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ABSTRACT

Ultra-small FeS2 nanoparticles were prepared and used as catalysts in a hydrogen transfer 

reaction for the synthesis of substituted anilines. The catalytic performance is superior to 

current systems across all reactions, within the timeframe of two hours (100 % conversion, 

99.9 % selectivity and activation energy 26.8 kJ mol1). The superior catalytic performance 

was consistent across hydrogen transfer reactions with a number of different nitroarene 

substrates. Ultra-small FeS2 nanocatalyst, with size 3 – 6 nm, were prepared via solvothermal 

method, utilizing oleylamine as a capping agent and a combination of milder temperature (160 
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°C) and longer reaction time than those reported to date. Tests on recyclability confirmed that 

the FeS2 nanocatalyst remains highly chemoselective, up to four cycles.

Introduction

The industrial market for substituted anilines is large as they are used as intermediate/precursor 

compounds in the synthesis of various pharmaceuticals, agrochemicals, dyes and many other 

compounds pivotal to modern life. The industrial market share for anilines is expected to surpass 19 

billion USD by 2024, making them hugely important for industrial supply.[1] The chemical reaction to 

obtain substituted anilines involves the reduction of nitro compounds to amines.[2-4] Specifically, the 

reaction consists of a hydrogenation of substituted aromatic nitro compounds with the substituting 

group constituting the functionality of the end aniline, therefore, giving it the desired properties tailored 

to the application. The hydrogenation reaction converts the nitro group into the amino group; however, 

the substituting group is also susceptible to reduction. Giving that the desired outcome is the synthesis 

of a substituted aniline, the hydrogenation needs to target only the nitro group. [5] To avoid the 

undesirable outcome of a removed functionality, heterogeneous catalysts are used to direct the reaction 

selectively towards the reduction of the nitro group.

Traditionally hydrogenation reactions involve the use of platinum group metals (PGMs) as catalyst in 

the activation of molecular H2 gas.[6, 7] Many noble metal heterogeneous catalysts have been deployed 

for the hydrogenation of nitrobenzenes to anilines, such as Pd/Al2O3,[2, 8] Pd/TiO2,[6] PtZn/SiO2
[9] and 

Au/TiO2.[6, 10] 

Noble metal catalysts are attractive because of the high activity towards hydrogen activation. However, 

platinum group metals are energy intensive in their extraction and carry possible risk of dispersion in 

the environment.[11, 12] In addition to their energy intensive extraction, these metals tend to be expensive 

with potential supply interruption, with Pd and Pt, costing 73.36 and 28.30 USD per gram at the time 

of writing, according to the ‘Study on the review of the list of Critical Raw Materials’ by the European 

Commission.[12] 
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The use of high pressure H2 requires specialised equipment to contain such pressure, with constant 

maintenance to ensure it is gas tight with no leaks.[13-15] Therefore, there is the need to find more 

affordable routes towards substituted aniline synthesis in order to benefit a wider portion private sector 

and scientific research. 

First row transition metals possess a wide variety of compounds, which have been demonstrated to 

show a wide range of catalytic properties.[16-19] Transfer hydrogenation is being investigated as an 

alternative approach to the use of high pressure molecular hydrogen in hydrogenation reactions.[20, 21] 

Transfer hydrogenation reactions involve the use of a chemical substance that acts as hydrogen donor, 

such as NaBH4, alcohols, 1,2,3,4-tetrahydronaphthalene and many others.[20, 22, 23] Hydrazine 

monohydrate (N2H4.H2O) has been reported to be a potent reducing agent in hydrogen transfer for the 

reduction of nitroarenes to anilines.[13, 14] J. Wang et. al. showed that hydrazine monohydrate could be 

used to reduce nitroarenes in the presence of a surface enriched MoS2 catalyst, using 4-

chloronitrobenze.[14] Highly chemoselective reduction of nitroarenes was obtained by hydrogen transfer 

from hydrazine monohydrate using an oxygen enriched MoS2 catalyst.[24] Additionally, the reduction 

of nitrophenol to amino phenol was obtained using hydrazine monohydrate as a hydrogen transfer agent 

over a Rh-Fe3O4-g-C3N4-N catalyst at 110 °C.[25]  Even though hydrazine monohydrate is known to be 

toxic, appropriate handling procedures are well established in both academia and the private sector. 

