used to improve the synthe-
sis of 5-hydroxy-7-azaindole 89 (Scheme 28).°® The pro-
tected 4-chloro-7-azaindole 86 was first hydroxylated with
Davies reagent, giving 87 in 65% yield. Reduction of 4-chlo-
ro-5-hydroxy-1-triisopropylsilanyl-7-azaindole 87 with zinc
in ethanol/acetic acid provided the dechlorinated derivative
88 in 65% yield. Finally, the silicon group was removed
using TBAF to afford 89 in 70% yield and in three steps
with 26% overall yield.
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Scheme 28. Reagents and conditions: (a) s-BuLi, THF, —78 °C, Davies re-
agent, 65%; (b) Zn, AcOH/EtOH, 65%; (c) TBAF, THF, 70%.

Iterative lithiation leading to 4,5,6-trisubstituted-7-azain-
doles can also be carried out when an ortho-directing group
is introduced at the C-5 position, although alkyllithium bases
could not be used, due to aromatic nucleophilic substitution
of fluorine or chlorine.® As an example, 4-chloro-5-fluoro-
1-triisopropylsilyl-7-azaindole 90 was deprotonated with
LiTMP, followed by the addition of methyl chloroformate,
to generate compound 91 in 61% yield (Scheme 29).
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Scheme 29. Reagents and conditions: (a) LiTMP, THF, —78 °C, CICO,Me,
61%.

Chlorination at the C-6 position was performed on 92 to af-
ford dichloro derivative 93 in 58% yield (Scheme 30).58
This latter compound was protected to afford 4,6-di-
chloro-1-triisopropylsilyl-7-azaindole 94. Lithiation on C-5
position of 94 followed by addition of tosylazide gave
4,6-dichloro-5-azido-1-triisopropylsilyl-7-azaindole 95 in
46% yield. The azido group was submitted to catalytic
hydrogenation to generate the 5-amino substituent of com-
pound 96 quantitatively.
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Scheme 30. Reagents and conditions: (a) m-CPBA, CH,Cl,; (b) MeSO,Cl,
DMF, 80 °C, 58%; (c) NaH, TIPSCI, THF, 80 °C, 76%; (d) s-BuLi, THF,
—78 °C, tosylazide, 46%; (e) H,, Pd/C, EtOAc, quant.

Functionalization at the C-4 and C-6 positions of 7-azain-
doles has been investigated through palladium-catalyzed
coupling reactions (Heck, Suzuki and Sonogashira reac-
tions) of the corresponding 4- or 6-halo-7-azaindole
(Scheme 31). For example the 4- and 6-chloro-7-azaindoles
77 and 98 undergo a Suzuki reaction with aryl/hetero-
arylboronic acids to afford the corresponding 4- and
6-substituted 7-azaindoles 97 and 99.%°

N\ N\ Ar=Ph, 3-MeO-Ph
| 4-F-Ph, 2,5-diCI-Ph,
N~ N N© N furan-2-yl, thiophen-3-yl
H

H
77
X
/
N N
Cl N H H

98
Scheme 31. Reagents and conditions: (a) ArB(OH),, KF, dioxane,
Pd,(dba);, P(t-Bu)z, 100 °C, 2-24 h, 40-94%.

The chloro derivatives 77 and 98 were inert towards Sonoga-
shira or Heck reaction. This drawback was overcome by the
use of the more reactive 6-bromo-7-azaindole 100 or 4-iodo-
7-azaindole.>® As an example, the compound 100 was con-
verted into alkene 101 (40% yield) by treatment with styrene
in the presence of Pd,(dba); and P(z-Bu)s. In the same way,
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a Sonogashira reaction between 100 and 3,3-diethoxypro-
pyne in the presence of Pd(PhCN),Cl, and P(z-Bu); afforded
the alkyne 102 in good yield (Scheme 32).
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Scheme 32. Reagents and conditions: (a) styrene, Pd,(dba);, P(+-Bu)s,
Cs,CO;, dioxane, 120°C, 12h, 40%; (b) 3,3-diethoxypropyne,
Pd(PhCN),Cl,, P(t-Bu)s, Cul, piperidine, dioxane, 100 °C, 6 h, 84%.

Under carbonylative basic conditions, the acetyl group of
1-acetyl-4-iodo-7-azaindole 103 was also removed provid-
ing the ester 104 in 80% yield (Scheme 33).5°
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Scheme 33. Reagents and conditions: (a) Pd(PPh3);, CO, MeOH, Et;N,
60 °C, 80%; (b) methyl acrylate, Pd(OAc),, KOAc, K,CO3;, DMF, 70 °C,
105=58%; (c) idem with P(o-tol)3, Et3N, 80 °C, 106=38%, 107=45%.

A Heck reaction applied on derivative 103 in the presence of
methyl acrylate and a catalytic amount of Pd(OAc), pro-
vided the adduct 105 in 58% yield as the sole product. The
nature of the base strongly affected the reaction course. In-
deed, using Et;N as a base in the presence of tri-tolylphos-
phine and Pd(OAc), led to a mixture of the derivatives 106
and 107 (Scheme 34).
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Scheme 34. (a) Zn, Zn(CN),, Pd,(dba);, dppf, DMA, 120 °C, 2 h, 70%; (b)
LiAlH,4, THF, 40 °C, 1 h, 74%.

Introduction of the aminomethyl group of 109 requires
selective functionalization of 7-azaindole. The 4-chloro-7-
azaindole 77 is obtained in 80% yield from the m-chloroben-
zoate salt of 76 with POCI;. Introduction of the methylamino

group was accomplished by a two-step sequence: palladium-
catalyzed coupling of the chloride 77 with zinc cyanide led
to 108 in 70% yield, which was then subjected to LAH re-
duction, affording 4-aminomethyl-7-azaindole 109 in 74%
yield (Scheme 34).5°

A synthesis of 5-amino-7-azaindole 113 has recently been
reported based on a modification of an original Robison pro-
cedure described in 1959 (Scheme 35).%! 7-Azaindole 1 was
reduced to 7-azaindoline 110, which reacted with ferric
nitrate nonahydrate in refluxing ethanol to give the 5-nitro
derivative 111. This compound proved to be somewhat
unstable on silica gel. Dehydrogenation was achieved using
manganese dioxide in refluxing toluene, leading to 5-nitro-
7-azaindole 112 in 51% yield. Hydrogenation of the nitro
group was performed at room temperature in the presence
of 10% Pt/C to give 5-amino-7-azaindole 113 (80%). The
purifications at each stage were troublesome and an alterna-
tive procedure was developed. In the new strategy, the pyr-
role unit was built up through a Sonogashira reaction. The
2-amino-5-nitropyridine 114 was iodinated at the C-3 posi-
tion with a mixture of KI and KIO; affording 115 in 95%
yield. A Sonogashira reaction between 115 and TMS/acety-
lene in the presence of PdCI,(PPhs),, Cul and Et3N provided
the acetylenic product 116 in excellent yield. Subsequent
cyclization was achieved using catalytic copper(I) iodide
either under thermal heating of 116 or, more conveniently,
under microwave irradiation. Desilylation occurred under
the reaction conditions to give the 5-nitro-7-azaindole 113,
which was placed on a short pad of silica and eluted with
hot THF. This procedure removed copper residues and other
insoluble impurities, which were found to poison the hydro-
genation catalyst used in the next stage to recover the amino

moiety.
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Scheme 35. Reagents and conditions: (a) Fe(NO3);-9H,0, EtOH, reflux,
16 h, 35%; (b) MnO,, toluene, reflux, 6 h, 51%; (c) H,, Pt/C, THF, 1t, 5 h,
80%; (d) KI, KIO;3, H,SO4, H,0O, 100 °C, 1 h, 95%; (e) TMS/acetylene,
Pd(PPh;),Cl,, Cul, Et;N, THF/DMA, rt, overnight, 93%; (f) Cul, NMP,
pwave, 190 °C, 30 min; (g) H,, Pt/C, THF, rt, 5 h, 75% (two steps).

The synthesis of new melatonin analogues has reached the
attention of several groups, with the challenge to solve the
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main two drawbacks encountered with this hormone: (1)
rapid catabolism and (2) lack of selectivity. Great efforts
were devoted to the preparation of azaindole derivatives,
e.g., 5S-bromo-7-azaoxindole 117 was prepared from 1 by
a bromination/debromination sequence (Scheme 36).%2
Compound 117 was submitted to palladium-catalyzed cou-
pling reactions (Suzuki, Stille and carbonylation reactions)
to introduce diversity at the C-5 position of the azaoxindole
(118-120 obtained in moderate yields).®®> Reduction of the
amide function of 117 was realized with the BH5- THF com-
plex. The resulting indoline was oxidized with Mn(OAc); in
acetic acid to provide 5-bromo-7-azaindole 121.
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Scheme 36. Reagents and conditions: (a) (i) Brp, --BuOH, 1t, 19 h, 85%; (ii)
Zn, AcOH, 94%; (b) PhB(OH),, Pd(PPh;),Cl,, toluene/EtOH, LiCl, aq
Na,CO3, 95°C, 18 h, 51%; (c) RSnBus, Pd(PPh;),Cl,, Et,;NCI, MeCN,
95°C, 22h, 36-66%; (d) ROH, 40psi CO, Pd(OAc),, dppp, Et;N,
DMSO, 95°C, 18 h, 24-53%; (e) (i) BH5-THF, THF, rt, 35 min; (ii)
Mn(OAc);-2H,0, AcOH, 75 °C, 45 min, 50% (two steps).

In addition, the synthesis of 7-azaindole dimers as new
melatonin analogues has been reported via a modified in situ
Suzuki homocoupling reaction (Scheme 37).°* 5-Bromo-
I-methyl-7-azaindole 122 was first converted into the
corresponding boronic ester with bis(pinacolato)diborane
in the presence of Pd(dppf)Cl, to give the corresponding
dimer 123 in 83% yield. The expected amide 124 was
synthesized using standard chemistry procedures in a 17%
overall yield.
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Scheme 37. Reagents and conditions: (a) bis(pinacolato)diborane,
Pd(dppf)Cl,, KOAc, DMF, 80 °C, 2 h then 122, aq Na,COs, H,0, 80 °C,
2 h, 83%.

In the same way, dimers 129 linked by an alkoxy spacer have
been prepared from 5-methoxy-1-methyl-7-azaindole 125
(Scheme 38).% Demethylation of 125 occurred with BBr3

to generate the 5-hydroxy derivative 126, which reacted
with various dibromoalkanes in DMF to afford the bromo-
alkoxy derivatives 127. A second alkylation of 127 with
126 led to bis-7-azaindole derivatives. A lateral side chain
was introduced in the C-3 position by formylation under
Vilsmeier—Haack conditions. The bis-aldehydes 128 were
engaged in a Henry reaction with nitromethane followed
by reduction with NaBH, and hydrogenation over Raney
nickel. Final acetylation gave the desired derivatives 129.
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Scheme 38. Reagents and conditions: (a) BBr;, CH,Cl,, 0 °C, 1 h, 85%; (b)
K,CO3, DMF, Br(CH,),,Br, n=4-6, 1t, 4 h, 82-88%; (c) K,CO3, DMF, 126,
80°C, 6h, 71-99%; (d) POCl;, DMF, rt, 3 h, 82-88%; (¢) MeNO,,
NH4OAc, 120 °C, 4 h; (f) NaBH,, SiO,, i-PrOH/CHClI;, rt, 12 h; (g) Hp, Ra-
ney Ni, MeOH, 60 °C, 6 h; (h) Ac,O, CH,Cly, 1t, 12 h, 5-15% (four steps).

