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Ethanol represents a highly sustainable hydrogen donor in chemical synthesis due to its
unique combination of environmental, economic, and practical advantages. As a bio-
derived compound, ethanol can be readily produced from renewable biomass sources,
minimizing dependence on fossil fuels and reducing greenhouse gas emissions
throughout its lifecycle. In this regard, our work emplifies a meaningful stride toward
aniline synthesis from nitroarenes by advancing a transfer hydrogenation protocol that
leverages ethanol. Ethanol’s bio-derived origins and favorable hydrogen density (13.1
wt%) make it an economically viable and environmentally benign choice. The
development of a recyclable, anti-poisoning Pt/C catalyst further reinforces the

sustainability of this approach by minimizing waste and extending catalyst lifespan.
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ABSTRACT: Developing environmentally friendly transfer hydrogenation protocols using sustainable and economically viable hydrogen

donors is highly desirable in the organic synthesis toolbox. In this respect, the high hydrogen content (13.1 wt%) and its low toxicity, including

its production from renewable substances, make ethanol a promising hydrogen source. Herein, we report an attractive, recyclable, and, anti-

poisoning platinum on carbon (Pt/C) catalyst for the chemoselective reduction of functionalized nitroarenes comprising reactive functional
groups, including multiple sulfur functionalities (-SO,Me, -SO,, SO3H, -SMe, etc.), halogens (-F, -Cl, -Br, -1) as well as carbonyl, amide, acid

groups, selectively delivering structurally diverse aniline products in high yields (up to 95%). Therefore, the current approach may open new

possibilities for syntheses, especially with respect to chemical building blocks for pharmaceutical synthesis. The use of viable ethanol as a

hydrogen source also makes this catalytic process sustainable.

Introduction

Among the numerous renewable raw materials, ethanol (EtOH) is
an important C, raw material that can be regarded as a liquid
organic chemical hydrogen carrier; the production of which is
useful in chemicals and fuel technologies.! EtOH is mainly
produced by yeast fermentation from starch-rich crops such as
corn, wheat, and cassava.!?! The annual production of renewable
EtOH is constantly increasing, and it reached around 31.1 billion
gallons in 2024, making it the largest volume of small renewable
feedstock molecules.l¥ Currently, the majority of bioethanol is
used as a transportation fuel.”*! Additionally, EtOH is also used in
the clinical sector for disinfection and sterilization, including
alcoholic beverages.P! Further, EtOH can also be used to produce
a few key chemicals, such as ethylene, acetic acid, acetic
anhydride, and ethyl acetate.!®! However, implementing ethanol
as a renewable C, feedstock to access a variety and large number
of commodity chemicals,” including catalytic hydrogen transfer
reactions,® is less developed and merits greater attention in
organic synthesis.
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Catalytic transfer hydrogenation (CTH) with an organic
hydrogen donor has emerged as a synthetically powerful and
practical tool and has attracted significant attention from both
academia and industry as a complementary technology over the
classical direct hydrogenation process.”! Also, the CTH strategy
offers a number of advantages, such as (a) easily available and
cost-effective hydrogen sources, (b) enhanced safety measures,
(c) no demand for a high-pressure experimental set-up, (d) no
external H, supply, and (e) operational simplicity. Alcohols are
potential sources of hydrogen surrogates.!* Specifically, alcohols
like methanol, ethanol, isopropanol, and polyols (glycerol and
sugars) are notable examples of organic hydrogen donors in CTH
chemistry.l'9 After the vast use of isopropanol (IPA) as a
hydrogen source in chemical reactions,*!! methanol has become
an excellent substitute for IPA owing to its production from
renewable resources or natural gas.['?l Despite the potential use
of methanol in CTH reactions, it also has a few drawbacks like the
generation of formaldehyde, which can be converted to toxic CO
gas that sometimes hampers the activity and selectivity of the
reaction or may also poison the catalyst (depending on the type
of catalyst and the reaction conditions applied).'?> 12 |n
comparison to both IPA and methanol, ethanol is less studied in
transfer hydrogenation reactions.® 13 The high hydrogen content
(13.1 wt%) and the low toxicity make ethanol a promising
hydrogen source.l'*! Further, the dehydrogenation of ethanol
produces exclusively hydrogen, which is consumed during the
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reaction, and acetaldehyde, which is a relatively environmentally
friendly side product.'®! Ever since the pioneering work of
Gritzmacher in 2008 for the transfer hydrogenation of ketones
with ethanol as the hydrogen donor, ethanol has emerged as a
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particularly attractive hydrogen source and has increasingly
come into focus in modern synthetic methodology.*3®!
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Figure 1. (A) Phenylamine-containing pharmaceuticals. (B) General overview of bioethanol production and its utilization as a hydrogen source in transfer

hydrogenation reactions.