Furthermore, when active as a hydrogen donor it only decomposes into H2 and N2.[21, 26] 

Iron Pyrite (FeS2) has been demonstrate to be a highly chemoselective catalyst in the hydrogenation of 

nitroarenes under high pressure H2.[17, 27] It is a naturally occurring mineral that has been well studied.[16, 

28-30] It is found commonly in iron, nickel and cobalt ore deposits. Pyrite deposits have been found 

globally in abundance.[16, 17] Iron pyrite is also a waste product from iron ore mining and for this reason 

it is encountering interest in upcycling as a material for energy conversion and catalysis. [16, 17, 27, 28, 31] 

FeS2 catalysed the activation of molecular hydrogen gas at lower than usual pressure (0.5 MPa) for the 

chemoselective hydrogenation of nitrobenzenes.[27] Bulk FeS2 pyrite, has been shown to activate 

molecular hydrogen for the chemoselective hydrogenation of nitroarenes at 5 MPa of hydrogen.[17] 
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Fig. 1: Schematic diagram of the chemoselective reduction of 4-chloronitrobenzene to 4-chloroaniline, using the catalytic 
system as defined in this work.

The mechanism behind the selective hydrogenation of functionalised nitroarenes is somewhat 

mysterious.[32] Across the literature there is a debate on the actual mechanism of the reduction, with the 

debate stemming from the direct synthesis route via forming the hydroxylamine intermediate or the 

indirect synthesis route via forming the hydroxylamine which condenses and is then further reduced 

forming the azo product which is reduced to the amine product.[33, 34] A graphical display of the direct 

synthesis vs indirect synthesis is shown in Fig. 2.
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Fig. 2: Proposed reaction scheme in the synthesis of aniline from nitrobenzene, via a direct route and an indirect route.[32, 34]

The direct route in the reduction of functionalised nitrobenzene is seen as the more efficient route for 

the synthesis of functionalised anilines, as it requires fewer chemical transformations. However, the 

indirect route is more energetically efficient, as the azo produce represents a low energy stable 

intermediate, whereas in the direct route total conversion of the nitroso group to the unstable 

hydroxylamine intermediate.[34] The total conversion of the nitroso to the hydroxylamine intermediate 

requires a greater energy input than the condensation step, seen in the indirect step, however the energy 

gap between the hydroxylamine and aniline product is substantially reduced compared to the hydrazo 
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product seen in the indirect route. As such, the energy gap between the two routes is negligible and they 

can be seen as equivalent in energy.

This equivalence in energy between the two systems can be differentiated when a catalyst is introduced. 

By stabilizing intermediates in either route, a catalyst causes a defined difference in the energy level, 

thus one route shows prevalence over the other.

In this work, we set up a new catalytic system, by combining the use of hydrazine monohydrate and 

FeS2 nanoparticles as the catalyst. We used 4-chloronitrobenzene as the model nitro compound in which 

chlorine constitutes the substituting group, (Fig. 1). 4-chloronitrobenzene was selected as the model 

reaction due to its prevalence making it easy to acquire in addition to its ease of analysis using our 

analytical equipment. 4-chloronitrobenzene is reduced to 4-chloroaniline via selective hydrogenation 

reactions. Other substituted nitrobenzenes were then tested to confirm the general applicability of our 

catalytic system. The catalytic performance is superior to current systems across all reactions (100 % 

conversion, 99.9 % selectivity and activation energy 26.8 kJ mol1).

