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ABSTRACT: A versatile synthesis of 7-azaindoles from substituted 2-fluoropyridines is described. C3-metalation and 1,4-
addition to nitroolefins provide substituted 2-fluoro-3-(2-nitroethyl)pyridines. A facile oxidative Nef reaction/reductive
amination/intramolecular SyAr sequence furnishes 7-azaindolines. Finally, optional regioselective electrophilic CS-substitution
(e.g, bromination or nitration) and subsequent in situ oxidation delivers highly functionalized 7-azaindoles in high overall
efficiency.

he 7-azaindole (1H-pyrrolo[2,3-b]pyridine) motif is In order to address this problem, we were initially inspired by
common in pharmaceuticals and agrochemicals (Figure the strategy of Schirok for the preparation of C3-substituted 7-
1). While seldom observed in natural products,” this heterocyclic azaindoles 3 from 2,6-dichloropyridine (1) (Scheme 1)."

? Scheme 1. Synthesis of 7-Azaindoles from 2-
HO—, N Q .1
-//C/ Halogenopyridines
F N
N Literature Precedent
F FOF N
N“N F

R1O R!
S A S R'=Me, Ph
/]L/j\ N » — R?=Bu, allyl, Ph
N [l e e NN ,
2 3 R

O
N/ N Cl Bn, cyclopenty!
H 1
FPRTS f : « Multiple steps « Limited substitution pattern
Variolin B CCR2 Antagonist uzg:g;gﬂ::: « Poor FNG compatibility « Limited reaction scope
. Lo . . . . 1=

Figure 1. Examples of biologically active 7-azaindoles. This work: R =Cl, CF5, Ph, Alk
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approaches to 7-azaindoles remain challenging, and great effort « Wide scope - Amenable to late stage diversification

has been devoted to the synthesis of this motif over the past 20 * Readily available SM * Preparation of fully elaborated 7-azaindoles
years.”* ™% Traditional strategies for indole synthesis (e.g,
Reissert, Bartoli, or Fischer approaches) when applied to the 7- ) »
aza analogue often suffer from limited scope, reaction efficiency, Deprotonation .Of 1 by LDA and addl'tlon of acetone or
and/or starting material availability.”** In addition, other acetOPheI{lonf’— yleldgd tertiary alcohols, “_'thh after.d_ehydrat.lon
methods for the synthesis of 7-azaindoles involve the formation and epoxldatlop delivered 3-epoxy-2.,6-d1ch.lor0p).rr1d1nes 2 na
of the pyrrole ring using metal-catalyzed cyclizations of 2- two-step reaction sequence. Reastlon with primary amines
aminopyridines, which commonly deliver C2-substituted 7- produced 6.—ch¥oro—7—aza1ndolles 3 in moderate to good YIEId?‘
azaindoles.” In general, installation of a C3 substituent requires While delivering 1’3'SUI?St.Imt.ed'GChlor°f7’azalnd°16§’ .t.hIS
additional steps that encompass formylation, acylation, or sp*~ method suffers from key limitations: (1) rgllagce on 1, lm'ntmg
sp?/sp’—sp> coupling reactions of the corresponding C3- the substrate scope and control of the substitution pattern in the
halogeno 7-azaindoles.”® Access to preinstalled C3-alkyl or final product; (2) dependence on m-CPBA epoxidation; (3)

-aryl 7-azaindoles, which are of imgortance to our medicinal

chemistry program, lacks generality.™ We sought to develop a Received: July 21, 2015
convergent method to access this scaffold. Published: August 20, 2015
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elevated reaction temperatures; and (4) highly acidic conditions,
limiting the functional group tolerance. Despite these limitations,
we thought that constructing 7-azaindoles from 2-halogenopyr-
idines was an attractive entry to polysubstituted 7-azaindoles,
which prompted us to develop a new strategy.

Our approach involves the conjugate addition of a 3-lithiated-
2-fluoropyridine (e.g, 4) to readily accessible nitroolefins § to
produce azaindolines 6 via reduction and in situ cyclization of the
intermediate nitro group. This has the potential to provide an
array of highly diverse 7-azaindoles (Scheme 1). Our
observations and results are described herein.

2-Fluoropyridines facilitate efficient C3-directed metalation
and subsequent indoline formation via an intramolecular SyAr
reaction, theoretically proceeding at lower reaction temperatures
than with 2-chloropyridines. Consequently, our synthesis begins
with regioselective C3-deprotonation of 2-fluoropyridines 4 by
LDA>* at low temperature, followed by treatment with a variety
of substituted nitroolefins. After considering varlous electro-
philes, we elected p-substituted nitroolefins 5° as Michael
acceptors because these are amenable to efficient 1,4-addition
reactions with organolithium species.” This process tolerated
most substitutions on the 2-fluoropyridine ring (at C4, CS, and
C6) and proceeded in good to excellent overall yields (58—80%)
(Scheme 2). Only nitroethylene itself as a Michael acceptor gave
a low yield (8i, 39% yield).”