A Pd-mediated synthesis of 4-anilino- and 4-phenoxy-
7-azaindole derivatives 131a from protected 4-chloro-7-
azaindoles 130a has been reported as leading to promising
intermediates for further medicinal chemistry programs for
Bayer Healthcare (Scheme 39).%¢
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Cl R2 ] X 2 X=0,NH
R? R RI=HTs SEM
X a RZ=H, Me
| Dy A | TNy RP=H.F,Cl Me
N N — Ri=H,F
b N™ "N R®=NOy, H, Me..
;
130a 131a R
R2 R4
Y :\r :x
R3
N b
m — ® X = O, CHCO,Et
—
Cl N N =
\ N N\
SEM SEM
130b Y = Cl, NO, 131b

Scheme 39. Reagents and conditions: (a) anilines, Pd,(dba);, K,COs3,
t-BuOH, 100 °C, sealed tube, 3 h, 26-84% or phenols, Pd,(dba);, K,COs3,
toluene, 110 °C, sealed tube, overnight, 22-73%; (b) phenols or activated
methylene nucleophiles, K,CO5;, DMSO, 100 °C, 49-91%.

Recently, the same authors have also developed a straight-
forward synthetic strategy that allows access to 4-O- or



1042 F. Popowycz et al. / Tetrahedron 63 (2007) 1031-1064

C-substituted 7-azaindole derivative 131b by nucleophilic
aromatic substitution of 130b (Scheme 39).%”

4.1. Functionalization of the pyrrole moiety of 7-azain-
dole

4.1.1. Reactions at the N-1 position. Heterocyclic N-ami-
nations have been reported with various reagents, most of
them derived from hydroxylamine. A study of several elec-
trophilic ammonia reagents for the N-amination of 1 pointed
out the high efficiency of monochloramine (NH,Cl) in a
basic medium to quickly generate 1-amino-7-azaindole
132 in 97% yield (Scheme 40).%%

Scheme 40. Reagents and conditions: (a) >-BuOK, DMF, 1t, 2 h then NH,Cl,
1t, 97%.

As discussed in the first part of this report, the reactivity of
6-bromoimidazo[1,2-a]pyridine 133 towards 1 has been
examined due to its highly condition-dependent reactivity.®
Using a copper(I) catalyst and trans-N,N'-dimethyl-1,2-dia-
minocyclohexane as a ligand, the product 134 (ipso-substitu-
tion) was obtained in 94% yield, while, in the absence
of copper, with a stronger base such caesium carbonate,
cine-substitution took place, affording 135 in 55% yield
(Scheme 41).
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Scheme 41. Reagents and conditions: (a) 1, Cul (5 mol %), trans N,N'-di-
methyl-1,2-diaminocyclohexane (15 mol %), K;PO,4, DMF, 112 °C, 24 h,
94%; (b) 1, Cs,CO3, DMF, 112 °C, 24 h, 55%.

The Michael addition of 1 on methyl 2-[(N-Boc-amino)-
methyl]Jacrylate has been successfully described (Scheme
42).7% Compound 136 was obtained with excellent yield
(96% vs 20% for indole 1). Other Michael additions of nitro-
gen nucleophiles to dehydroalanine derivatives have been
reported. In particular, compound 137 has been obtained
from the methyl ester of N,N-bis(Boc)dehydroalanine in
93% yield. Reaction of an excess of 1 on commercially
available methyl 2-acetamidoacrylate in the presence of
K,COj; led directly to the potassium salt 138. Resolution
of azaindolylalanine 138 with acylase from Aspergillus sp.
gave (5)-139 in 38% yield. The non-reactive amide 140
was cleaved in an acidic medium (6 N HCI) to yield (R)-
141 in moderate yield (Scheme 42).7!

aorborc N X
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136 NHBoc 137 N(Boc),
X
or || A\
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NHCOMe
d N N
e O O
N TN g COH N" N COH
H N] “H H] “NHCOMe
139 2 140
Ie
B

N N R CO,H
141 H NH

Scheme 42. Reagents and conditions: (a) K,CO3, methyl 2-[(N-Boc-amino)-
methyl]Jacrylate, MeCN or DMF, reflux, 6 h, 136=96%; (b) K,CO3, MeCN,
CH,=C(NBoc,)CO,Me, 137=93%; (c) CH,=C(NHCOMe)CO,Me,
K,CO3;, MeCN/H,0, 138=78%; (d) Aspergillus sp. acylase, phosphate
buffer pH 7.2, 139=38%; (¢) 6 N HCl, 35%.

Michael addition of 1 to dehydroalanine methyl ester de-
rivatives PG-AAla(N-Boc)-OMe [with PG=Boc, Bz, Z,
Z(NO,), Bz(NO,)] afforded 1-substituted 7-azaindoles 142
with 54-99% yields. Similarly, the tosyl analogue reacted
with 1 to afford the dipeptide 143 in 90% yield (Fig. 3).”2

X
X | N
| A\
= N N co,M
N e
N CO,Me \\( 2
N—Boc
N—
pg’ 0%° BOC‘N/\(

PG = Boc, CO,Bn, 4-nitrobenzyloxycarbonyl \Ts o
142 143

Figure 3. Structures of 142 and 143.

Reaction of 1 with triphosgene in dichloromethane at 0 °C
followed by treatment with aminoacetaldehyde dimethyl
acetal and DIPEA afforded dimethoxyethylcarbamoyl-7-
azaindole 144 in moderate yield. Preliminary tests for cycli-
zation at the C-2 position on the pyrrole ring under different
conditions (Lewis or protic acid) were unsuccessful
(Scheme 43).73

=D PR
l FN )CH(OMe)z ><' | ZN N\
SN e

144
Scheme 43. Reagents and conditions: (a) triphosgene, CH,Cl,, 0 °C then
NH,CH,CH(OMe)s,, i-Pr,NEt, rt, 10 min, 46%.

Michael addition of maleimide was observed on 1 in reflux-
ing acetic acid, generating compound 145 in low yield
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(Scheme 44). No trace of the Michael addition adduct was
detected on the C-3 position as desired.”*

=
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N O
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145

Scheme 44. Reagents and conditions: (a) maleimide, AcOH, reflux, 60 h,
10%.

The use of a non-natural ‘base’ to replace one of the natural
nucleic acid bases in DNA has been an important tool for
studying biological events such as DNA—protein interaction,
DNA structure and dynamics. As mentioned in the first part
of this report, fluorescence has been one of the very useful
techniques for studying DNA structure. As a reminder,
7-azaindole is weakly fluorescent in water, due to dimer
formation. After methylation to prevent dimerization, 1-
methyl-7-azaindole is strongly fluorescent. DNA oligo-
nucleotides containing the 7-azaindole moiety as a replacement
for the purine base were prepared as described below.”>
The sodium salt of 7-azaindole in acetonitrile was reacted
on 1-a-chloro-3,5-di-O-(p-toluoyl)-2-deoxy-p-ribose to af-
ford 146 in 66% yield. After basic hydrolysis, the residual
primary alcohol was selectively protected with 4,4-di-
methoxytrityl chloride, affording derivative 147. The last
step was the synthesis of phosphoramidite 148 that was
afterwards engaged for an automated DNA synthesis
(Scheme 45).

Tolo N—= N T DMTO_ N& N
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146 I c
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Scheme 45. Reagents and conditions: (a) MeONa/MeOH, rt, 3 h, 75%;
(b) 4,4-dimethoxytrityl chloride, pyridine, DMAP, rt, 2.5h, 75%; (c)
2-cyanoethyl diisopropylaminochlorophosphoramidite, i-Pr,NH, CH,Cl,,
rt, 1 h, 77%.

In the course of designing non-natural nucleobases, the
sodium salt of 6-methyl-7-azaindole 149 was treated with
bis-toluoyl-protected chloroglycoside at 0 °C to afford the
coupling adduct 150. Cleavage under basic methanolic con-
ditions afforded the fully deprotected 151.

Selective iodination at the C-3 position of 146, followed by
a Sonogashira coupling reaction with propyne, furnished the
alkyne 152. This compound treated in a basic medium
yielded 153 (Scheme 46).2* These unnatural nucleosides
have been characterized to form stable base pairs in duplex
DNA.
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Scheme 46. Reagents and conditions: (a) (i) NaH, DMF, 0 °C, 15 min then
chloroglycoside, 0 °C, 1 h, 51%; (b) MeONa/MeOH, rt, 58%; (c) (i) ICI,
CH,Cl,, 50 °C, 1 min; (ii) propyne, Cul, Pd(PPh;),Cl,, E;;N, —78 °C to
rt, 4 h; (d) MeONa/MeOH, rt, 45 min, 59% (three steps).
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Analogues of the prodrug, L-valacyclovir, derived from 7-
azaindole have been prepared (Scheme 47).”® The protected
7-azaindole 154 was easily obtained from the sodium salt of
7-azaindole and 2-(chloromethoxy)ethyl benzoate in 47%
yield. The primary alcohol 155, resulting from the cleavage
of the benzoyl protective group, was submitted to esterifica-
tion with N-Boc-L-valine in classical conditions. Final cleav-
age of residual Boc in an acidic medium provided the
compound 156 in a quantitative yield.

Cry <0 =0
N" N N" N NZ N
Lo Lo )

(o}
OBz OH \\\
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Scheme 47. Reagents and conditions: (a) 40% aq MeNH,, 1t, 1.5 h, 77%; (b)
N-Boc-L-valine, EDCI, DMAP, DMF/CH,Cl,, 80 °C, 16 h, 92%; (c) TFA,
CH,Cl,, t, 3 h, 100%.

A novel series of azaindole-a-alkyloxyphenylpropionic acid
analogues 159 has been designed and evaluated for biologi-
cal properties as PPARo/y agonists (Scheme 48).”7 Bro-
moaldehydes 157 were treated with 1 in a basic medium to
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afford the 1-alkylated derivatives 158. Condensation of 158
with ethyl a-alkyloxyacetates, in the presence of -BuOK,
gave 159 in 30-60% yields.

B
N~ N
?\_)n_\ (On

159

Scheme 48. Reagents and conditions: (a) 1, KOH, DMSO, 2 h, 60-70%; (b)
ethyl a-alkyloxyacetates, --BuOK, DMF, 2 h, 30-60%.