Aniline and its derivatives are found in many pharmaceuticals,
natural products, agrochemicals, polymers, and more (Figure
1A).81 Further, sulfur and halogen-containing scaffolds are
widely present in many drug components owing to their unique
physicochemical and pharmacokinetic properties.[!”l Anilines
comprising well-known functional groups such as thiol, thioether,
sulfone, sulfonamide, and sulfide attract attention in drug
discovery.'® Although there are a plethora of methodologies
available for the synthesis of structurally diverse anilines, the
preparation of sulfur and halogen-containing anilines is still a
formidable challenge. Moreover, catalytic related approaches
are very limited,*#%% |imiting the chemical space in aniline
chemistry and its applications in drug discovery. Therefore, a
general and efficient protocol to prepare these sulfur and
halogen-containing anilines will facilitate the understanding and
application in pharmaceutical chemistry. On the other hand, it is
worth noting that sulfur-resistant (transfer)hydrogenation
catalysts are much fewer in number and are typically applied in

2 | J. Name., 2012, 00, 1-3

petrochemical industries, particularly for the
hydrodesulfurization (HDS) of naphtha feedstocks.?% In this
context, very recently, Mitsudome and co-workers developed a
ruthenium phosphide (Ru,P/SiO,) catalystl'® and ruthenium
phosphide nanoparticles supported on activated carbon
(RuP/C)2U for the hydrogenation and reductive amination of
challenging sulfur-containing molecules. In another study, Wang
and Zhang together reported that triphenylphosphine
counteracts S-poisoning during Pd/C catalyzed 4-nitroanisole
reduction.!’®! The Glorius group also reported a heterogeneous
Ru-S catalyst for the selective hydrogenation of sulfur-containing
heterocycles.!*7d

Research on transfer hydrogenation is still yearning for a robust
protocol for sulfur and halogen-containing anilines with wide
substrate compatibility. Based on our previous reports and
interest in exploiting hydrogen transfer chemistry,[122 12f 12g, 18b]
we have focused on ethanol utilization as a hydrogen source for
the synthesis of sulfur and halogen-containing anilines in the

This journal is © The Royal Society of Chemistry 20xx
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presence of commercially available Pt/C catalysts. Pt/C-catalyzed
reactions have been of great interest over the past due to their
particular advantages, such as catalytic efficiency and easy
recyclability.'2e 221 A ligand-free synthetic system is always
considered clean and environmentally friendly in modern organic
synthesis. This manuscript reports the straightforward synthesis
of sulfur, halogen, and other functional groups containing
anilines, through catalytic transfer hydrogenation using ethanol
as a hydrogen donor under an anti-poisoning Pt/C catalyst (Figure
1B).

Results and Discussion

Initially, the transfer hydrogenation of 4-chloronitrobenzene (1a)
with ethanol as both solvent and hydrogen source was
investigated by exploring different bases and catalytic systems at
150 °C for 48 h (Table 1). First, various bases were surveyed, and
they played a very important role in this reaction (entries 1-7).
Bases like KOH, K,CO3;, NaOH, NaOMe, TEA (triethylamine), DIPEA
(diisopropylamine), and Cs,CO; did not show much influence on
the reaction and gave the desired product 1b in moderate yields
and 1cin very low yields. Remarkably, KO'Bu was found to be very
effective and afforded 1b in 95% isolated yield and 5% of 1c
(entry 8). In fact, KO'Bu was also successful in related transfer
hydrogenation reactions.!? ¢ Since KO'Bu is a powerful and non-

Table 1. Optimization of Reaction Conditions.?

View Article Online
DOI: 10.1039/D5SU00864F

nucleophilic base, it can easily abstract a proton from alcohols.*?"
& 13b Control experiments revealed that the presence of Pt/C and
KO'Bu are very crucial in the transformation (entries 9-11). Other
commercial catalysts like Pd/C, Ru/C, and Rh/C did not result in
improved results (entries 12-14). We also conducted the reaction
of 1a with ethanol at various temperatures (100-150 °C) and
noticed that our targeted product 1b gradually increased by
increasing temperature (Figure 2A). An elevated temperature of
150 °Cis required to promote ethanol dehydrogenation. At lower
temperatures, ethanol dehydrogenation is slow, limiting metal—
hydride formation and hydrogen availability at the catalyst
surface. Similarly, the reaction was also conducted at different
time intervals (12-48 h), and an increase of 1b yield was observed
at 48 h (Figure 2B). These results clearly suggest that an elevated
temperature (150 °C) and higher reaction time (48 h) are
necessary to achieve the full
Additionally, under optimized reaction conditions, we also

conversion and selectivity.

conducted the transfer hydrogenation reaction with other
alcohols such as isopropanol, butanol, and pentanol. However,
only a satisfactory yield of 1b was achieved (see supporting
information Table T1).