Scheme 2. 1,4-Addition Reaction of 3-Lithiated
Fluoropyridines 4 to Nitroolefins $
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From the outset we planned for the reduction of the nitro
group of 2-fluoro-3-nitroalkylpyridines 8a—n to primary amine
12 and subsequent intramolecular cyclization to 7-azaindolines
6. With Zn/AcOH or Raney Ni (Scheme 3), the reduction
proceeded efficiently on the basis of analysis of the crude reaction
mixture; however, our attempts to isolate amines 12 and/or
azaindolines 6 gave poor yields and reproducibility. We
rationalized that 7-azaindolines 6 sequester zinc and nickel
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Scheme 3. Reduction of the Nitro Group
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through a strong chelation effect. This turned our attention to
what ultimately became a more versatile overall synthesis.

We focused our efforts on the conversion of the nitroalkyl
intermediates to ketones or aldehydes using a Nef reaction
protocol.’ Ketones 9 were successfully obtained from the
corresponding 2-fluoro-3-nitroalkylpyridines 8d and 8h
(Scheme 4). Condensation of cyclohexyl ketones 9 with

Scheme 4. Synthesis of Azaindoles 7a and 7b
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benzylamine and p-methoxybenzylamine afforded 7-azaindoles
7a and 7b in 89% and 70% vyield, respectively, by enamine
formation and intramolecular SyAr cyclization.

In keeping with our original strategy, aldehydes 10 were
initially elusive. The Nef reactions with nitroalkyl intermediates
(8¢, 8e—g, and 8i—n) produced mixtures of recovered starting
material, aldehyde, and the corresponding carboxylic acid.
However, we were pleased to find that the addition of
magnesium sulfate” resulted in clean formation of aldehydes
10 (85% to quantitative conversions), preventing overoxidation.
MgSO, stabilizes the nitronate intermediate to afford consistent,
clean, and scalable carbonyl formation. These aldehydes were
successfully used crude in the next step (Scheme 5).

Scheme 5. Attempt to Synthesize 7-Azaindoles 7
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Surprisingly, under the same reaction conditions used with
ketones 9, 7-azaindoles 7 were not obtained from aldehydes 10.
Instead, ketones 11 were produced (Scheme S). This result has
precedent in the synthesis of ketones via aldehyde decarbon-
ylation."” This pathway presumably occurs from the inherent
instability of aldehydes 10 at elevated temperatures and the
concomitant decarbonylation reaction by oxygen.'' During our
investigation, we also determined the Nef reaction to be
incompatible with compounds bearing an aryl or heteroaryl
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substituent at the position /3 to the nitro group (Scheme 6) from
what we believe is a result of their highly acidic enolizable nature,
consistent with our observations.

Finally, azaindolines 6 were readily oxidized by manganese
dioxide'>"*™'* upon stirring for 3—24 h at reflux in dichloro-
ethane to give azaindoles 7c—j in excellent yields (Scheme 8,

Scheme 6. Nef Reaction Attempt Using Compound 8a
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We modified our strategy and targeted 7-azaindoles by way of
their corresponding 7-azaindolines. 7-Azaindolines 6 were
generated from ketones 9 or aldehydes 10 by reductive
amination and in situ intramolecular SyAr ring formation. This
modification affords additional flexibility by allowing the
synthesis of substituted 7-azaindoles with late-stage derivatiza-
tion at the S-position (see the CS-electrophilic substitution in
Scheme 8). In practice, both ketones 9 and aldehydes 10 perform
well under the reductive amination/intramolecular SyAr
conditions, giving 7-azaindolines 6a—1 in moderate to excellent
yields (38—81%; Scheme 7). The reaction sequence tolerates a
variety of pyridine ring substituents (Me, Cl, Ph, Tol) and
provides access to a broad range of N substituents exemplified by
alkylamines, benzylamines, and sterically hindered (#-Bu)
amines. Also, exclusive C2 (fluorine) versus C4 (chlorine)
cyclization was observed for compounds 6f and 6g, whereas 2,4-
dichloropyridines were reported to deliver mixtures.’