4.2. Reactions at the C-2 position

The direct intermolecular reaction of 1-substituted 7-azain-
doles with aryl halides has not been really developed so
far. A new practical method of arylation of the C-2 position
of 1-protected 7-azaindoles has been reported.”® The stan-
dard conditions used for palladium-catalyzed arylation
proved to be unsuitable, especially due to the critical role
played by the base. One major drawback of such a reaction
was the competitive process of the biphenyl derivative for-
mation. The supposed mechanism was, first, an oxidative ad-
dition that proceeds through an aryl-palladium halide
intermediate, which may then undergo two competing path-
ways: (i) cross coupling with 7-azaindole 1 or (ii) formation
of biphenyl. Thus, decreasing the catalyst loading favours
the C-2 arylation. As demonstrated for indole, both 1-alkyl-
and l-arylindoles proved to be suitable substrates while
1-sulfonyl- or 1-acetylindole was inert. These results clearly
pointed out the need for sufficient electron density on the
pyrrole ring. Applying this methodology to 1-methyl-7-
azaindole 160 afforded 1-methyl-2-phenyl-7-azaindole 161
in 85% yield (Scheme 49).

X a X
DR DR
N~ N N~ N
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Scheme 49. Reagents and conditions: (a) Pd(OAc),, PPh;, Phl, CsOAc,
DMA, 125 °C, 24 h, 85%.

Functionalization at the C-2 position was achieved through
an intramolecular Heck coupling reaction on compound
162 using Pd(OAc), in the presence of PPh; and silver car-
bonate as a base (Scheme 50).”° The cyclic compound 163
was obtained in 72% yield. Very recently, compound 164
with homologation of one carbon was cyclized under the
same Heck conditions, leading to compound 165 in 86%
yield.8°
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Scheme 50. Reagents and conditions: (a) Pd(OAc),, PPh;, Ag,CO;, DMF,
100 °C, 24 h, 163=72%; 2 h, 164=86%.

4.3. Reactions at the C-3 position

3-Acylated-7-azaindoles have been reported to exhibit
a wide range of biological activities. The relative inertness
of the C-3 position of 7-azaindole, compared to indole, is
probably the result of the electron-deficient nature of the
pyridine moiety, which reduces the overall nucleophilicity
of the heterocyclic system. The reaction of 1 with oxalyl
chloride failed. As a direct consequence, functionalization
of the C-3 position was restricted to halogenation reac-
tions,?!#2 Mannich reaction,® carbonylation84 and conden-
sation with an aldehyde.®’

Two main strategies for the direct C-3 acylation of 7-azain-
dole have been reported: either enhancing the nucleophilic-
ity of 7-azaindole or activating the electrophile. The first
approach is illustrated by the reaction of the 7-azaindolyl
Grignard reagent with diethyl oxalate to form an a-keto es-
ter.3% The second approach is, for instance, reported by
Giélvez and Viladoms®” by activating acetic anhydride in
CS, with an excess of AICl;. The main limitations pointed
out were the use of elevated temperature as well as the use
of noxious CS,. In pursuit of a Friedel-Crafts-type approach
that relies upon activation of the electrophile, a convenient
acylation of azaindole was reported by Wang et al. (Scheme
51).88 Compounds 166, 167 and 168 were prepared from 1 in
very good yield.
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Scheme 51. Reagents and conditions: (a) AlCl; (5 equiv), CH,Cl,, rt, 1 h
then methyl oxalyl chloride, rt, 8 h, 76%; (b) AICl; (5 equiv), CH,Cl,, rt,
1 h then acetyl chloride or benzoyl chloride, rt, 8 h, 167=93%, 168=92%.

It was found that a minimum of 3 equiv of AICl; in dichoro-
methane was required to achieve the best results. Use of ad-
ditional AICl;3 did not improve the yield further. The
requirement for greater-than-stoichiometric quantities of
AICI; can be attributed to the formation of complex 169
(Fig. 4). The first equivalent of AICl3 coordinates with the
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Figure 4. Complex 169.

pyridine nitrogen atom, meaning a decrease of the pK, of the
pyrrole NH. Reaction of the second equivalent of AICl; may
lead to deprotonation and the formation of an aluminium
salt. Finally, the third equivalent of AICl; forms an ‘ate’ com-
plex with the acyl chloride, the active intermediate engaged
for the Friedel-Crafts reaction.

The synthesis of 4-benzoyl-1-[(4-methoxy-1H-pyrrolo-
[2,3-b]pyridin-3-yl)oxoacetyl]-2-(R)-methylpiperazine 172
(BMS-378806)%° was initiated by acylating 1 with methyl
chlorooxoacetate by a Friedel-Crafts-type reaction in 79%
yield (Scheme 52). The resulting ester 166 could also be
obtained by an alternative procedure from the 7-azaindolyl
Grignard reagent, followed by an exchange with ZnCl, and
condensation with methyl chlorooxoacetate, but only with
41% yield. Hydrolysis of the ester 166 was performed with
K,CO; in MeOH/H,0 (90%). The potassium salt was then
engaged in a coupling reaction with the 1-benzoyl-pipera-
zine, which was mediated by 3-(diethoxy-phosphoryloxy)-
1,2,3-benzotriazin-4(3H)-one (DEPBT) in the presence of
Hiinig’s base in DMF to afford 170 in 81% yield. Incorpora-
tion of the methoxy group in the C-4 position was next
accomplished by a multistep procedure, initiated by the for-
mation of the N-oxide derivative with m-CPBA in acetone,
directly followed by nitration with fuming nitric acid in tri-
fluoroacetic acid to afford 171. Interestingly, compound 171
heated with an excess of MeONa/MeOH underwent an ipso
displacement of the nitro group. Final transformation con-
sisted of the reduction of the N-oxide using PCl; in EtOAc,
giving 172 in 50% yield for three steps (26% overall yield
from 1).
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Scheme 52. Reagents and conditions: (a) CICOCO,Me, AICl;, CH,Cl,, rt,
8 h, 79%; (b) K,CO3, MeOH/H,O0, 8 h, 90%; (c) N-benzoyl-3-(R)-methyl-
piperazine, DEPBT, i-Pr,NEt, DMF, 1t, 8 h, 81%; (d) m-CPBA, acetone,
rt, 8 h, 91%; (e) HNOs/CF;CO-H 1:1, rt, 8 h; (f) (i) 2 N MeONa/MeOH,
reflux, 8 h; (ii) PCls, EtOAc, rt, 8 h, 50% (three steps).

The 7-aza-analogue of meriadinin G*° (Fig. 5) has first been
prepared by Fresneda et al. (Scheme 53).°! Acylation of 1

—N
NH
e
N\ N
N\ meriadinin G

N
H

Figure 5. Structure of meriadinin G.

with acetyl chloride in the presence of SnCl, in benzene at
room temperature afforded a white solid, which probably
arose from N-acylation on the most nucleophilic pyridinic
nitrogen atom according to the authors. This salt remained
unchanged by heating in THF, either alone or in the presence
of additional acetyl chloride. However, when a solution of
this salt in THF was treated with additional SnCl, and acetyl
chloride, compound 167 was successfully obtained in 45%
yield after 3 days at room temperature. Subsequent protec-
tion of the nitrogen atom of 167 in the presence of NaH
and tosyl chloride (TsCl) afforded 173. N-Tosyl-3-acetyl-
7-azaindole 173 reacted with DMF/DMA, yielding the
enaminone 174. Pyrimido-annelation with concomitant
N-deprotection by treatment with guanidine hydrochloride
in a basic medium led, finally, to pyrimidine 175.
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Scheme 53. Reagents and conditions: (a) MeCOCI, SnCly, benzene then
THE, rt, 3 days, 45%; (b) NaH, DMF, rt, 1 h, then TsCl, 0 °C to rt, 2 h,
87%; (c) DMF/DMA, 110 °C, 4h, 60%; (d) guanidine hydrochloride,
K,CO3;, 2-methoxyethanol, reflux, 24 h, 70%.

The preparation of the meriadinin G analogue 175 was also
carried out through a carbonylative alkynylation with 1-Boc-
3-iodo-7-azaindole 176, in the presence of TMS/acetylene
and Pd(PPh3),Cl,, in THF under 1 atm of CO affording
177 in 63% yield.”> The alkynone 177 was treated with gua-
nidine in a basic medium to furnish aza-meriadinin G 175 in
59% yield (Scheme 54).
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Scheme 54. Reagents and conditions: (a) TMS/acetylene, Pd(PPh;),Cl,,
Et;N, Cul, CO (1 atm), THF, rt, 48 h, 63%; (b) guanidine, Na,CO;, H,O,
MeCN/-BuOH, 80 °C, 40 h, 59%.
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In the search for novel non-steroidal inhibitors of steroid
5a-reductase, Sawada et al.>> prepared a novel series of
4-substituted butyric acids (Scheme 55). 7-Azaindole 1 was
acylated with 3-nitrobenzoyl chloride in the presence of
AlCl;, affording 3-benzoyl-7-azaindole 178 with only 19%
yield. N-Alkylation of 178 with ethyl 4-bromobutyrate in
the presence of K,CO3; in DMF provided the corresponding
ester in 84% yield. The last steps involved saponification, re-
duction of the nitro function by hydrogenolysis and final N-
alkylation in the presence of bis(4-t-BuPh)chloromethane,
leading to 179 (three steps, 54%).

179

Scheme 55. Reagents and conditions: (a) 3-nitrobenzoyl chloride, AlCl;
(1.8 equiv), CH,Cly, rt, 1 h, 19%.

In the synthesis of DF-1012,%* a new antitussive drug, it has
been pointed out that, in a halogenated solvent and in the
presence of a suitable catalyst such as AlCl3, 7-azaindole re-
acted with trihaloacetyl halides (preferably with trichloro-
acetyl chloride) to give 3-trichloroacetyl-7-azaindole 180
in 58% vyield. This latter compound underwent haloform
transposition under a basic medium into the corresponding
acid derivative 67 in 92% yield (Scheme 56).
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Scheme 56. Reagents and conditions: (a) CCl3COCI, AICl;, CH,Cl,, 58%;
(b) KOH, H-0, 92%.

The radiolabelled fluorinated compound 184, a dopamine D,
receptor radiotracer candidate,” was synthetized in four
steps (Scheme 57). Compound 181 was prepared from 1
by a Mannich reaction in the presence of dimethylammo-
nium chloride and paraformaldehyde. A coupling reaction
between 181 and 1-(4-iodophenyl)piperazine was performed
in refluxing xylene to afford 182 in 56% yield. A Stille reac-
tion between 182 and hexamethyldistannane gave 183 in
57% yield. The radioligand 184 was obtained by electro-
philic fluorodestannylation of 183.

/ S\
N N N I
\
__/
12T TN 2o c.
— —
N N
NN NN

182
N N—< >*R
___/ 183 R =Sn(Me),
| P 184 R=18F<:|
N
N R

Scheme 57. Reagents and conditions: (a) dimethylammonium chloride,
(CH;0),,, n-BuOH, reflux; (b) 1-(4-iodophenyl)piperazine, xylene, reflux,
56%; (c) Sny(Me)s, Pd(PPh;)y, dioxane, reflux, 3h, 57%; (d) CCLF,
AcOH, "F[F,].