Experimental

Materials

Anhydrous iron (II) acetate (Fe 29.5 % min), sulfur powder 325 mesh 99.5 %, 1-chloro-4-nitrobenzene 

98+ %, 1-fluoro-4-nitrobenzne 99 %, 1-bromo-4-nitrobenzene 98 %, 1-iodo-4-nitrobenzene 98+ %, 1-

chloro-3-nitrobenzene 98 %, 1-chloro-2-nitrobenzene 99 %, 4-chloroaniline, 4-fluoroaniline 99 %, 4-

bromoaniline 98+ %, 4-iodoaniline 99 %, 3-chloroaniline 99 %, 2-chloroaniline 98+ %, aniline 99+ %, 

nitrobenzene 99+ %, hydrazine monohydrate monohydrate 98+ %, hypophosphorus acid 50 % w/w aq. 

solution, propan-2-ol 99.5 %, glycerol 99+ %, potassium hydroxide pellets 85 %, formic acid 97 %, 

acetic acid (glacial) 99 %,  was purchased from Alfa Aesar. 

Oleylamine C-18 content 80-90 % was purchased from Fisher Scientific.

Absolute ethanol, hexane (analytical grade) and toluene (analytical grade) were obtained from 

Honeywell Lab Chemicals
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Preparation of the FeS2 catalyst

The preparation of FeS2 nanoparticles as a hydrogenation catalyst was carried out using a modified 

version of the method described by C. Guo et al. and later improved for catalytic purposes by B. Ma et 

al.[27, 28] Fe(CH3COO)2 (0.48 g, 2.5 mmol) and elemental sulfur (0.48 g, 15 mmol) was weighed into a 

teflon lined stainless steel autoclave. 20 mL of ethanol and 10 mL of oleylamine were added to the 

reagents in the teflon vessel. The mixture was then sonicated to ensure all solid was suspended before 

sealing the Teflon vessel tightly in the autoclave. The autoclave was then placed a in a thermostatic 

oven at 160 C for 24 hr. The oven heating rate was 100 C min¬1 and its cooling rate was 0.5 C min¬1.

Once cooled to room temperature the vessel was removed from the oven and opened to reveal a dark 

brown liquid with a pungent odour of sulfur. The black FeS2 (pyrite) nanoparticles were separated from 

the liquid by centrifugation. The FeS2 nanoparticles were repeatedly washed by dispersion in a 1:1 

mixture of ethanol and hexane. The nanoparticles were then dried under vacuum overnight at room 

temperature in a desiccator and stored under vacuum until usage.

Characterisation of FeS2 catalyst nanoparticles

The FeS2 catalyst nanoparticles were characterised using powder X-ray diffraction (PXRD) carried out 

using a PANalytical Empyrean X-ray diffractometer with inline PIXcel detector. The monochromatic 

Cu Kα1 radiation was used and the diffractograms were obtained in the 2θ range of 20–80° over 4 hour 

collection time, the collection time at each point being 1521 seconds and a step of 0.02626 o. A 1° 

divergence slit was used for all samples and a Ni anti-scatter filter, to minimise the fluorescence of iron 

under Cu Kα1 radiation.

FTIR spectroscopy was carried out on the FeS2 catalyst material pre and post catalysis. FTIR analysis 

was carried out using a Thermoscientific NicoletiS5 spectrometer with a Pike Miracle diamond ATR 

attachment carried out from 800 cm1 to 4000 cm1.

Transmission Electron Microscopy (TEM) studies were performed in an ultra high-resolution (UHR) 

(0.18 nm) field emission JEOL 2200FS microscope operating at 200 kV, equipped with an in-column 

Ω energy filter, two High-Angle Annular Dark Field (HAADF) detectors for the so-called ‘Z-contrast’ 
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imaging and an Energy Dispersive X-ray Spectrometer (EDX) for collecting X-ray spectra and X-ray 

mapping. The nanostructures were dispersed on holey carbon grids for the observation.