Scheme 7. Synthesis of Azaindolines 6a—1
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“Compounds 6b and 6e: the intermediate was not worked up, and the
crude mixture was used as-is in the intramolecular SyAr cyclization
step at 50 °C. “Compound 6f: cyclization was observed during the
reductive amination step and did not require reflux with Et;N in THF.
“Compound 6h: cyclization was performed with Et;N in toluene at
reflux. Tol = p-tolyl.
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Scheme 8. Synthesis of Azaindoles 7c—t

conditions a:
MnQ,, DCE, reflux, 24 h

Alk, H ‘conditions b: Alk, H
X NBS, DCE, 0°C NO,, Br, H x
F<17:K then MnQ,, reflux, 3 - 24 h R N
N/ N \N/ N
I\?“ conditions c: hz
6 TBAN, TFAA, TFA, DCE, 0°C Te—t
then MnO,, reflux, 10 minto 3 h
conditions a Cy Pr Ph e
O o O
NN NTTN N7 N
PMB Bn PMB

7c, 83%, from 6b 7d, 74%, from 6d 7e, 75%, from 6e

Pr Pr Pr
Tol Me
o Oy O
N” N NN o NN
Bn PMB
7f, 58%, from 6h 74, 88%, from 6i 7h, 81%,
from 6j
Pr Pr OMe
D D
o
¢ N° TN NN
Bn )T
________________ 71,83% from6l _ 7),85% from6k
conditions b oy pr Pr
Br: Br Br.
Ny | S\ | Y
NT TN NN NN
PMB Me Bn
7k, 54%, from 6b 71, 72%, from 6¢ 7m, 71%, from 61
Ph py cl ¢ gy
Br Br Br
NTN NTN NN
PMB Bn )\

7n, 73%, from 6e 70, 76%, from 69 7p, 87%, from 6f
conditions ¢ cy Pr Ph pr
O,N O5N O.N
X RS 2
D Dh DA
NT TN N~ N N TN
PMB Me i:’MB

7q, 83%.° from 6b 78, 72%.° from 6e

Pr

0N
BB
¢ NN
Bn

7t, 73%, from 6l

“Compound 7k: MnO,-mediated oxidation was conducted over a 48 h
period. *Compounds 7q and 7s: nitration was performed at —30 °C
for 1 h. Tol = p-tolyl, TBAN = tetrabutylammonium nitrate.

conditions a). A key feature of this methodology is the late-stage
introduction of high structural diversity via 7-azaindolines 6."* As
such, to the best of our knowledge, we have developed a novel,
facile, and efficient one-pot synthesis of 5-bromo- and S-nitro-7-
azaindoles 7 via C$ indoline bromination or nitration at low
temperature prior to manganese dioxide oxidation (Scheme 8,
conditions b and c). We observed that the oxidation rate was
dependent on the substitution at CS and ranged from minutes to
24 h. Substrates bearing electron-withdrawing substituents were
oxidized rapidly (NO, > Br > H). 5-Bromoazaindoles 7k—p and
S-nitroazaindoles 7q—t were obtained in moderate to good yields
(54—83%). It is important to note that selective nitration or
bromination at CS of 7-azaindoles 7 typically led to regioisomeric
mixtures at C2, CS, and/or C6. This highlights the benefit of
synthesizing 7-azaindoles 7 via 7-azaindolines 6. Chloro- and/or
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bromo-substituted compounds are valuable intermediates to give
more advanced 7-azaindole structures using metal-catalyzed
reactions (Suzuki, Stille, Heck, etc.).”'* The nitro group is also a
key intermediate for further derivatization (acylation, sulfonyla-
tion, Sandmeyer reaction, etc.). Compounds with an aryl or
heteroaryl group at C3 may be accessed from C3-unsubstituted
azaindoles (e.g., 70) by a well-established halogenation/sp*—sp*
coupling sequence.””"

In summary, we have developed a convergent and efficient
synthesis of 7-azaindoles. In this innovative sequence, a 1,4-
addition reaction of 3-lithiated-2-fluoropyridines to nitroolefins
provided 2-fluoro-3-nitroalkylpyridines. 7-Azaindolines were
then obtained from an oxidative Nef reaction/reductive
amination/intramolecular SyAr sequence using a range of
primary amines. This sequence allows for high diversification
at C3, enabling the installation of sp® substituents that are
challenging via other means. Finally, the use of 7-azaindolines
allows for selective CS-bromination, CS-nitration, and/or
oxidation, producing the desired 7-azaindoles. Scheme 9 shows

Scheme 9. Example of the Full Sequence from 2-Fluoro-6-
chloropyridine Delivering 7-Azaindole 7t
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an example of the overall sequence. Relative to other methods
requiring numerous steps and elaborate starting materials, this
methodology involves inexpensive and readily available starting
materials and a tractable reaction sequence. It also avoids the use
of metal-catalyzed coupling reactions and allows for facile access
to 7-azaindoles with control over the introduction of substitution
at every position of the targeted 7-azaindole core.
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