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Step and redox efficiencies are a rising priority in synthetic method
development, in order to make synthetic processes more sustain-
able and more affordable. Herein, a step and redox efficient
nitroarene to indole synthesis is developed, in sharp contrast to
the rich literature on the construction of indoles. Elemental zinc
was found to be the best terminal reductant.

The indole scaffold is one of the most important heterocyclic
motifs in organic chemistry. Its frequent occurrence in pharma-
ceuticals and natural products and its biological properties
make it an essential basic structure.'™ This has led to ongoing
interest in the scientific community on synthesizing indoles
using different approaches, leading to many strategies.®™** One
of the earliest is of course the Fischer indole synthesis, arguably
a remarkably powerful coupling reaction.™****

Much of early organic chemistry, however, focused on fine-
tuning the reacting functional groups, often through multiple
(redox) pre-activation steps, in order to trick the desired cou-
pling reactions into occurring (Fig. 1). The Fischer indole
synthesis is a good example of this problem (Scheme 1a).
Indeed, the starting arene substrate on which one wishes to
build an indole must be oxidized and reduced back and forth a
few times in order to reach the desired hydrazine reactive state.
Only then will the Fischer indole coupling occur in a final
overall redox neutral step through condensation with ketones.
Meanwhile, the development of more sustainable synthetic
methods has become a major concern and priority in order to
reduce the environmental footprint of these desired processes.
In principle, this can be achieved by reducing the number of
superfluous redox operations, and thereby the associated
chemical waste. In 1991, Larock utilized the recent progress
made in Pd-catalysed cross-coupling chemistry to propose a
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shorter route towards the indole scaffold, through pre-activation
of the ortho position of the aniline intermediate with a halide.'*™°
This is then followed by a classical cross-coupling step with
internal alkynes (i.e., dehydrated ketones) under Pd-catalysis
(Scheme 1a).

In 2008, Fagnou, inspired by the then recent emergence of
Rh-catalysed C-H bond activation, improved this alkyne
approach further utilizing the corresponding protected aceta-
nilide under oxidative conditions.?*> While the scope of that
reaction is generally broad, making it an important synthetic
tool, the Fagnou approach represents still three redox opera-
tions from the arene starting material: (1) (oxidative) nitration,
(2) reduction to the aniline or anilide, and (3) oxidative Rh-
catalysed coupling with the alkyne. Moreover, getting to the
target indole requires a final deacetylation/deprotection step.
In terms of the overall step and redox efficiency, at least with
respect to the arene substrate, one of the most straightforward
approaches remains that of Bartoli with his direct synthesis of
indoles from nitroarenes and vinyl organomagnesium reagents
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Fig. 1 The problem of step and redox efficiency in synthetic methodology:
fine-tuning the functional groups for a desired coupling reaction.
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Scheme 1 (a) Fischer indole synthesis (4 redox steps) and indole synthesis
by Larock using Pd-catalysis and a pre-functionalized aniline (3 redox steps),
(b) Bartoli synthesis requiring ortho-substituted nitrobenzenes (2 redox steps),
and Dobbs synthesis utilizing 1,2-bromonitroarenes, then removing the halide
with BusSnH (3 redox steps), (c) Nicholas Ru-catalysed indole synthesis with
50 bars of CO gas as the reductant, (d) Rh-catalysed indole synthesis starting
from acetanilides (3 redox steps), and (e) this work: reductive nitroarene to
indole synthesis (directly from the nitroarene) with Zn® powder.

(1989).>*%* Bartoli’s strategy features only two redox operations:
(1) (oxidative) nitration, and (2) reductive coupling with an
organometallic species, which is both nucleophile and reduc-
tant (Scheme 1b).