In addition, the benzyl analogue of 184, i.e., 187, has been
prepared by two successive reductive amination reactions
(4-formylpiperazine in the presence of NaBH3;CN followed
by acidification leading to compound 186, then 4-['3F]benz-
aldehyde in the presence of NaBH;CN) from 3-formyl-7-
azaindole 185 (Scheme 58).90-%°
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Scheme 58. Reagents and conditions: (a) 4-formylpiperazine, NaBH;CN,
MeOH/AcOH, 60 °C, 3h, 65%; (b) 4M H,SO,4, 80°C, 8h, 77%; (c)
4-["®F]benzaldehyde, NaBH;CN, MeOH/AcOH, 135 °C, 15 min.

The synthesis of compounds 188-191 was carried out by the
reaction of dibromomethane with 1 in the presence of potas-
sium hydroxide and BuyNBr in a refluxing toluene/water
mixture (Scheme 59). When the reaction was carried out at
120 °C in the presence of a large excess of KOH, compounds
188 and 189 were obtained after 72 h as the major products
(90% yield, 3:2 approximate ratio), while only a trace of
compound 190 was detected. When a diluted solution of
1.5 equiv of KOH was used, compound 191 was isolated
in poor yield. 7-Azaindole 1 is known to have multiple active
sites towards electrophilic substitution. Since the 7-azain-
dol-1-yl anion intermediate is more stable than the 7-azain-
dol-7-yl anion, one would expect isomer 188 to be the major
product. However, both isomers 188 and 189 were obtained
and the isomer 190 was not observed. The results from ab in-
itio calculations indicate that 188 is the most stable, whereas
189 seems to be the least stable. Compound 191 results from
an attack on the most nucleophilic C-3 atom, which is usu-
ally observed under acidic conditions. The three isomers
synthesized show distinct absorption and emission spectra.’
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Scheme 59. Reagents and conditions: (a) KOH excess, CH,Br,, NBuyBr,
toluene/H,O, 120°C, 72h, 90%, 188=54%; 189=36%; (b) KOH,
CH,Br;, toluene/H,0, 120 °C, 72 h, 191=25%.

Reaction of 1 with erbium and mercury in 1,2,4,5-tetra-
methylbenzene (durene) under drastic conditions (170 °C,
several days under vacuum) led to the unexpected compound
192, which was the result of an unusual bond formation be-
tween a methyl group of durene and the C-3 position of two
azaindole molecules (Fig. 6).!%°

NSO O
N N
192

Figure 6. Compound 192.

Treatment of 7-azaindolylmagnesium bromide with 2-
ethoxytetrahydrofuran in the presence of SnCl, as a catalyst
led to 193 in low yield (13%), compared to the results ob-
tained with indole (42%).'°! The same procedure applied
to a protected sugar (i.e., 2,3:5,6-di-O-isopropylidene-p-
mannofuranose) produced 194 in 22% yield (Scheme 60).

193 194

Scheme 60. Reagents and conditions: (a) (i) EtMgBr, Et,O or THF, rt,
5 min; (ii) 2-ethoxytetrahydrofuran, SnCly, 50 °C to 80 °C, 12-24 h, 13%;
(b) (i) EtMgBr, Et,O or THF, rt, 5 min; (ii) 2,3:5,6-di-O-isopropylidene-
p-mannofuranose, SnCly, 50 °C to 80 °C, 12-24 h, 22%.

Regioselective alkylation on the C-3 position'®? of 1 was
successfully achieved in a methanolic solution of potassium
hydroxide in the presence of 1-ethoxycarbonyl-4-piperidone
to give compound 195. The reaction could also be performed
with a non-protected piperidone. Potent and selective H;

antagonists have been synthesized from 3-(4-piperidinyl)-
7-azaindole 196 by introducing functional diversity on the
secondary amine (Scheme 61).

P4
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Scheme 61. Reagents and conditions: (a) KOH, MeOH, 1-ethoxycarbonyl-
4-piperidone, 60 °C, 15 h; (b) (i) H, (30 psi), PtO,, MeOH, 1 h; (ii) NaH,
RX, DMEF, 25 °C; (iii) KOH, i-PrOH, 60 °C, 15 h.

Much attention has been devoted to the synthesis of azain-
dole analogues of the 5-HT reuptake inhibitor, indalpine
(Scheme 62).19% The design and synthesis of 7-azaindole de-
rivatives having dual serotonin (5-HT) transporter reuptake
and 5-HT) 5 antagonist activity have been reported. The first
step of the synthesis was the basic condensation of 7-azain-
dole 1 with 4-piperidone to provide 197 (no yield reported),
which was further condensed either with 5-(2-chloro-
ethoxy)benzo[ 1,4]dioxane or with 4-(2-chloroethoxy)indole
to afford 198 or 199.

0
o) (0]
S\J
N
H b X 198
N/l/\
N N
B H
o
2 —~
N/H N U NH
197 T~ —
D
_ 199
N
NTOH

Scheme 62. Reagents and conditions: (a) 2 N KOH, MeOH, 4-piperidone;
(b) 5-(2-chloroethoxy)benzo[1,4]dioxane, DMSO, Et;N, 80 °C; (c) 4-(2-
chloroethoxy)indole, DMSO, Et;3N, 80 °C.

Regioselective C-3 alkylation on 7-azaindole derivatives
through a gold-catalyzed conjugate addition-type reaction
was also reported. !

5. Oxidation to 7-azaoxindoles or 7-azaisatins

The survival rate of patients with pancreatic ductal adeno-
carcinoma is amongst the poorest for all cancers. TrkA
kinase inhibitors such as 202 and 203 could provide benefi-
cial biological effects in this disease (Scheme 63).1% 5-Bromo-
7-azaoxindole 201 was first obtained in two steps from 1
by a sequence of bromination (compound 200)/reduction.
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Aldol condensation of 201 with various aromatic or
heteroaromatic aldehydes in an acidic medium gave 202
or 203.

203

Scheme 63. Reagents and conditions: (a) Br,, -BuOH, NaHCO3;, H,O; (b)
Zn, NH,4Cl, THF/H,0; (c) HCI/AcOH, 3-bromo-4-hydroxy-5-(2-methoxy-
phenyl)benzaldehyde, 100 °C; (d) HCI/AcOH, 3-formyl-1-methyl-7-azain-
dole, 100 °C.

1-Alkyl-7-azaindoles 204 were prepared in excellent yields
by reaction of the sodium salt of 1 with the appropriate alkyl
halides in DMA at room temperature. Subsequent oxidation
of 204 with NBS/DMSO performed at 60 °C at atmospheric
pressure and then at 80 °C under reduced pressure in order to
remove the generated hydrogen halide led to an improved
synthesis of isatins 205 (Scheme 64).!%

o]
X B
O =00 ~Cr-
N~ N N~ N N~ N
H \ \
R R
1 204 205 R = Me, Et, Bn

Scheme 64. Reagents and conditions: (a) NaH, RX, DMA, rt, 12 h, 92-96%;
(b) NBS, DMSO, 60 °C, 6 h then 80 °C for 20 h, 92-95%.

6. Synthesis of variolin B

Variolins, isolated by Munro et al.'%’ from the antartic red
sponge Kirckpatrickia varialosa, are alkaloids that exhibit
antitumor and antiviral properties (Fig. 7). Their structures
are organized around a common pyrido[3,2:4,5]pyrrolo-
[1,2-c]pyrimidine skeleton with variations of the substituent
at the C-5 position. Variolin B, the most active molecule of
the group, has attracted considerable interest. Different
research groups have developed strategies to allow the syn-
thesis of variolins and their analogues. Alvarez and Joule
have reported their work in a recent review.!'%®

HN 4 e
v
!
OH  co,Me
B
NN
=N
H,N
variolin A variolin B variolin D

Figure 7. Structures of variolins A, B and D.

The first total synthesis of variolin B (210b) was reported by
Anderson and Morris'® in 2001 followed by a full paper''°
in 2005. The synthetic approach is based on the recognition
of a symmetry element present in variolin B. The 7-azain-
dole core is generated as indicated in Scheme 65. The 4-
lithio-2-methylthiopyridine 206 was prepared in two steps
from the commercially available, 4-chloro-2-methylthio-
pyrimidine, which was converted into 4-iodo-2-methylthio-
pyrimidine by HI treatment. Iodine-lithium exchange of
4-iodo-2-methylthiopyrimidine by n-BuLi at —95 °C gener-
ated the lithiated species 206. The latter compound was then
added to 2-chloronicotinoyl chloride 207a to form the tri-
arylmethanol 208a in a 56% optimized yield. The key reac-
tion step involved the tandem deoxygenation/cyclization of
208a using a combination of Et;SiH and TFA (Scheme 66).
This reaction was carried out successfully on compound
208a, leading to the variolin core 209a in 34% yield. The tri-
arylmethanol 208b was obtained in only poor yield from 206
reacting with a nicotinyl chloride 207b, which precluded the
development of the synthesis.

210a R=H 209a R=H
210b R = OH 209b R = OMe
Li N
X
W [ N—swe
NN 206 —N
HO R
SMe Z4
] | N
0O R Na N
oy
cl | X SMe
_ 208a R=H
Cl N 208b R =OMe
207a R=H
207b R =OMe

Scheme 65. Retrosynthetic synthesis of deoxyvariolin B and variolin B.

Similarly, the synthesis of a variolin analogue was per-
formed by the use of diethyl carbonate as electrophile, lead-
ing to the symmetrical ketone 211 in 61% yield (Scheme 67).
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209a R=H
209b R =OMe

208a R=H
208b R =OMe

Scheme 66. Reagents and conditions: (a) TFA (4.3 equiv), Et;SiH
(8.1 equiv), 70°C, 209a=34%, 209b=9%; TFA (2equiv), Et;SiH
(8 equiv), CICH,CH,Cl, 100 °C, 209b=47%.

2-Chloro-4-methoxypyridine was lithiated at —95 °C and
condensed with the ketone 211 to afford the triarylmethanol
208b in 76% yield. The previous cyclization conditions ap-
plied to 208b resulted in the formation of the tricyclic core
209b in a very low yield, which could be improved to 47%
with the previously optimized conditions: Et;SiH (8 equiv)
and TFA (2 equiv) in 1,2-dichloroethane. In addition, protec-
tion of the tertiary hydroxyl group as an acetate increased the
yield of 209b to 75% (69% for 209a). Further oxidation of
the thiomethyl ether 209b into the bis-sulfoxide, displace-
ment with 4-methoxybenzylamine (PMBNH,), demethyla-
tion with sodium ethanethiolate and TFA removal of the
PMB group afforded variolin B 210b in an acceptable
17% overall yield from 6-chloro-2-methylthiopyrimidine.
The same reactions applied to compound 209a afforded
the deoxyvariolin B 210a in 23% overall yield.