Catalytic Testing

The general procedure for carrying out tests on the new catalytic system was as follows: 0.05 M 

substituted nitrobenzene substrate (4-chloronitrobenzene, 4-iodonitrobenzene, 4-bromonitrobenzene, 

4-fluoronitrobenzene, 3-chloronitrobenzene, 2-chloronitrobenzene) with 0.1 M toluene internal 

standard was added to ethanol, according to the catalytic test carried out. 25 mg of FeS2 catalyst was 

added to the batch reactor with 50 mL of the chloronitrobenzene solution. The solution would then be 

purged with nitrogen 3 times until all oxygen had been removed from the reaction vessel.

The solution was left to equilibrate under the nitrogen atmosphere for 30 minutes before hydrogen donor 

compound (hydrazine monohydrate, isopropanol, glycerol, formic acid, acetic acid, hypophosphorus 

acid) was injected into the reaction. Reaction was stirred rapidly at 800 rpm to avoid mass transfer 

mixing limitations.

After this point 250 μL aliquots of the solution were extracted at 0, 10, 20, 40, 60, 80, 100 and 120 

minutes reaction time, these times were selected to obtain a full reaction profile across the reaction, 

opposed to a single end point. Each aliquot was analysed using a Varian 430 gas chromatograph 

equipped with a 30 m Stabilwax® capillary column (Restek), each aliquot was injected in triplicate to 

obtain the standard deviation and uncertainty in the measurements. 

Results and Discussion

Preparation and Characterisation of FeS2 Catalyst

Hydrogen transfer reactions have become promising alternatives to the more traditional molecular 

hydrogen activation for nitroarene reduction. In fact, hydrogen transfer reactions do not require the use 

of high-pressure hydrogen and can use catalysts that are more sustainable than noble metals. An 

environmentally friendly compound that has recently shown promise as a heterogeneous catalyst is iron 

pyrite (FeS2). Iron sulfide is normally used as a nanocatalyst hence many studies have shown effect 
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methods for the synthesis of small particles.[35] We set out to prepare FeS2 as ultra-small nanoparticles 

and to test their behaviour as catalysts for the hydrogen transfer reduction of nitroarenes. We designed 

a methodology that uses milder conditions than those previously reported and has added the advantage 

of giving ultra-small nanoparticles of narrow size distribution (3 – 6 nm). 

The reason behind the choice to synthesise ultra-small nanoparticles was to maximise the performance 

of the catalyst in the transfer hydrogenation reaction, as B. Ma et al. showed a link between the size of 

the FeS2 particles and the conversion of the nitrobenzene substrate, approximately the larger the size 

the lower the conversion.[27] Therefore, we set out to produce ultra-small nanoparticles to maximise the 

catalytic performance. T. Li et al. reported that lowering the synthesis temperature, in the synthesis of 

FeS2 nanoparticles from 260 °C to 180 °C, results in a drastic decrease in the size and distribution of 

sizes of the obtained nanoparticles, from 18 nm to 3.5 nm.[36] Thus, in this work we merged the two 

methodologies from Ma and Li.[27, 28]Specifically, we used the reaction mixtures from B. Ma et al. and 

C. Guo et al., Fe(CH3COO)2 and elemental sulfur suspended in ethanol and oleylamine (Table 1), 

because of better environmental credentials and easier experimental handling. However, our reaction 

temperature was lowered to precipitate the smallest possible nanoparticles. A comparison of the reaction 

conditions previously published for the synthesis of FeS2 nanoparticles are shown in Table 1. 

Fe Source S Source Solvent and Capping 
Agent

Reaction 
Temperature

(°C)

Particle 
Size (nm) Reference

β-FeOOH elemental 
sulfur octadecylamine 180 50 – 75 [37]

FeCl2
.4H2O

Fe(CH3COO)2

elemental 
sulfur ethanol/oleylamine 220 30  50 [27, 28]

Fe(acac)2

sulfur 
diphenyl 

ether
dodecanethiol 180 – 260a 3.5 – 18a [36]

Fe(CH3COO)2
elemental 

sulfur ethanol/oleylamine 160 3  6 This work

Table 1: Comparison of FeS2 synthesis from previously published work in comparison to the method utilised in this work. 

