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Abstract
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A robust and green protocol for the reduction of functionalized nitroarenes to the corresponding 1°
amines has been developed. It relies on inexpensive zinc dust in water containing nanomicelles
derived from the commercially available designer surfactant TPGS-750-M. This mild process
takes place at room temperature and tolerates a wide range of functionalities. Highly selective
reductions can also be achieved in the presence of common protecting groups.

Aromatic and heteroaromatic primary amines have proven to be important building blocks
in the synthesis of a wide range of pharmaceuticals, polymers, and fine chemicals, with
particular utility in cross-coupling reactions. However, the inherent reactivity of this
functional group often requires protection from premature participation in multi-step
syntheses. While a wide range of protecting groups are available to limit amine reactivity,
one popular strategy involves their masking as nitroarenes. This approach provides multiple
benefits, including facile nitrogen introduction via early stage nitration, excellent atom
economy, good stability of the nitro group under numerous reaction conditions, and directed
arene functionalization resulting from the associated electronics of the nitro moiety.
Unfortunately, this protection strategy introduces a new challenge; the required
chemoselective reduction of nitroarenes in the presence of other functional groups, including
those that may be competitively reduced.

Classically, such reductions have been achieved under harsh conditions, including strong
acids and various metals, such as iron or tin.2 Although effective in scaled industrial
processes,3 these reductions tend to suffer from a limited substrate scope due to their
severity, and present significant safety and environmental issues associated with their use.
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Several protocols have been reported in recent years to address these concerns. Catalytic
hydrogenation using transition metal catalysis has received high interest, but this approach
exhibits limited selectivity in the presence of other reducible functional groups.* Even when
chemoselectivity is not an issue, this route still requires specialized equipment, pressurized
hydrogen gas, and flammable organic solvents, decreasing its safety and ultimate appeal.
Additionally, the known energetic nature® of nitro reduction intermediates often makes
working in organic solvent under a pressurized atmosphere of hydrogen particularly
undesirable.

Transfer hydrogenation processes of nitroarenes eliminate the use of pressurized hydrogen
gas, but often show a decrease in yields in the presence of other reducible groups.5 Most
recently, MO3S, cluster catalysts have been developed that offer impressive
chemoselectivity and functional group tolerance, but have limitations due to their cost and
complexity.” Additional exotic solutions, such as the use of copper,82 iron,8? or precious
metal8¢ nanoparticles, or other engineered nanomaterials,® have demonstrated good activity,
but may suffer from a similar lack of selectivity.

One classical solution involves the use of elemental zinc as a reducing agent in various
reaction environments, including acetic acid or methanol mixtures, or more recently biphasic
solutions.® While chemoselectivity is impressively high, especially when acidic pH can be
avoided, literature methods all require the use of organic solvents or ionic liquids® in order
to solvate nitroarene substrates, and often require heating.2 Standard protocols generally call
for 10-20 equivalents of zinc dust, increasing material costs, waste disposal, investment in
energy, and limitations in reaction throughput. It follows that if the virtues of zinc could be
leveraged by its utilization at ambient temperatures while eliminating organic solvents as the
reaction media, a greener and more robust protocol would result, providing a solution to this
important and timely synthetic problem.

Our work continues to focus, in part, on the design of nonionic surfactants that enable
transition metal-catalyzed reactions to be performed in water at room temperature (rt), rather
than in traditional organic solvents.12 Several applications of micellar technology to an array
of valued organic transformations have already been developed. To further expand the scope
of these micellar surfactant conditions, zinc-mediated reductions of nitro-arenes and nitro-
heteroarenes have been studied; we now report the results of this investigation.

A representative hydrophobic nitroarene was examined in a 2 wt. % aqueous solution of the
designer surfactant TPGS-750-M, which is an item of commerce (Sigma-Aldrich
#733857).13 Addition of zinc dust and ammonium chloride to a solution of 4-
nitrobenzophenone 1 resulted in clean conversion to 4-aminobenzophenone 1b upon stirring
for six hours at room temperature (Scheme 1).

Monitoring the reaction products by GCMS revealed no residual nitroso or hydroxylamine
intermediates, and no unwanted reduction of the carbonyl group at full conversion. A simple
workup including filtration through a silica gel plug followed by rinsing with a minimal
volume of ethyl acetate afforded the amino product 1b in 94% yield. Alternately, extraction
with a minimal volume of organic solvent led to isolated product of similar purity and yield.
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Following this initial success, experiments were conducted to optimize the reaction protocol
(Table 1) Zinc dust loading was varied from the required 3 equivalents up to 10 equivalents
suggested by prior literature.11 While limiting zinc loading to 3 equivalents slowed reaction
rates and failed to achieve 100% conversion, with significant amounts of partially reduced
hydroxylamine as an impurity, 5 equivalents resulted in clean, complete conversion. The
global reaction concentration was established at 0.5 M, affording a reasonable reaction rate.
Increasing the concentration to 1 M resulted in a similar rate, while higher concentrations
showed poor substrate solubility and failed to reach complete conversion. Attempting the
reaction “on-water” without the aid of TPGS-750-M resulted in low and inconsistent yields.