HoN SMe
210b 209b

Scheme 67. Reagents and conditions: (a) OC(OEt),, THF, —95 °C, 61%; (b)
(i) 2-chloro-4-methoxypyridine, n-BuLi, THF, —95 °C; (ii) 2-chloro-3-
lithio-4-methoxypyridine, THF, —78 °C, 76%; (c) TES (8 equiv), TFA
(2 equiv), dichloroethane, 100 °C, 47%; (d) (i) m-CPBA, —40 °C; (ii)
PMBNH,, 90 °C, 78% (two steps); (iii) NaSEt, DMF, 55 °C, 95%; (iv)
TFA, 1t, 80%.

Two other total syntheses of variolin B or deoxyvariolin B,
respectively reported by Molina et al.!'! (Scheme 68) and
Alvarez et al.”>!'? (Scheme 69), have designed the tricyclic
core in a linear pathway starting from 1. The first synthetic
approach involved a combined three-step reaction consisting

of N-SEM protection of 2-ethoxycarbonyl-4-methoxy-7-
azaindole 59 followed by LiAlH, reduction of the ester
group and oxidation of the resulting alcohol with MnO,, af-
fording the intermediate aldehyde in 75% yield (Scheme
68). The condensation of the aldehyde derivative with ethyl
azidoacetate in the presence of sodium ethoxide gave the
vinyl azide 212 in 85% yield. The Staudinger reaction per-
formed on 212 provided the iminophosphorane 213 in
good yield. Treatment of 213 with Bu,NF/SiO, under micro-
wave irradiation cleanly removed the SEM group and
allowed an aza-Wittig reaction in the presence of benzyl iso-
cyanate to afford compound 214 in a near-quantitative yield
as aresult of a pyrimidino-annelation. It should be noted that
the N-SEM protected compound 213 led to the linear tri-
cyclic derivative 215 in 90% yield under the same condi-
tions. Introduction of the acetyl group at the C-4 position
of 214 occurred by heating in the presence of POCI; and
dimethylacetamide. =~ Quantitative  saponification  of
216 with LiOH followed by decarboxylation led to 217 in
50% yield (two steps).

OMe OMe
X a,b X
mooza — |l N N
NG N N N CO,Et
59 MES N4
212
Ic
oM
© OMe
X
| \ de X \
Pz N \ - P \
N —y CO,Et N N CO,Et
BnHN SEM N
PPh,
214 213
lf
OMe
COMe
OMe  come
DR 97N\
>N\
N — CO,Et NN
BnHN =N
216 BnHN
217

Bn
/
HN
OMe
e CO,Et
213 — | X 215
N N
SEM

Scheme 68. Reagents and conditions: (a) (i) NaH, SEMCI, DMF, 94%; (ii)
LiAIH,, THF, 93%; (iii) MnO,, CH,Cl,, 86%; (b) N3CH,CO,Et, EtONa,
EtOH, —15 °C, 85%; (c) PPh;, CH,Cl,, rt, 82%; (d) BuyNF/SiO,, pwave,
1 min, 70%; (e) BaNCO, THF, 50 °C, 214=97%, 215=90%; (f) DMA,
POCl;, 90%; (g) (i) LiOH, THF/H,0, 100%; (ii) Ph,0, 225 °C, 50%.

The second synthetic approach focused on the preparation of
the tricyclic framework without the ester group at the C-7
position (Scheme 69).

2-Formyl-4-methoxy-7-azaindole 218, obtained by a three-
step reaction sequence, reduction (LiAlH;) of N-SEM
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mcoza — mCHO —
— —
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N 218
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OMe OMe
Pha e mx -
N N NO, N N NHCONHBn
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| Noe o \ h \
= —
N~ N N
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BnHN BnHN BnHN
221 222 217
g

h
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Scheme 69. Reagents and conditions: (a) (i) LiAlH4, THF, 93%; (ii) MnO,,
CH,Cl,, 86%; (iii) BF;-Et,0, 95%; (b) MeNO,, NH,OAc, EtOH, 75 °C,
80%; (c) (i) LiAlH,4, THF, 0 °C; (ii) BnNCO, CH,Cl,, rt, 60% (two steps);
(d) CCly, PPh;, EtzN, CH,Cl,, 90%; (e) NBS, THF, 70%; (f) (i) ethoxyvinyl-
tributylstannane, PdC1,(PPhs),, DMF, 70 °C; (ii) 1 M HCl, acetone, rt, 65%
(two steps); (iii) DBU, CBrCls, 32% or DDQ, 40%; (g) (i) DMF-DrBA,
DMF, 70 °C, 85%; (ii) guanidine hydrochloride, K,COj3, 2-methoxyethanol,
reflux, 90%; (h) (i) MeSNa, DMF, 80 °C, 85%; (ii) TFA, 50 °C, 74%.

protected 59 (see Scheme 68), oxidation (MnQO,) and
N-SEM deprotection with BF;3-Et,0, was condensed with
nitromethane under Henry conditions, leading to the 2-nitro-
vinyl-7-azaindole 219. Reduction of 219 with LiAlH4
afforded the unstable primary amine, which was condensed,
as previously, on benzyl isocyanate to produce the urea
derivative 220. Consequent treatment of 220 with Appel
reagent (CCly, PPhs, Et;N) led to the cyclization of the
carbodiimide intermediate in mild conditions, affording
221, in contrast with the indole series, which needed drastic
conditions. All attempts to promote the aromatization of the
dihydropyrimidine 221 failed. Introduction of the crucial
2-aminopyrimidine ring at the C-5 position using an acetyl
side chain for the construction of the desired ring was next
investigated. Direct acylation proved to be problematic,
since the tricyclic core did not stand up to the conditions
employed.

Thus, a two-step procedure was also envisaged involving
bromination reaction at the C-5 position under classical con-
ditions (NBS) to give 222 followed by a Stille reaction with
1-ethoxyvinyltributylstannane for the introduction of the
acetyl functionality. Oxidative conversion of the inter-
mediate dihydroheterocyclic compound into the correspond-
ing heteroaromatic derivative 217 was achieved by using

bromotrichloromethane in combination with DBU or DDQ
in low yield (32-40%). The 2-aminopyrimidine ring was
built up by treatment of acetyl derivative 217 with N,N-di-
methylformamide di-tert-butylacetal (DMF-DsBA) then
guanidine hydrochloride to afford 223 in 76% yield (two
steps). O-Methyl deprotection occurred with sodium metha-
nethiolate and, finally, the N-benzyl group was removed with
neat TFA to yield variolin B 210b.

Alvarez et al.''? focused their efforts on the preparation of
the aminopyrimidine ring and proposed an alternative syn-
thesis (Scheme 70). In a first step, introduction of a protected
aminoethyl chain at the C-2 position of 7-azaindole deriva-
tives generated amines 224a.b. For the synthesis of deoxy-
variolin B, the cyclization of 224a was achieved in 76%
yield with triphosgene to furnish the tetrahydropyrimidone
225a. Further chemical transformations led to the 2-amino-
pyrimidine moiety. A more convergent strategy was used for
the synthesis of variolin B by employing N-tosyldichlorome-
thanimine (TsN=CCl,) as a cyclization reagent, generating
directly the 2-aminopyrimidine unit from 224b (compound
226b, 65% yield).

| N OTHP
—
N N
; P N
224a o H
N OTHP
| N 225a
—
N NH
" ; 2224 b QMe
224a R=H b
224b R = OMe T | NN OTHP
~
N N
=N
TsHN
226b

Scheme 70. Reagents and conditions: (a) (C13C0O),CO, i-Pr,NEt, CH,Cl,,
rt, 76%; (b) TsN=C(Cl),, i-Pr,NEt, CH,Cl,, 65%.

As a novelty, the synthesis of variolin B and deoxyvariolin B
was also developed on the construction of the tricyclic core
starting from 1, followed by functionalization at the C-5
position, allowing the introduction of the D ring by a palla-
dium-mediated cross-coupling reaction (Scheme 71).73!13
7-Azaindole 1 or 4-methoxy-7-azaindole were converted
into a 2-lithiated species 227a,b according to the Katritzky
method. The nitrogen atom of 7-azaindole was first blocked
by the temporary CO,Li group and then the in situ lithiation
was achieved with #-BuLi to abstract the C-2 hydrogen.
Reaction with 2-phthalimidoacetaldehyde as electrophile
gave the alcohols 228a,b in 43—44% yields. Protection of
the alcohols 228 as a tetrahydropyranyl ether offered the
advantage of being orthogonal to the phthalimide protecting
group as well as avoiding the competitive formation of an
oxazolidinone. Cleavage of the phthaloyl protecting group
by hydrazinolysis afforded 229a and 229b. The tetrahydro-
pyrimidine intermediate was obtained as a 1:1 diastereo-
meric mixture by reaction of triphosgene on 229. Removal
of the THP group was achieved by treatment with 4 N HCI
(80-100% yields). During the next step, the mesylation of
the alcohol was followed by an in situ elimination at 0 °C
to yield 230a (95%) and 230b (78%).
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Scheme 71. Reagents and conditions: (a) (i) n-BuLi, THF, CO,, —78 °C; (ii)
t-BuLi, THF, —78 °C; (b) 2-phthalimidoacetaldehyde, THF, 228a=44%,
228b=43%; (c) (i) DHP, 6 N HCI, benzene, CHCls; (ii) NH,NH,-H,O0,
EtOH, reflux, 229a=87% (two steps), 229b=62% (two steps); (d) (i)
(C13C0O),CO, i-Pr,NEt, CH,Cl,, 1t; (ii) 4 N HCI, CH,Cl,; (iii) MsCl,
TEA, CH,Cl,, 0°C, 230a=72% (three steps), 230b=51% (three steps);
(e) (i) HMDS, TMSCI, 2,6-lutidine; (ii) NHs, 150 °C, 60 psi, 30% (two
steps); () (i) Ac,O, THEF, rt, 75%; (ii) NIS, CH,Cl,, 0 °C, 93%; (g) (2-methyl-
thiopyrimidin-4-yl)trimethyltin, Pd,(dba);, Cul, PPh;, LiCl, dioxane, reflux;
(ii) HCI, MeOH, reflux, 45% (two steps); (h) (i) m-CPBA, CH,Cl,, 91%;
(ii) 23% aq NH,OH, dioxane, 80 °C, 90%.