Hence, we used a lower temperature of 160 °C for our reaction, but that lead to an amorphous product. 

We, therefore, extended the reaction time parameter from ten hours to twenty-four hours and this led to 
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a single phase FeS2. The powder x-ray diffraction pattern (PXRD) (Fig. 3a) shows a single phase cubic 

FeS2. The diffraction peaks were indexed using the crystal structure for FeS2 reported by Finklea et al. 

(space group Pa ,  a=5.4281 Å).[29] The crystal structure unit cell of FeS2 is shown in Fig. 3b.[29] Using 3

the Scherrer equation we obtained an average particle size of 4.7 nm.

Fig. 3: a) PXRD pattern of FeS2 nanoparticles with peaks indexed. b) crystal structure of FeS2 from model.[29] The yellow 
spheres represent the sulfur anions and the brown octahedral the Fe-S octahedral. The crystal structure was drawn using the 
software VESTA.[38] 

TEM imaging shows that the dispersed nanoparticles tend to form agglomerates while maintaining their 

individuality, both in the STEM-HAADF and HREM modes (Fig. 4a, b respectively). Most of our 

particles present anisotropic shape, being twice or more, longer than wide. Visual examination suggests 

uniformity in size. Indeed, their average size (length) has been measured to be between 3 and 6 nm, 

with a narrow size distribution (Fig. 4b).  This value agrees reasonably well with the PXRD evaluation. 

The SAED pattern (Fig. 4c) showed that the sample displays a cubic unit cell, in agreement with the 

PXRD pattern and the literature for FeS2 pyrite. 
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Fig. 4: a) HAADF Scanning TEM image of nanoparticle dispersion. b) High resolution image of some nanoparticles showing 
their elongated shape, the red contours serve as guide for the eye. c) Selected Area Electron Diffraction (SAED) taken on a 
large agglomerate of FeS2 nanoparticles (see 3a), with diffraction rings indexed. d) HAADF Scanning TEM of large aggregate 
of nanoparticles. e) Fe k line signal mapped onto image in Fig. 3d. f) S k line signal mapped onto image in Fig. 3d.

EDS analysis was used to confirm the chemical composition of the material. Analyses have been 

performed in many different regions and identified everywhere 67% of sulfur and 33% iron by atomic 

percentage, in line with the expected values for FeS2. The elemental mapping of the FeS2 material (Fig. 

3d, e and f) showed homogeneous distribution of Fe and S within the catalyst material. The zones with 

highest intensity are the same in the HAADF picture and in the maps and correspond to regions where 

more particles are present. Isolated pockets of iron, potentially detrimental for catalytic performance, 

were not detected.[18, 39] 

The FTIR spectrum of the catalyst material was carried out to determine whether carbon species were 

present on the surface from the use of oleylamine as a capping agent. The presence of carbon species 

on the surface could block active sites, thereby be detrimental to the catalytic performance. The FTIR 

spectrum (Fig. S1) shows only bands assigned to sulfur species (~1400 cm1 and ~2800 cm1) which 

may derive from surface oxidation of the catalyst or from residual elemental sulfur from the 

synthesis.[40] These sulfur species are not reported to be of hinderance to the catalytic performance.
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The role of the capping agent, oleylamine, showed a dramatic effect on the size and particle aggregation 

of the obtained FeS2 nanoparticles as shown in Fig. S2a – c. The lack of oleylamine did not affect the 

FeS2 crystal structure or phase purity yet particles were shown to be larger and more aggregated.

Selective Hydrogenation of Substituted Nitroarenes

The chemoselective transfer hydrogenation of nitroarenes was evaluated on a number of nitroarene 

substrates using freshly prepared FeS2 nanocatalyst, as shown by the reaction scheme in Fig. 1. 