Several alternative additives were screened, with none showing better overall performance
than that seen with NH4CI. Acids (HOAc, HCOOH) resulted in rapid conversion, but also
created inherently limited functional group compatibility and poor surfactant emulsion
stability. Additionally, these highly acidic conditions resulted in a significant exotherm upon
introduction of zinc dust, necessitating slow batch-wise addition and potentially limiting
scalability. Basic additives (TMEDA, NH4OH, Et3N) completely shut down the reduction
and returned only unreduced starting material.

The test reaction was also run in a 1 M potassium phosphate buffered solution of 2%
TPGS-750-M adjusted to various levels of pH. Adequate conversion was observed with no
additional additive when the starting pH was set to 6.0 or lower, albeit at significantly
slower rates. No activity was seen above a starting pH of 8.0. Final optimized conditions
were set at 0.5-1.0 M nitroarene, 5 equivalents fresh zinc dust, and 1.2 equivalents of
ammonium chloride.

Using these optimized conditions, a series of functionalized nitroarenes was subjected to this
reduction protocol to evaluate its scope and chemoselectivity (Figure 1). Reductions
proceeded smoothly in the presence of both electron-withdrawing as well as electron-
donating groups. Functional group tolerance was shown to include aldehydes, ketones,
esters, amides, allenes, sulfides, and various halogens, suggestive of a strong preference for
selective nitro group reduction.

In contrast to classical hydrogenation,® no complications were encountered due to the
presence of other reducible functionalities, including alkenes, alkynes, and carbonyls
groups. Nitroarenes bearing halogen reacted particularly cleanly, yielding a variety of
potentially synthetically useful building blocks. Most substrates showed complete reduction
in 1-4 hours.

Orthogonal blocking group strategies were evaluated using protected nitroanilines and
nitrophenols, subjecting each to our standard nitro group reduction conditions (Figure 2).
Carbamate 21, benzylic amine 22, and benzyl ether 23 were all found to be stable over a
period of 48 hours.

Selected heteroaromatic natural products were nitrated and then subjected to reduction
(Figure 3). The protocol successfully yielded clean amino derivatives 24b—26b,
demonstrating its potential utility for unmasking an NH, moiety in advanced intermediates
in pharmaceutical or natural product synthesis, or other heteroaromatic targets of interest.
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To demonstrate the ease of use and flexibility of this protocol, a few modifications were
attempted with a focus on robustness and potential scalability. To eliminate the use of silica
gel filtration on scale, the reaction was instead extracted with a minimum amount of ethyl
acetate. As demonstrated in previous publications from our group,’ a standard in-flask
extraction leads to clean product, while leaving the surfactant behind in the aqueous phase to
be recycled. As alluded to previously (vide supra), substrate concentration could be
increased from 0.5 to 1.5 M to minimize the investment in water, with a slight reduction in
rate. Mild heating (60 °C) could be applied to reduce reaction times to <4 hours, if desired.
However, sensitive substrates, e.g., a substituted aryl iodide, showed increased lability upon
heating, so a balance between throughput, energy input, and product stability should be
taken into consideration.

Lastly, this methodology was applied to a two-step synthesis of the antiarrhythmic agent
procainamide (Scheme 2). The amide bond was constructed in aqueous 2 wt. % TPGS-750-
M with 4-nitrobenzoic acid 28 and N,N-diethyl ethylenediamine 29, utilizing EDCI/HOBt at
room temperature. After isolation, the resulting nitrobenzamide 30 was reduced under
standard conditions, producing the final APl 1-chloro-4-methyl-2-nitrobenz-ene 31 in 83%
yield over two steps. E Factors,14 comparing the mass ratio of organic solvent used to
product produced, could be dramatically reduced relative to those associated with the
patented route that relies on organic solvents.2® This approach also obviated the need for
specialized hydrogenation equipment, thereby eliminating this particular process safety risk
and its costs associated with such nitro group reductions.
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Substrate Scope: Zn-mediated reductions of aromatic nitro groups in TPGS-750-M/water at

room temp &
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Figure 2.
Screening of protecting group stability
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Reductions of natural products / heteroaromatics
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Scheme 1.
Initial study: reduction of 4-nitrobenzophenone
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patented route to procainamide:
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nanotechnology route: both steps in water at RT
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Scheme 2.
Procainamide synthesis: comparison of route in organic solvents vs. in water at room
temperature
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Table 1
Optimization of zinc-mediated reduction
O+ _OMe
Zn dust, additive Oy OMe
TPGS-750-M / H,0, rt
HzN NO;, HN NH,
2 2b
zinc additive concentration  time  conversion
(equiv) (2 equiv) () (h) (%)
3 NH,CI 0.5 2 60
5 NH,CI 0.5 2 84
10 NH,CI 0.5 2 87
5 NH,4CI 0.5 4 100
5 NH,CI only2 0.5 4 62
5h acetic acid 0.5 2 100
5b formic acid 0.5 2 100
5 TMEDA 0.5 24 0
5 pH 6 phosphate 0.5 4 93
5 pH 8 phosphate 0.5 24 0
5 NH,CIC 1.0 4 100
5 NH,CIC 15 4 72

a
“on water”, no surfactact
b, — .
2 batchwise zinc additions

C1.2 equiv.
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