NH, NH,
SO O
NO, 10 wt% Pt/C cl

/©/ +  CH;CH,OH > 1b 1c

cl Base, 150 °C, 48 h CI_@_N

1a (2mL) ‘N,@—m
1d

Entry Catalyst Base (4 equiv.) Selectivity 1b (%) Yield 1b (%) Yield 1c (%) Yield 1d (%)
1 10 wt% Pt/C KOH 64 28 4 12
2 10 wt% Pt/C K,CO; 59 10 2 5
3 10 wt% Pt/C NaOH 61 19 5 7
4 10 wt% Pt/C NaOMe 82 28 2 4
5 10 wt% Pt/C TEA 100 5 0 0
6 10 wt% Pt/C DIPEA 53 8 2 5
7 10 wt% Pt/C Cs,CO; 66 55 12 16
8 10 wt% Pt/C KO'Bu 95 95 5 0
9 10 wt% Pt/C - - n.d n.d n.d
10 - KOBu - n.d n.d n.d
1 - - - n.d n.d n.d
12 5 wt% Pd/C KO'Bu 91 78 6 2
13 5 wt% Ru/C KO'Bu 75 48 14 2
14 5 wt% Rh/C KOBu 89 72 9 0

aGeneral reaction conditions: 1a (0.5 mmol), ethanol (2 mL), 10 wt% Pt/C (25 mg), base (4 equiv.), 150 °C, 48 h.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 3

Page 4 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00864f

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 8:05:56 AM.

7[=-15-RSQ Sustainability: #:1/ 1

COMMUNICATION

View Article Online

DOI: 10.1039/D55U00864F

100

A gl

80 -
70 +

Yield (%)

(B) 100

Yield( %)

100 110 120 130 140 150 12 24 36 48

Temp (C)

(€)

Time (h)

(B)

Counts

15 20 25 3.0 3.5 4.0
Particle size (nm)

Figure 2. Reaction profile experiments for transfer hydrogenation of 4-chloronitrobenzene (1a). (A) Effect of temperature. Reactions were performed at 0.5
mmol of 1a, ethanol (2 mL) as a reagent and solvent, 10 wt% Pt/C (25 mg), KO'Bu (4 equiv.), 100-150 °C, 48 h. (B) Effect of time (T = 150 °C). Reactions were
performed at 0.5 mmol of 1a, ethanol (2 mL) as a reagent and solvent, 10 wt% Pt/C (25 mg), KO'Bu (4 equiv.), 150 °C, 12 to 48 h. Figure 2: (C) TEM micrograph

of powders of Pt/C and (D) Particle size distribution of Pt in the matrix of C.

To determine the electronic states of Pt and C in Pt/C, XPS core
spectra of C 1s and Pt 4f were recorded and presented in Figure
S1 (see supporting information Figure S1). The C correction was
done for the XPS spectra with respect to C 1s spectra at 284.8 eV.
From Figure S1la, the C 1s spectra show the peaks at 284.3 eV,
285.6 eV, and 287.1 eV, which correspond to the sp? sp?
hybridized C, and C-O, respectively. The Pt 4f spectra show a 4f
doublet, consisting of the Pt 4fs/, and Pt 4f7,, peaks, which were
well-separated by ~3.3 eV. The deconvolution of the Pt 4f shows
doublet peaks at 70.9 eV and 74.1 eV corresponding to Pt° and
72.1 eV and 75.4 eV corresponding to Pt** (see Figure S1b). The
quantitative deconvolution of the Pt 4f XPS spectra demonstrates
that the surface Pt species in the catalyst consist of approximately

52.2% metallic Pt° and 47.8% Pt**. Figure 2(C) illustrates the
transmission electron micrograph of the powder of the Pt/C
catalyst used in this study (product no. GRM4777-1G). From the
micrograph (see Figure 2(C)), it is clear that fine nano-size Pt
particles are embedded in the matrix of carbon (C), which are
highlighted with yellow circles. Figure 2(D) depicts the particle
size distribution of Pt calculated from Figure 2(C), which shows
that the particle size of Pt in the C-matrix varies from 2 nm to 4
nm, and the maximum particles were in the average size of ~2.34
nm. The XRD pattern of the Pt/C catalyst is shown in Figure S2
(see supporting information Figure S2). The broad diffraction
peak centered at ~24.3° corresponds to the (002) plane of
amorphous carbon, indicating a disordered carbon support. The