However, prior to the catalytic testing on a wide range of substrates, 4-chloronitrobenzene was studied 

as a model compound for the hydrogen transfer reaction. Several reaction parameters were studied and 

optimised on the test reaction, 4-chloronitrobenzene reduction, these included reaction solvent, 

temperature and catalyst loading. A summary of these results is shown in Table S1 and an example 

reaction profile is shown in Fig. 6. It was found that ethanol was the ideal solvent for the reaction, at 60 

°C with 25 mg of FeS2 nanocatalyst, to obtain a balance between catalytic performance and 

environmental considerations.

Fig. 5: Trends of decreasing concentration for 4-CNB (blue graph) and increasing concentration for 4-CAN (orange graph) in 
time, during the FeS2 catalysed hydride transfer hydrogenation in ethanol, averaged across 3 test reactions. Reactions carried 
out using 0.05 M 4-CNB solution in ethanol at 60 °C, under N2, stirred at 800 rpm, 25 mg FeS2 catalyst loading. 1 mL, 20 
mmol, of hydrazine monohydrate used as hydrogen donor in all reactions.

Once properly optimised for 4-chloronitrobenzene, for catalytic performance and environmental 

considerations, the hydrogen transfer reaction using ultra-small FeS2 was applied to a range of 

nitroarene substrates. As substrates we selected nitrobenzenes with halogen substituents, from fluorine 
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to iodine. The properties of the halogens vary from electron withdrawing (fluorine) to electron donating 

(iodine). We correlated these electronic effects to the conversion and selectivity of the hydrogen transfer 

reaction (table 2). The halogenated nitrobenzenes were all hydrogenated to their corresponding 

substituted aniline using ultra-small FeS2 nanoparticles. For all substrates, a selectivity greater than 99.8 

% and conversion of >99.9 % were achieved within a two-hour time frame. The effect of the position 

of the halogen on the aromatic ring on the conversion and selectivity was also considered. Specifically, 

we concentrated on chloronitrobenzene with substituents in either ortho, para or meta positions on the 

aromatic ring. In general, there was no observable effect of the substituted aniline regardless of the 

electron donating/withdrawing properties or position of the halogen on the aromatic ring, in relation to 

the conversion or selectivity.

Substrate Product Conversion (%) Selectivity (%)

NO2

Cl

NH2

Cl

99.9 100

NO2

Br

NH2

Br

99.9 100
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NO2

I

NH2

I

100 99.9

NO2

F

NH2

F

100 99.8

NO2

Cl

NH2

Cl

99.9 100

NO2

Cl

NH2

Cl
100 100

Table 2: Results of the selective hydrogenation of substituted nitrobenzenes. Reactions carried out using 0.05 M nitrobenzene 
substrate solution in ethanol at 60 °C, under N2, stirred at 800 rpm. 1 mL, 20 mmol, of hydrazine monohydrate used as hydrogen 
donor in all reactions.

It can therefore be concluded that ultra-small FeS2 nanoparticles are of general applicability as catalysts 

for the high conversion and chemoselectivity observed in the hydrogen transfer reduction of 4-

chloronitrobenzene, are reproduced with other substrates. FeS2 shows advantages in the catalytic 

hydrogen transfer reduction of nitroarenes compared to other iron chalcogenide catalysts such as Fe2O3, 

specifically the γ-Fe2O3 polymorph, in that the reaction times are reduced, yet selectivity is higher under 

Page 14 of 21New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

0/
20

21
 7

:0
9:

32
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D1NJ03297F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1NJ03297F