To achieve the synthesis of deoxyvariolin B 210a, the con-
struction of the 9-aminopyrimidine system required the
conversion of the carbonyl group of 230 into a leaving
group for further displacement with ammonia. The use of
POCI; was unproductive under various conditions. O-Sily-
lation of 230a with hexamethyldisilazane followed by treat-
ment with ammonia under pressure at 150 °C afforded the
attempted 2-aminopyrimidine 231a in 30% yield. Follow-
ing the same pathway, the methoxy derivative led to a com-
plex mixture requiring an alternative route to generate the
2-aminopyrimidine 231b. Introduction of the D ring on
231a was envisaged by a Stille coupling reaction. N-Acetyl
protection of 231a followed by iodination on the C-5 posi-
tion afforded 232 in good yield. A coupling reaction was
next carried out between the iodo derivative 232 and (2-
methylthiopyrimidin-4-yl)trimethyltin in the presence of
Pd,(dba);, PPh;, Cul and LiCl. The desired product 233
was obtained in 45% yield after N-deacetylation in an
acidic medium. Oxidation of the methylthio group of 233
proceeded in the presence of m-CPBA in 91% yield.
Finally, the substitution of the sulfone group was performed
in the presence of aqueous NH4OH in a sealed tube in

dioxane at 80 °C to give deoxyvariolin B 210a in excellent
yield.

As discussed previously, numerous efforts were also neces-
sary to improve the yield of the total synthesis of variolin B
(Scheme 72).7*!2 As an intermediate in the global synthe-
sis, the use of TSN=CCI, on substrate 229b appeared to
be very efficient to directly form the 2-tosylaminopyrimi-
dine 234 in 65% yield. Removal of the THP group, followed
by elimination of the hydroxyl group by formation of its me-
sylate, provided 235. Regioselective iodination with NIS led
to the 5-iodo derivative 236. A Stille reaction between 236
and 2-acetylamino-4-trimethylstannylpyrimidine gave 237
in 75% yield. Acidic treatment of 237 resulted in simulta-
neous deprotection of the methoxy and acetyl protecting
groups (60% yield). The reductive photolysis with a high-
pressure Hg lamp (in the presence of hydrazine as a reducing
agent and 1,4-dimethoxybenzene as an electron source) re-
moved the tosyl group to give variolin B 210b in moderate

yield.
OMe OMe
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X a X OTHP
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Scheme 72. Reagents and conditions: (a) TSN=CCl,, i-Pr,NEt, CH,Cl,,
65%; (b) (i) 4 N HCI, CH,Cl,, 95%; (ii) MsCl, Et;N, CH,Cl,, 0 °C, 71%;
(c) (i) NIS, CH,Cl,, 95%; (d) (i) 2-acetylamino-4-trimethylstannylpyrimi-
dine, Pd,(dba);, Cul, PPhs, LiCl, dioxane, reflux, 75%; (e) (i) 48% HBr,
reflux, 60%; (ii) NH,NH,-H,O0, 1,4-dimethoxybenzene, hv, MeOH, 30%.

Vaquero et al.''* has reported considerable efforts devoted to
a new strategy to obtain the heterocyclic core of variolins
(Scheme 73). The pyrido[3,2:4,5]pyrrolo[1,2-c]pyrimidine
system was elaborated from 2-bromomethyl-7-azaindole
and tosylmethyl isocyanide (TosMic). In preliminary stud-
ies, the 2-methyl-1-phenylsulfonyl-7-azaindole 238 was
brominated in the C-3 position with NBS in CCl, to give
239 in 67% yield. A radical bromination of the 2-methyl
group of compound 239 was achieved with NBS in the pres-
ence of benzoyl peroxide to afford the dibromo derivative in
81% yield. The latter compound treated with TosMic
afforded the desired product in 37% yield as an unstable de-
rivative. As an alternative, the carbamate protecting group
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was considered with the hope of preserving the stability
of the products generated. Deprotection of 239 was effective
in a basic medium and led to 240 (80%). This step was
immediately followed by quantitative protection of the
nitrogen atom by treatment with LIHMDS and CICO,Me.
Subsequent radical bromination afforded the dibromo
derivative 241, which, upon reaction with TosMic under
phase-transfer conditions, led to the pyrimidine 242 with an
unexpected methoxycarbonyl group transfer on the pyrimi-
dine ring. A Stille reaction between 242 and (2-methylthio-
pyrimidin-4-yl)trimethyltin, using Pd(PPh3), in toluene/
methanol at 110 °C, afforded 243 in 63% yield. In addition,
arylation or heteroarylation on the 5-bromo derivative 242
was also investigated by the same laboratory to explore
the reactivity of the halogen atom and also to complete the
study.!!3

Scheme 73. Reagents and conditions: (a) NBS, CCly, rt, 12 h, 67%; (b)
K,CO3, MeOH/H,0, reflux, 7 h, 80%; (c) (i) LIHMDS, THF, —78 °C to
rt, 2 h then CICO,Me, —78 °C, 2 h, 89%; (ii) NBS, benzoyl peroxide,
CCly, reflux, 91%; (d) TosMic, TBAI, aq NaOH, CH,Cl,, —10 °C, 65%;
(e) (2-methylthiopyrimidin-4-yl)trimethyltin, Pd(PPhs),, toluene/MeOH,
110 °C, 63%.

Recently, Vaquero et al. has expanded the TosMic chemistry
to the synthesis of substituted azolopyrimidines starting
from the previous compound 241 (Scheme 74).!'® The use
of substituted TosMic derivatives CN—CH(R)-Tos (R=Me,
i-Pr, n-Bu, allyl, Bn, 2-Br-Bn) under phase-transfer condi-
tions (BuyNCIl, NaOH) allowed the formation of a large
diversity of pyrido[3,2:4,5]pyrrolo[1,2-c]pyrimidines 244
(34-83% yields).

244 R= Me, Bu, allyl, i-Pr,
Bn, 2-Br-Bn

Scheme 74. Reagents and conditions: (a) CN-CH(R)-Tos, (Et);NBnCl,
30% NaOH, CH,Cl,, 4-24 h, 34-83%.

The synthesis and biological evaluation of new variolin B
derivatives have been recently described by Fresneda and

Molina. Some of the tested derivatives have similar activity
to the natural compound, variolin B 210b.'!”

7. 7-Azaindolocarbazoles

Indolocarbazole (or indolo[2,3-a]pyrrolo[3,4-c]carbazole)
alkaloids form a class of compounds endowed with potent
antitumor, antiviral and/or antimicrobial activities. This
family (and especially rebeccamycin and staurosporine)
has attracted considerable attention, due to their central
role in the regulation of cell cycle progression and specific
enzymatic inhibitions (Fig. 8). Other natural products such
as granulatimide (see Fig. 10), which do not possess a sugar
moiety inhibit the cell cycle checkpoint in the G2 phase.

H
N H
0 o) N__o
‘ N N ! O
H
Cl Cl
0"/ OH
HO
OMSOH NHMe

staurosporine

rebeccamycin

Figure 8. Structures of rebeccamycin and staurosporine.

Numerous analogues have been synthesized either by
modifying the maleimide unit or by removal of the sugar
moiety. Such aglycone derivatives named arcyriaflavins
have been investigated due to their kinase inhibitory proper-
ties (GSK-3, CDK, etc.). Our laboratory has focused on the
modification of the heterocyclic core highlighting the bio-
isosteric replacement of one or two indole moieties by
a 7-azaindole unit as related below. First, we examined the
anionic condensation of 1 on 2,3-dibromo-N-methyl-
maleimide (Scheme 75; Table 3).''® Different conditions
were attempted to orientate the regioselectivity of the
anionic reaction towards the C-3 alkylated product 245.
The lithium derivative of 7-azaindole 1 obtained by treat-
ment with LIHMDS reacted with the dibromomaleimide,
affording only the N-alkylated derivative 246, but in low
yield (25%). The Grignard reagent EtMgBr in a 2:1 mixture
of toluene and CH,Cl, led to the C-3 alkylated derivative
245 in 65% yield.

Scheme 75. Reagents and conditions: see Table 3.

Phenylsulfonyl group protection of 245 led to N-phenylsul-
fonyl-7-azaindolomaleimide 247 in 74% yield (Scheme 76).
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Table 3

Base Solvent Temp 245 246
LiHMDS (2 equiv) THF 0°C — 25
LiHMDS (2 equiv) THF/hexane 0°C — 15
EtMgBr (2 equiv) Et,0 then CH,Cl, It 14
EtMgBr (2 equiv)  Toluene rt - —
EtMgBr (2 equiv) Toluene 50°C, 12h 15 —

EtMgBr (2 equiv) Toluene/CH,Cl, 2:1  50°C,24h 65

Anionic condensation of 247 with the lithium salt of 1 gen-
erated the bis-substituted maleimide 248 in 64% yield. The
coupling reaction performed on the monophenylsulfonyl de-
rivative 248 using Pd(OAc),, Pd(OCOCFj;), or DDQ was
unproductive. The fully deprotected bis-7-azaindole 251,
obtained from 248, was submitted to cyclization into the car-
bazole in the presence of various palladium species, but ran
to failure, due to the precipitation of palladium complexes
with the nitrogen atoms.

R'=S0,Ph,R?=H 248

& R'=50,Ph, R?= Boc 249{| d

flE: R'=H, R2 = Boc 250
R'=H, RZ=H 251

252 R?=Boc
h(2s3 R2=H

Scheme 76. Reagents and conditions: (a) NaH, PhSO,Cl, THF/DMF, rt,
74%; (b) 1, LIHMDS, toluene, rt, 12 h, 64%; (c) Boc,O, DMAP, THF,
30 °C, 92%; (d) TBAF (2 equiv), THF, reflux, 2 h, 83%; (e) TBAF (2 equiv),
THE, rt, 2 h, 80%; (f) TBAF (10 equiv), THF, reflux, 1 h, 100%; (g) I, UV
lamp TQ-718 DEMA (500 W), benzene, 3.5 h, 74%; (h) HCO,H, rt, 2 h,
100%.

The Boc protection of the residual nitrogen atom of 248 af-
forded 249 in 92% yield. The phenylsulfonyl group of 249
was selectively cleaved using BuyNF to afford the mono
N-Boc protected bis-7-azaindole 250 in 80% yield. By the
use of an excess of BuyNF in THF at reflux, the fully depro-
tected bis-7-azaindole 251 was also obtained from 249 in
quantitative yield. Oxidative photocyclization of 250 was
successfully performed in the presence of molecular iodine
to afford the 7-azacarbazole 252 in 74% yield. The choice
of protecting groups also appeared to be crucial for the
photoirradiation step, leading in other cases to the decompo-
sition of starting materials. Final deprotection afforded
aza-arcyriaflavin A 253 in quantitative yield.!!811°

A similar approach was studied with a view to the prepara-
tion of mixed 7-azacarbazoles where only one indole unit
was replaced by one 7-azaindole moiety (Scheme 77).11%:120
The lithio derivative of 1 was condensed at —20 °C in toluene
with the 2-bromo-3-(N-Boc-indol-3-yl)-1-methylmaleimide
254a to afford the bis-maleimide 255a in 53% yield. In

the presence of a benzyloxy- (BnO-) or benzhydryloxy-
(BzdO-) substituent on the indole ring, the bis-maleimides
255b-d were obtained in 48—74% yields. Photocyclization
of 255a-d afforded the 7-azacarbazole derivatives 256a—
d in 75-88% yields. N-Boc deprotection with BuyNF
afforded 257a—d and removal of the benzyl group of
257b,c was effective with BBr; (6 equiv) to yield 258b and
258c in 100 and 85% yields, respectively. Unfortunately,
decomposition of 257d was observed either by hydro-
genolysis or by reaction with BBrj.