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00864f

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 8:05:56 AM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

=215 -RSC Sustainability:- -5

Journal Name

20 reflections at ~39.8°, 46.2°, 67.5°, and 81.3° are indexed to the
(111), (200), (220), and (311) planes of face-centered cubic
metallic Pt, respectively (JCPDS no. 04-0802). The broad nature
of the Pt peaks suggests that nanosized Pt crystallites with high
dispersion are present on the carbon support. The optimized
conditions were applied next to the chemoselective transfer
hydrogenation of a structurally diverse array of nitroaromatics
with ethanol, and the results are summarized in Scheme 1. As
described in the introduction, sulfur-resistant hydrogenation
catalysts for the reduction of sulfur-containing nitroarenes to
their respective anilines are scarcely reported in the literature. In
this regard, for the first time, we have applied commercially
available Pt/C for the reduction of a variety of sulfur-containing
nitroarenes. Interestingly, a wide range of sulfur-based functional
groups were well tolerated in this reaction. For example,
thiomethyl (1), diphenyl sulfide derivatives (2-4), S-heterocycles
(5-6), organic sulfide (7), sulfonamide (8), sulfonic acid as well as
mesylate substituents (9-12), and diphenyl sulfone (13-14) were
all amenable to this protocol and afforded S-containing anilines
in good to excellent isolated yields. The functional group
tolerance of carbon—halogen bonds of nitroarenes offers exciting
opportunities for the synthesis of small-molecule drugs,
agrochemicals, and some new materials. In line with this
response, various halogenated substrates were highly tolerated
and allowed for smooth transfer hydrogenation, affording
desired halo-anilines in excellent isolated yields (15-28).

COMMUNICATION

View Article Online

DOI: 10.1039/D55U00864F

Remarkably, no reductive dehalogenation of the C-X bond or
byproduct took place. The developed catalytic system is able to
chemoselectively reduce keto (29), acid (30), amide (31-32),
hydroxyl (33), methoxy (34), -CH,OH (35), dioxolane (36), pyrene
(37), methyl substituents (38-41) including simple nitrobenzene
(42) were successfully reduced to the corresponding anilines
without any byproducts. Fascinatingly, dinitroarenes were also
surveyed and can be conveniently applied to give the
corresponding dianilines in acceptably good vyields (43-44).
Furthermore, this transfer hydrogenation protocol could be
readily applied to heterocyclic nitroarenes, allowing heterocyclic
arylamines to vyield very good (45-48). Despite varying the
reaction conditions, flutamide was found to be non-compatible.

Scheme 1. Chemoselective Transfer Hydrogenation of Nitroarenes

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5
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X NO: 10 wt% Pt/C - VH2 [>45 examples]
1 1 .
RT + AN OH » R [commercial Pt/C catalyst]
Z (2 mL) KO'Bu (4 equiv.) Z [applied to S-containing nitroarenes]

150 °C, 48 h [applied to halide-containing nitroarenes]

Sulfur-containing anilines

NH, s
oo, o, 0o W
HoN
Csg NH, H,N NH, /(:E

1: 73%°2 2: 90%2 3: 93%? 4: 74%? 5: 82%
(o} o
CN Cl H,N o \s'l NH \\S,CHS
NH, 7 2 3
1 \ NI N o (o}
N P NH
s N NH, \/\s)\N cl i H,N NH,
oy . 60%/.C
6: 95%2 7: 72%2 8:90%c 0170 9: 70%° 10: 60%
“_R 2O o g n al ogen-contalmng anilines
s\ S h ﬁ
\\
Sl IweL o
NH, By NHz H,N NHy
. 0, 0/, C 0,
11: 85%C 12: 70%° 13: 90% 14: 93%° 15: 95%> 16: 70%
NH, NH, NH, F. NH, NH, F
/C( O :@l O N NH,
I cl NH, F F Br F \_/
17: 72%" 18: 70%° 19: 85%° 20: 83%° 21: 60%" 22: 95%°
23: 80%P 24: 65% 25: 66% 26: 80%° 27: 71%P 28: 62%° 29 70%b

Functional group containing anilines

NH, NH, qo NH, NH, NH,
HO. HN o N—@—NHz ,©/ - ,@ HO\/©/
s/ HO 0
o 0

30: 85%° 31: 94%"° 32: 95%° 33: 65%" 34: 81%° 35: 88%"°
NH,
o NH, 6 (D/\NHz NH, /©NH2 /@sz @rNHz
o QD
36: 88%° 37: 58%° 38: 82%" 39: 73%"° 40: 75%° 41: 72%° 42: 89%2

Heterocyclic amines
Limitation

H,N
L, O X

43: 85%° 44: 87%° b
45: 95%"P 46: 92%" 47. 97% 48: 94% Flutamide

No conversion

Reactions were performed at 0.5 mmol of nitroarenes, ethanol (2 mL) as a reagent and solvent, 10 wt% Pt/C (25 mg), KO'Bu (4 equiv.), 150 °C, 48 h; 10 wt%
Pt/C (50 mg); €10 wt% Pt/C (100 mg).