15

comparable reaction conditions. This was demonstrated by Ai et al. where γ-Fe2O3 was used as a catalyst 

in the selective hydrogen transfer using hydrazine as a donor solvent.[41] They demonstrated that 

reduction of nitroarenes can be achieved using this method, however, reaction times are extended to 3 

hours at higher temperature, 100 °C. Additional work by Sonavane et al. and Jagadeesh et al. showed 

that γ-Fe2O3, can be used in the selective hydrogenation of nitroarenes.[42, 43] Sonavane et al. showed 

that isopropanol can be used in the selective hydrogenation, yet, this reaction requires elevated 

temperatures, >80 °C, and longer reaction times, up to 6 hours, to convert the substrate using this 

catalyst. Jagadeesh et al. demonstrated the activation of molecular hydrogen by γ-Fe2O3, their work 

showed that high pressures of 50 bar were required to convert the nitroarene substrate within a 12 hour 

reaction.[43] These studies show the advantages of using FeS2 in the selective hydrogen transfer of 

nitroarenes using hydrazine as a donor, where >99.9 % conversion of the substrate can be achieved at 

relatively low temperature, 60 °C, within 2 hours at ambient pressure.

From these studies using other hydrogen sources, it was decided that other hydrogen donors should be 

studied to determine the relative susceptibility of these hydrogen donors in comparison to hydrazine. 

These hydrogen donors are summarised in table 2. Conversion of 4-chloronitrobenzene was shown to 

minimal in comparison to hydrazine for all other hydrogen sources. 

Reducing Agent
Conversion of p-CNB 

(%)

Selectivity towards p-CAN 

(%)

99.9 100

H2 0 N/A

NaBH4 0 N/A

N N

H

H H

H

.H
2
O
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OH

6.1 100

 

OH

<1.0 99.2

OH

OHHO 0 N/A

0 N/A

OH

OH

2.0 100

H3C

OH

O

0 N/A

P

O

OHH

H 0 N/A

Table 3: Hydrogen donor compounds used in the selective transfer hydrogenation of 4-chloronitrobenzene to 4-chloroaniline, 
a) 5 mmol addition of a KOH base co-catalyst. Reactions carried out using 0.05 M nitrobenzene substrate solution in ethanol 
at 60 °C, under N2, stirred at 800 rpm. 1 mL, 20 mmol of hydrogen source.

Alcohol derived hydrogen donors were studied in further tests in the presence of a KOH co-catalyst as 

literature sources show that this can be of use in developing effective hydrogen transfer catalysis system 

a

OH

OHHO

a
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based on these donors.[23, 44] In the case of FeS2 it was shown that the presence of a co-catalyst has no 

impact on the hydrogenation of the substrate.

From the studies of the hydrogen donors, it was clear that hydrazine monohydrate was the hydrogen 

donor of choice for the selective hydrogen transfer of 4-chloronitrobenzene on an FeS2 catalyst. 

Hydrogen transfer using shows >99.9 % conversion of the substrate whilst maintaining 100 % 

selectivity towards 4-chloroaniline within 2 hours of reaction at standard pressure and 60 °C, with other 

hydrogen donors showing <10 % conversion under the same reaction conditions.

The activation energy for the transfer hydrogenation of the model reaction, 4-chloronitrobenzene, was 

calculated using a range of reaction temperatures, from 25 °C to 80 °C, and using Arrhenius theory, as 

shown in Fig. S3. The activation energy for the transfer hydrogenation reaction was found to be 28.36 

kJ mol1. The activation energy was determined to be far lower than previous studies on the reduction 

of nitroarenes by activation of molecular hydrogen (~ 90 kJ mol1) and the activation energy of 

comparable nitroarene reductions based on hydrogen transfer (~75 kJ mol1).[45] 

The lower activation energy, and in general superior catalytic activity, can be attributed to FeS2, which 

easily promotes the decomposition of hydrazine by an electron donation. This electron derives from the 

change in oxidation state between Fe(II) and Fe(III) on the FeS2 surface and is donated to the hydrazine 

molecule which releases the reactive H* and N2 gas. The generated H* is then transferred to the 

substrate molecule.[24, 32, 46] 