\
N (0]
(0]
—
Br
a,b c
=y =
N N
H Boc

254aR=H 254c R = 6-OBn

254b R =5-OBn 254d R = 7-OBzd

255a R=H 255¢ R=6-OBn 256a R= H 256¢

R =10-OBn
255b R =5-OBn 255d R =7-OBzd 256b R =9-OBn 256d R

1
11-OBzd

257a R=H 257¢ R=
257b R=9-OBn 257d R=

10-OBn 258b R =9-OH
11-OBzd 258¢ R =10-OH

Scheme 77. Reagents and conditions: (a) N-methyl-2,3-dibromomaleimide,
LiHMDS, THF; (b) Boc,O, DMAP, MeCN; (c¢) 1 (3 equiv), LIHMDS
(4 equiv), toluene, —20°C, 255a=53%, 255b=60%, 255¢=48%,
255d=74%; (d) I, UV lamp TQ-718 DEMA (500 W), benzene, 75-88%;
(e) BuyNF, THF, reflux, 82-100%; (f) BBr3, CH,Cl,, rt, 258b=100%,
258¢=85%.

Further functionalization by a sugar moiety on the nitrogen
atom either of the indole or of the 7-azaindole unit was
next achieved by Prudhomme et al. (Scheme 78), starting
from the previously synthesized aglycones 248 and 255a
with a view to the preparation of aza-rebeccamycin ana-
logues.'20-123

Amongst the various methods of N-glycosylation of indolo-
carbazole moieties described in the literature, a Mitsunobu
reaction was performed on 255a with 2,3,4,6-tetra-O-
acetyl-a-p-glucopyranose in the presence of DEAD and
PPh;, providing the B-N-glycosylated 259 in 61% yield.
As attempted, treatment of 259 with BuyNF led to the fully
deprotected product (Boc and acetate groups removed),
giving a sparingly soluble derivative, inappropriate for fur-
ther steps. Therefore, an alternative method using formic
acid selectively removed the Boc protecting group, affording
260 in 72% yield. Oxidative photocyclization by irradiation
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259 R =Boc d
bE.zeo R=H ed

261 X=HR=Ac
262X=HR=H
263 X=BrR=H

o
\ )
SO,Ph SO,Ph
267 268

g|j>265R=Bn
266 R=H

OAc

OAc
OAc
269

271 X =H
272 X =Br
273 X=NO,

Scheme 78. Reagents and conditions: (a) 2,3,4,6-tetra-O-acetyl-a-bD-glucopyranose, PPh;, DEAD, THF, —78 °C to rt, 15 h, 61%; (b) HCO,H, rt, 24 h, 72%; (c)
I,, Hg lamp (400 W), benzene, 1.5 h, 84%; (d) 28% aq NH,OH, MeOH, 65 °C, 22 h, 262=69%; rt, 22 h, 263=53%; (e¢) NBS, THF, 0 °C then rt, 4 days, 44%; (f)
KOH, Na,S0,4, MeCN, 2,3,4,6-tetra-O-benzyl-o-D-glucopyranosyl chloride, rt, 15 h, 264=11%; 265=42%; (g) H, (1 bar), Pd/C, EtOAc, rt, 3 days, 85%; (h)
LiHMDS, 1, toluene, rt, 24 h, 46%; (i) 2,3,4,6-tetra-O-acetyl-o-p-glucopyranose, PPh;, DEAD, THF, —78 °C to rt, 15 h, 61%; (j) BuyNF, THF, rt, 2.5 h, 72%;
(k) I, Hg lamp (400 W), benzene, 1.5 h, 78%; (1) H, (1 bar), Pd/C, EtOAc/MeOH, rt, 24 h, 46%; (m) 28% aq NH4OH, MeOH, rt, 19 h, 271=57%; (n) (i) NBS,
THE, 0 °C then rt, 5 days; (ii) 28% aq NH4OH, MeOH, rt, 22 h, 272=53% (two steps); (0) (i) Fuming HNO3, THF, 0 °C then rt, 21 h; (ii) 28% aq NH,OH,

MeOH, rt, 16 h, 273=38% (two steps).

in the presence of iodine gave 261 in 84% yield. Subsequent
cleavage of the acetate moieties was performed by treatment
with aqueous ammonia in methanol at 65 °C, giving rebec-
camycin analogue 262 in 69% yield.

To improve the solubility and to induce stronger interactions
with the target biomolecules, a bromo substituent was

introduced on the indole ring by reaction of 261 with
NBS. Ammonia treatment released the bromo derivative
263 in 53% yield. N-Glycosylation was also performed on
the deprotected aglycone 257a in a heterogeneous medium
with 2,3,4,6-tetra-O-benzyl-a-p-glucopyranosyl chloride.
In this case, the glucose moiety was introduced on the azain-
dole (264, 11% yield) and on the indole (265, 42% yield).
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Removal of the benzyl group of the sugar moiety of 265 by
hydrogenolysis in EtOAc/MeOH in the presence of a cata-
Iytic amount of Pd/C provided 266 in 85% yield. The synthe-
sis of analogues of 262 and 263 with a free imide nitrogen in
replacement of the methyl substituent was investigated. The
use of the removable benzyloxymethyl (BOM) protecting
group was found to be suitable (Scheme 78). 1-Benzyl-
oxymethyl-3-bromo-4-(N-phenylsulfonyl-1H-indol-3-yl)-1H-
pyrrole-2,5-dione 267 reacted on lithiated 7-azaindole,
generating 268 in 46% yield. A Mitsunobu reaction intro-
duced the sugar moiety on the free nitrogen atom of 7-azain-
dole in 61% yield. The phenylsulfonyl group was removed
using TBAF in THF at reflux in 82% yield. Oxidative photo-
cyclization afforded 269 and was followed by hydrogenoly-
sis of the BOM group to give the derivative 270. Aminolysis
removed the hydroxymethyl and acetate groups and
provided compound 271 in 57% yield. Bromination and
nitration on the indole moiety of 270 were achieved, respec-
tively, with NBS and fuming nitric acid at 0 °C. Final depro-
tection of the sugar moiety led to compounds 272 and 273.

A Clemensen reduction of compound 266 using zinc amal-
gam afforded 274 and 275 in a mixture of regioisomers
(1:1 ratio, 40% yield) (Scheme 79).!2

274 275

Scheme 79. Reagents and conditions: (a) Zn/Hg, HCI, EtOH, 40%.

Aza-staurosporines with an azaindolocarbazole core were
also easily obtained from the coupling reaction between the
aglycone 257a and 1-chloro-2-0O-tosyl-3,4,6-tri-O-benzyl-
a-D-glucopyranose (Scheme 80). The reaction was carried
out using KOH and tris[2-(2-methoxyethoxy)ethyl]Jamine
(TDA-1) as a phase-transfer reagent in acetonitrile. Treat-
ment of the glycosyl derivative with sodium azide in DMF
led to the bridged compound in 12% yield (two steps).

Removal of the benzyl group was achieved with BBr3 in
d.124.125

dichloromethane to give 276 in 90% yiel

276

Scheme 80. Reagents and conditions: (a) KOH, TDA-1, 1-chloro-2-0O-
tosyl-3,4,6-tri-O-benzyl-a-p-glucopyranose, MeCN, rt, 48 h; (b) NaNj,
DMEF, 70 °C, 48 h, 12% (two steps); (c) BBr3, CH,Cl,, —78 °C to 1t, 90%.

Following the same strategy, the preparation of compounds
277 and 278 has been published (Fig. 9).'2> The synthesis
of 277 from starting material 279 is depicted in Scheme
81 (intermediates 280 and 281 are described). The aza-
bridged rebeccamycin 278, isomer of 277, was obtained
from 268.

Figure 9. Compounds 277 and 278.

8. Granulatimide and isogranulatimide analogues

Indolocarbazole derivatives were commonly associated with
granulatimide, isogranulatimide and isogranulatimides A
and B (Fig. 10), which are structurally related to staurospor-
ine aglycone. The synthesis of isogranulatimides A and B
analogues bearing a 7-azaindole moiety instead of the indole

Scheme 81. Reagents and conditions: (a) 2-O-tosyl-3,4,6-tri-O-benzyl-o-p-glucopyranose, PPh;, THF, DIAD, —78 °C to rt, 18 h, 88%; (b) Buy,NF, THF, rt,
2.5h, 81%; (c) I,, Hg lamp (400 W), benzene, 1.5 h, 62%; (d) NaN3, DMF, 70 °C, 48 h, 72%; (e) H, (40 psi), Pd(OH),/C, EtOH/EtOAc, rt, 3 days, 52%;

(f) 28% aq NH4OH, THF, rt, overnight, 71%.
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isogranulatimide A isogranulatimide B

Figure 10. Structures of granulatimide and isogranulatimides.

moiety has been reported recently by the group of Prud-
homme et al.(Scheme 82).!%°

Compound 282 was treated with imidazole magnesium bro-
mide, leading to the adduct 283 with a concomitant removal
of the Boc group. Due to its insolubility, the product 283 was
again protected into the carbamate. [rradiation with a 500 W
lamp led to 284 (as a mixture of two derivatives) and 285 in
low yield. Compounds 284 were separated and characterized
as 284a (21% yield) and the N-Boc derivative 284b (24%

b,c
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yield). Further oxidation of 284 and 285 with MnO, fol-
lowed by Boc group cleavage with formic acid led easily
to the isogranulatimide A analogue 286 (77% yield) and iso-
granulatimide B analogue 287 (47% yield). Introduction
of the glucose moiety was next carried out on compound
283 under Mitsunobu reaction conditions to give 288 in
65% yield. Photocyclization of 288 followed by oxidation
and final deprotection afforded the two regioisomers 289
and 290 in 20 and 5% yields, respectively, for the last three
steps.

Granulatimide bis-imide analogues have recently been pre-
pared (Scheme 83).7* As a novel feature, the key step of
the synthesis was an intermolecular Diels—Alder reaction.
Hydrogenolysis of the bromo substituent of compounds
282 and 291 in methanol led to the imides in 90 and 68%
yields, respectively. Further treatment by DDQ generated
the imide moiety in 94% yield for 292a, and quantitatively
for 292b. Diels—Alder reactions with the maleimide were
carried out in refluxing p-xylene and led to an unseparable
mixture of isomers. Non-aromatic isomers were further ox-
idized with DDQ to yield 293a and 293b in 77-83% yields.
Due to the lack of efficiency of the hydrogenolysis, the BOM
group was removed in a two-step procedure from 293b by
treatment with TFA (294) and subsequent reflux in p-xylene
to afford the compound 295.