Unfortunately, Bartoli’s indole synthesis is associated with
two main limitations: (1) the harshness of the organomagne-
sium reagent, thus limiting functional group tolerance and,
more problematically: (2) the requirement for an ortho-
functional group at the nitroarene substrate for the coupling
reaction to occur. In 2001, Dobbs found one way around the latter
problem by utilizing 1,2-bromonitroarenes, thereafter removing
the ortho bromide in a third redox operation with Bu;SnH as a -
not so convenient nor environmentally friendly - final reductant.>
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One of the most step and redox efficient indole syntheses in the
literature is probably that of Nicholas (2002, Scheme 1c).® This
early and inspiring Ru-catalysed C-H bond activation reaction
requires, however, as much as 50 bars of toxic CO gas as the
reductant, 170 °C reaction temperature, and 48 h reaction time for
only very moderate yields of indole coupling products. Several
other methods exist for the construction of the indole scaffold,
though usually these do not operate directly from the nitroarene
but rather from a derivative of it, and involve therefore at least one
additional redox operation in the retrosynthetic strategy.”®>®
For the sake of clarity, not all methods could be graphically
summarized in Scheme 2. Thus, clearly, practical step and
redox efficient strategies to build the indole scaffold are still
in high demand, in particular using non-ortho functionalized
nitroarenes. Herein, we propose to develop such a strategy, by
directly intercepting the reduction of the nitroarene substrate**™*¢
to achieve a straightforward Rh-catalysed C-H bond activation*>*
event and coupling with the alkyne.
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Scheme 2 (a) Optimized reaction conditions, (b) scope, isolated yields,
and (c) scope limits.
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We thus started with nitrobenzene and diphenylacetylene as
model substrates, in the presence of catalytic amounts of the
classical [Cp*RhCl,], dimer.*’~>* The fairly simple idea was that
although the nitro group is not reputed to be an efficient C-H
bond activation ortho directing group, some of its reduction
intermediates (i.e., nitroso or similar)® - if sufficiently long-
lived - might be more susceptible. Of course, the challenge was
to achieve Rh-catalysed ortho C-H bond activation and functio-
nalization before full reduction to the aniline, at which point
any directing group and C-H oxidative ability would have been
suppressed. Indeed, primary anilines are not reputed as effi-
cient C-H bond activation ortho directing groups either. Large
numbers of additives and especially reductants were therefore
screened, as well as temperature and solvent. The full optimiza-
tion table is given in the ESL. Eventually, elemental Zn-powder
was found to be the optimal reductant, in the presence of TMSCI,
acetic acid and 3 A molecular sieves, in acetonitrile. Full conver-
sion to the corresponding product was never observed, due to the
formation of homo-coupled over-reduction by-products (ie.,
hydrazines). Moreover, relatively long reactions times were found
to be necessary (very little product formation in the first hours,
24 h reaction time recommended), thus highlighting the kinetic
challenge of performing nitro reduction concomitantly to ortho
directed C-H bond activation/functionalization. Importantly, the
indole coupling product is not observed unless the solvent is a
nitrile. Utilizing a RhCp* source turned out to be crucial, since
other Rh-catalysts did not give any desired product. Organic
reductants or other metal salts turned out to be inefficient in
the reaction. Moreover, replacing TMSCI with TMSI or a different
Si-species gave only trace amounts or no product at all. The
optimized conditions and the substrate scope are depicted in
Scheme 2. Overall, the isolated yields were found promising.
Ethers (3b and 3c), methylthioether (3d) and halides (3e and 3f)
in the para-position with respect to the nitro-group gave moderate
yields. Alkyl and aryl groups (3g-k, 3u-v, 3x-y) as well as different
kinds of amines/amides (31-q) led smoothly to the corresponding
coupling products.

Moreover, meta functionalization of the nitroarene sub-
strates led to outstanding C-H bond functionalization regio-
selectivity (3r-za), a phenomenon that was already observed by
Fagnou and co-authors under oxidative reaction conditions.>
Indeed, the other regioisomers (C-H bond functionalization on
the more sterically congested ortho position) could not be
detected. This outstanding selectivity can be interpreted as
the result of a sterically controlled highly regioselective alkyne
insertion into the C-Rh bond subsequent to the C-H bond
activation event. This high sensitivity to steric effects may also
explain the more moderate performance of ortho functionalized
nitroarenes (3zg-zh), therefore highlighting a useful methodo-
logical orthogonality with the Bartoli reaction. It is unclear
however why unsymmetrically substituted alkynes should fail
(Scheme 2) in this reaction. Nevertheless, surprisingly, the
anilide functional group (3p-q, 3z) is particularly well tolerated.
This is interesting because anilides are privileged directing
groups in the field of C-H bond activation,” thus offering further
functionalization possibilities. In addition, this has allowed the
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late stage C-H “indolisation” of an important anthelmintic drug,
Niclosamid, with a promising 47% isolated yield (3zf) and excel-
lent regioselectivity (Scheme 2b).

In order to gain some insights into the role and oxidation
states of the directing group, some selected control experi-
ments were conducted (Scheme 3). Of course, as the coupling
reaction was optimized for trivial nitroarenes, it is not too
surprising to find that they were also the best directing group
(DG) precursor under those conditions. It is nevertheless inter-
esting that, without altering the reaction conditions, nitroso-
benzene 4 and N-phenylhydroxylamine 5 deliver some small
isolable amounts of target indole 3a (14% and 5% respectively).
However, aniline 6, 1,2-diphenylhydrazine 7 and azobenzene 8
are not competent coupling reagents/directing groups. More-
over, interestingly, when we performed the reaction on nitroso-
benzene 4 and N-phenylhydroxylamine 5 in the absence of
the zinc terminal reductant, an undefined and complex mixture
of products and perhaps some decomposition were observed
(Scheme 3). This surprising result - one might have expected a
high yield of indole coupling product, or its oxide - contradicts
our original simplified mechanistic scenario, wherein (1)
reduction of the nitro directing group and (2) C-H activation/
insertion/reductive elimination were thought to be sequential
and unrelated. In contrast, our results suggest that Zn is more
than a simple reductant in this reaction, and might structurally
participate in some of the critical steps of the herein described
reaction. Intermediate crystallization attempts unfortunately
failed so far. Further research efforts are currently ongoing in
our laboratory to elucidate and perhaps exploit those effects in
other future coupling reactions.

In conclusion, we have herein developed a direct nitroarene
to indole synthesis, relying on elemental Zn as the terminal
reductant. This therefore represents another milestone in the
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Scheme 3 Selected control experiments with different oxidation states of
the nitrogen atom under optimized conditions.
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quest for more redox efficient routes towards valuable indole
scaffolds. More generally, the relatively underexplored concept
of reductive or oxidative process interception might lead to new
strategies for the design of innovative coupling reactions.
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