Recyclability of FeS2 Catalyst 

The recyclability of a catalyst is a vital property of a given catalyst. Deactivation over time and repeated 

use of the catalyst can lead to inefficiencies in the hydrogenation reaction or a lack of selectivity in the 

desired product distribution.[4] 

The recyclability of the ultra-small FeS2 nanoparticles was studied, taking into account that pyrite is 

known to decay into iron sulfate and iron oxide over time.[17, 27] Structural and chemical changes in the 

catalyst during the reaction can influence the catalytic performance, therefore, post reaction 

characterisation is key.[31, 47] Ultra-small FeS2 nanocatalyst was used in four subsequent CNB to CAN 
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hydrogen transfer reactions, with intermediate centrifugation and drying, then analysed via PXRD and 

FTIR after each reaction to detect signs of decomposition. The recyclability of the nanocatalyst is shown 

in Fig. 6.

Fig. 6: recyclability of FeS2 nanoparticles for the hydrogen transfer hydrogenation of 4-chloronitrobenzene, conversion of 4-
chloronitrobenzene at 2 hours (blue) and selectivity towards 4-chloroaniline (orange). Reactions carried out using 0.05 M 4-
CNB solution in ethanol at 60 °C, under N2, stirred at 800 rpm. 1 mL, 20 mmol, of hydrazine monohydrate used as hydrogen 
donor in all reactions. After each reaction, the catalyst was collected via centrifugation, washed using aliquots of ethanol and 
dried under vacuum before reuse in subsequent reactions.

FeS2 proved to be recyclable across four reaction cycles, with conversion of 4-chloronitrobenzene 

reducing to less than 99% only after the third cycle (Fig. 6). This reduction may not necessarily be 

linked to decomposition of FeS2 but may be due to the loss of catalyst after each cycle during extraction 

and centrifugation. Selectivity towards 4-chloroaniline was maintained throughout the reaction cycles 

with > 99.9% of the products obtained being 4-chloroaniline. 

Thus the ultra-small FeS2 nanocatalyst can be considered to be highly recyclable across at least four 

cycles, maintaining rapid rate of CNB conversion and complete chemoselectivity towards the CAN 

product. PXRD and FTIR did not show noticable changes to the FeS2 material after several reaction 

cycles (ESI Fig. S4 and Fig. S5)

Conclusions

We present a highly efficient approach to the chemoselective transfer hydrogenation of substituted 

nitroarenes to their corresponding aniline using ultra-small FeS2 nanoparticles as a catalyst. Using a 

combination of lower temperature and longer reaction times, ultra-small FeS2 nanoparticles were 
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obtained, with a narrow size distribution and anisotropic morphology. In fact, it was reported in the 

literature that, in general, the smaller the size of the catalyst particles an increase activity catalyst for 

hydrogenation catalysis. We aimed at applying this concept to hydrogen transfer reactions, an 

alternative to hydrogenation. Ultra-small FeS2 nanoparticles were used as catalysts for the 

chemoselective transfer hydrogenation of six halogenated nitroarene substrates. The heterogeneous 

hydrogen transfer was carried out within a two-hour reaction timeframe, using ethanol as a solvent, 

hydrazine monohydrate as a hydrogen donor, a catalyst loading of 25 mg and a reaction temperature of 

60 °C. These parameters were optimised using 4-chloronitrobenzene as a test substrate, with a view of 

reaching the best compromise between reaction performance and sustainability. Across all reactions 

from halogenated nitroarenes to halogenated anilines, the catalytic performance was found to be 

superior compared to the state if the art with conversion >99.9 % and selectivity >99.9 %. Furthermore, 

the activation energy was calculated for the transfer hydrogenation of 4-chloronitrobenzene (28.36 kJ 

mol1) and proved to be lower than that within comparable systems. FeS2 nanocatalyst was shown to be 

highly recyclable, with minimal changes to its crystal structure and surface properties after four 

reactions. We believe that this is the first reported instance of the use of ultra-small FeS2 nanoparticles 

as catalysts for a selective hydrogen transfer reaction.
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