As an extension of this work, the synthesis of an isogranula-
timide analogue bearing a pyrrole and a 7-azaindole moiety

AN
pZ

N

\
N
\

R
284a R = Boc
284bR=H

OAc
OAc

288

OH OH
OH OH
289 290

Scheme 82. Reagents and conditions: (a) EtMgBr, THF, imidazole; (b) Boc,O, DMAP, THF; (c) UV lamp TQ-718 DEMA (500 W), MeCN, 284a=21%,
284b=24%, 285=19%; (d) MnO,, CH,Cl,; (e) HCO,H, 286=77%, 287=47%; (f) 2,3,4,6-tetra-O-acetyl-a-glucopyranose, PPh;, DEAD, THF, 65%; (g)

MeONa/MeOH, 289=20% (three steps), 290=5% (three steps).
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) R
o= _o0 o= N
= Br =
a,b
> =D
N l\{ N l\{
Boc Boc
282 R=Me 292a R=Me 293a R=Me
291 R=BOM 292b R =BOM 293b R =BOM

294 295

Scheme 83. Reagents and conditions: (a) H, (1 bar) Pd/C, MeOH, rt, 3 h; (b)
DDQ, dioxane, 1t, 15 h, 292a=85% (two steps), 292b=68% (two steps); (c)
maleimide, p-xylene, reflux, 20-24 h; (d) DDQ, dioxane, reflux, 3 days,
293a=83% (two steps); 40 h, 293b=77% (two steps); (e) TFA, reflux, 3
days; (f) p-xylene, reflux, 7 days, 63% (two steps).

instead of an imidazole and an indole has been reported
in 2006 (Scheme 84).'>” Compound 296 was obtained in
42% yield by coupling 3-picoline and 2-cyanopyrrole in the
presence of LDA. Treatment of 296 with maleimide was
successfully performed in MeOH/H,0, providing the
Michael adduct 297 in 54% yield. Compound 298 was
obtained in a poor yield by cyclization of 297 in refluxing
nitrobenzene in the presence of Pd/C. This step probably
involves the oxidation of the succinimide into the corre-
sponding maleimide prior to the cyclization.

Scheme 84. Reagents and conditions: (a) LDA, THF, 5 h, 42%; (b) malei-
mide, MeOH/H,0, 50 °C, 48 h, 54%; (c) Pd/C, nitrobenzene, reflux, 7 h,
14%.

A similar strategy was used for the synthesis of the glycosyl
derivatives 300a,b from 299a,b (Scheme 85).7* The debenz-
ylation step was quite reluctant in classical conditions. The
use of dimethyldioxirane allowed the removal of the benzyl
group in 59% yield for the N-methyl derivative and 76%
yield for the BOM derivative.

BnO HO
OBn OH
OBn OH
299a R =Me 300a R=Me
299b R =BOM 300b R=BOM

Scheme 85. Reagents and conditions: (a) 2,3,4,6-tetra-O-benzyl-a-p-gluco-
pyranose, PPh;, DEAD, THF, —78 °C to rt, 15 h, 46-64%; (b) H, (1 bar),
Pd/C, EtOAc, NaHCOg, 1t, 24 h, 46-48%; (c) DDQ, dioxane, rt, 48 h, 61—
64%; (d) maleimide, toluene, reflux, 14 h; (e) MnO,, CHCl;, reflux, 24 h,
61-86% (two steps); (f) dimethyldioxirane, CH,Cl,, rt, 48 h, 59-76%.

9. Bis-azaindolylmaleimides and derivatives

Glycogen synthase kinase (GSK-3) is a serine/threonine pro-
teine kinase involved in diverse cellular processes. Related
inhibitors may play a role for the treatment of Alzheimer’s
disease as well as diabetes. As an example, macrocyclic pol-
yoxygenated bis-7-azaindolylmaleimides 303 and 305 have
been discovered as a novel series of potent and highly selec-
tive GSK-3B inhibitors (Scheme 86).'%8

1-Boc-3-iodo-7-azaindole 301 was mixed with trimethyltin
chloride at —78 °C before the addition of n-BuLi provid-
ing the stannyl derivative 302 with 60% yield. A Stille
reaction with chloroindolylmaleimide in the presence of
PdCl,(PPh3), gave the deprotected 7-azaindoleindolyl-
maleimide 257a in 31% yield. Alkylation of the coupling
product 257a with bismesylates gave the cyclic N-methyl-
maleimide. Hydrolysis of the N-methylimide ring by KOH
in refluxing ethanol, directly followed by ammonolysis
with HMDS, furnished the targeted molecule 303. In a previ-
ous paper, Joule et al.’! studied the influence of the diversity
of 3-trimethylstannyl N-substituted 7-azaindole derivatives
in the palladium-mediated cross-coupling reaction. In a
similar approach, 2,3-dichloro-N-methylmaleimide reacted
with the stannyl derivative 302 in excess to afford the desired
symmetrical product 304, which was then alkylated in the
same way with bismesylates to afford compound 305.

The same reasearch group reported the synthesis of macro-
cyclic polyoxygenated bis-7-azaindolylmaleimides with
the incorporation of a ketone (306), a pyridine (307), or
a thiophene unit in the macrocyclic chain (Fig. 11).'%° A
novel series of 3-(7-azaindolyl)-4-arylmaleimide derivatives
310, 311 and 312 were synthesized and evaluated for their
biological activity against GSK-3f and selectivity versus
protein kinase C-BII (Scheme 87).13¢ Methyl 7-azaindole-
3-glyoxylate 166 was obtained from the magnesium salt
of 7-azaindole and methyl oxalyl chloride in 24% yield.
N-Alkylation of 166 was carried out with iodoethane in
the presence of caesium carbonate in DMF.

As an alternative to target such structures, the acetamide 308
could be synthesized from the glyoxal 166 by reduction of
the keto group using Et;SiH in TFA and followed by an
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304 H H 305

O/\/O

Scheme 86. Reagents and conditions: (a) Me3SnCl, —78 °C, n-BuLi,
—78 °C to rt, overnight, 60%; (b) chloroindolylmaleimide, Pd(PPh;),Cl,,
LiCl, toluene, 95°C, overnight, 31%; (c) MsO(CH,),O(CH,),O-
(CH,),OMs, Cs,CO3, DMF, 100 °C, 20 h, 49%; (d) 10 N KOH, ethanol,
reflux, overnight; (¢€) HMDS, DMF, 80 °C, overnight, 33% (two steps); (f)
2,3-dichloro-N-methylmaleimide, Pd(PPh;),Cl,, LiCl, toluene, 95 °C, over-
night, 41%; (g) MsO(CH,),O(CH,),O(CH,),0Ms, Cs,CO3;, DMF, 100 °C
to 20 °C, 15 h, 67%; (h) 10 N KOH, ethanol, reflux, overnight; (i) HMDS,
DMF, 80 °C, 6 h, 60% (two steps).

Figure 11. Structures of 306 and 307.

aminolysis of the ester in 34% yield (three steps). Compound
166 was also N-alkylated with 3-(z-butyldimethylsilyloxy)-
propyl bromide in DMF at 50 °C to give the a-keto ester
309 in 44% yield. The maleimide condensation of 309 and
amide 308 proceeded smoothly in the presence of -BuOK
at0 °C, providing 310 after the removal of the TBDMS group
with concd HCI. The a-keto ester 309 was next subjected to
maleimide condensation with various commercially avail-
able arylacetamides (phenyl, naphthyl, thienyl and pyridyl)
to afford 311. Compound 312 was obtained in two steps
from 311.

The derivatives 316 were also obtained from 7-azaindole-3-
acetonitrile 313 (Scheme 88).!3! Hydroxylation of 313

o o] O
OMe
1 a | N N\ b,c,d
—
N
N H
166
le
(0]
o
OMe
B f
~
NN \ (
(CH,);0TBDMS (CH,),OHE
309 310
lg
(CH2)30H (CHz)s
31 312

Scheme 87. Reagents and conditions: (a) EtMgBr, THF, —65 °C, then
MeO,CCOCl, —78 °C, 24%; (b) EtI, Cs,CO3, DMF, 50 °C; (¢) Et3SiH, TFA,
55 °C; (d) NH;3, MeOH, 90 °C, 34% (three steps); (e) Br(CH,);0SiMe,-
t-Bu, Cs,CO3, DMF, 50 °C, 44%; (f) 308, t-BuOK, THF, 0 °C, then concd
HCl, 39%; (g) ArCH,CONH,, +-BuOK, THF, 0°C then concd HCI,
17-62%; (h) (i) Ms,0, pyridine, THF, 50 °C; (ii) Me,NH, THF, 50-65 °C,
22-31% (two steps).

afforded the acetamide, which was then N-alkylated to give
314. The compounds 314 were reacted with diethyl oxalate
in the presence of ~-BuOK to afford the 2-hydroxymale-
imides in good yield, which were then treated with oxalyl
chloride to provide 315. Suzuki or Stille reaction of 315
with various arylboronic acids or arylstannanes gave the
desired coupling products 316 in moderate to good yields.

N__o
o
CN CONH, —
Cl
|\\ a,bl\\ c,dl\\
— Z —
N N N
N H N \ N \
313 (CHo)R (CH),R
314 315
R = Ph, OPh, CN, OTBDPS 1
e
o
o
—
Ar
Ar = pyrrol-3-yl, furan-2-yl, imidazol-2-yl, A
pyrimidin-2-yl, benzothiophen-2-yl,... | N
—
NN
(CH,);R
316

Scheme 88. Reagents and conditions: (a) H,O,, K,CO3;, DMSO, 0 °C,
10 min, 84%; (b) Br(CH,);R, Cs,COs3;, DMF, 70 °C, 2-6 h, 27-60%; (c)
(COzEt),, +-BuOK, THF, 0°C, 20 min, 53-81%; (d) (COCl),, DMF/
CH,Cl, 1:1, rt, 1 h, 73-89%; (e) Method A: Pd(P(t-Bus)),, Pd,(dba)s,
ArB(OH),, KF, THF, rt, 18 h; Method B: Pd(P(t-Bus)),, ArSnBu;, THF,
reflux, 18 h.
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Figure 12. Structures of 317-341.



1060 F. Popowycz et al. / Tetrahedron 63 (2007) 1031-1064

10. Patents

The diversity of biological targets is a good criterion of the
interest in medicinal chemistry of the 7-azaindole core. Nu-
merous compounds were described in the patent literature,
but only a few examples are given in this review (Fig. 12,
317,132 318,133 319,134 320-322,'%5 323,'¢ 324,137 325
326,'%8 327,'% 328-329,'40 330,141 331,142 332,143 333,144
334,'45 335,146 336,47 337,48 338,'% 339,150 340,'5!
341'%2),

11. Conclusions

Since 2000, the chemistry of 7-azaindole derivatives has in-
creased tremendously, allowing the functionalization of al-
most all the positions of the nucleus and leading to a wide
variety of substrates used for the synthesis of biologically ac-
tive molecules. New methods for the design of 7-azaindole
derivatives are currently under investigation, leading to a bet-
ter knowledge of this heterocycle.
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