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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We also applied our Pt/C catalytic system for the gram-scale
synthesis of 4-chloroaniline and furnished the corresponding
product in 89% isolated yield, thereby enhancing the practical
utility of our protocol (Scheme 2).

NO, 10 wt% Pt/C
+ CH;CH,0H >
cl KO'Bu, 150 °C, 48 h

1a (10 mL) 1b
6.4 mmol
(1 gram)

Scheme 2. Gram-scale synthesis of 4-Chloroaniline (for reaction conditions,
see reaction procedure).

To check the reusability of the Pt/C catalyst, the reaction of
4-chloronitrobenzene (1a) with ethanol was demonstrated
under the optimized reaction conditions (Table 2). In the first
cycle, which afforded 4-chloroaniline (1b) in 90% yield, the Pt/C
was readily recovered by the filtration process. Next, the
recovered catalyst was reused in the subsequent four reaction
cycles, and a decline in yield was observed. TEM image of cycle
4 reveals the formation of agglomerates, which could be the
more probable reason for the low activity of Pt/C (Figure 3).

Table 2. Catalytic recyclability of Pt/C catalyst in the transfer hydrogenation
of 4-chloronitrobenzene by EtOH.

NO, 10 wt% Pt/C NH,
+ CH3;CH,0H >
Cl KO'Bu, 150 °C, 48 h Cl
1a (2mL) 1b
Cycle Cycle 0 Cycle 1 Cycle 2 Cycle 3 Cycle 4
Yield (%) 95 90 85 73 60

2Reaction conditions: 1a (0.5 mmol), ethanol (2 mL), 10 wt% Pt/C (25 mg),
KO®Bu (4 equiv.), 150 °C, 48 h.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: TEM images of the recycled Pt/C catalyst after the 4" catalytic
cycle.

To understand the reaction mechanism of this transfer
hydrogenation reaction, ethanol degradation experiments were
performed. Ethanol was reacted with Pt/C and KO!Bu at 150 °C
for 4 h (Scheme 3). GC analysis revealed the formation of
hydrogen species (see supporting information Figure S3),
clearly evidencing the participation of ethanol as a hydrogen
donor in nitro reduction reactions.

10 wt% Pt/C (5 mol%)

~oH > H, 4
(2 mL) KO'Bu (4 equiv.)
150°C,4h (analyzed
by GC)

Scheme 3. Evolution of H, from ethanol (for reaction conditions, see reaction
procedure).

On the basis of our optimization studies, ethanol degradation
experiments, and literature, (1220, 1901 \we propose a plausible
reaction mechanism (Figure 4). Initially, in the presence of Pt/C
and base (KO'Bu), EtOH dehydrogenates and produces in situ
hydrogen. This hydrogen interacts with the Pt/C and leads to
the formation of active Pt-H species on the surface. Then Pt-H
species will reduce the nitro group to nitroso (I), and further
reduction followed by dehydrogenation gives phenyl hydroxyl
amine (l). In the next step, nitroso and phenyl hydroxyl amine
produce azoxy intermediate (lll) via the condensation reaction.
Azoxy intermediate further undergoes reduction to produce azo
compound (IV) and again reduction to form hydrazo (v), and
finally, hydrazo compound is reduced to form aniline.

J. Name., 2013, 00, 1-3 | 7
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Figure 4. Plausible reaction mechanism for the Pt/C catalyzed transfer hydrogenation of nitro compounds with ethanol.

Conclusions

In summary, we could show that ethanol can be effectively used
as a hydrogen donor for the transfer hydrogenation of
nitroarenes to anilines using a recyclable and anti-poisoning
Pt/C catalyst. The catalytic protocol tolerated numerous
nitroarenes bearing sensitive functional groups such as sulfur
functionalities (-SO;Me, -SO,, SOsH, -SMe, etc.), halogen (-F, -Cl,
-Br, -I), -C=0, -CO.H, -CONH,, etc., selectively delivering the
structurally diverse aniline products in moderate to high yields
that are hard to access by the reported methods, therefore,
opening up new possibilities for synthetic and medicinal
applications.
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