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ABSTRACT: Heterogeneous iron-based catalysts governing se- (1) Fe(NOs)y 9H;OlUrea Ar—NO,

lectivity for the reduction of nitroarenes and aldehydes have H,0, 80 °C, stir for 3 h, or
received tremendous attention in the arena of catalysis, but evaporate the solvent and R-CHO
. . . dried at 110 °C for overnight

relatively less success has been achieved. Herein, we report a green
strategy for the facile synthesis of a lignin residue-derived carbon- (2) Pyrolysis, 700°C Ar;'rNHz
supported magnetic iron (y-Fe,O;/LRC-700) nanocatalyst. This — N».2h )

. i .. .. Lignin residue active Fe/LRC-700 R~=CH,OH
active nanocatalyst exhibits excellent activity and selectivity for the (LRC)
hydrogenation of nitroarenes to anilines, including pharmaceuticals
(e.g, flutamide and nimesulide). Challenging and reducible @ Lignin residue as a catalyst support

functionalities such as halogens (e.g,, chloro, iodo, and fluoro)
and ketone, ester, and amide groups were tolerated. Moreover,
biomass-derived aldehyde (e.g, furfural) and other aromatic 8 Green process

aldehydes were also effective for the hydrogenation process,

often useful in biomedical sciences and other important areas. Before and after the reaction, the y-Fe,O3;/LRC-700 nanocatalyst was
thoroughly characterized by X-ray diffraction (XRD), N, adsorption—desorption, X-ray photoelectron spectroscopy (XPS), high-
resolution transmission electron microscopy (HR-TEM), Raman spectroscopy, and thermogravimetric analysis (TGA). Additionally,
the y-Fe,0O3/LRC-700 nanocatalyst is stable and easily separated using an external magnet and recycled up to five cycles with no
substantial drop in the activity. Eventually, sustainable and green credentials for the hydrogenation reactions of 4-nitrobenzamide to
4-aminobenzamide and benzaldehyde to benzyl alcohol were assessed with the help of the CHEM21 green metrics toolkit.

B Recyclable catalyst

Bl INTRODUCTION group entities represents an essential transformation in
advanced organic synthesis since anilines serve as potential
building blocks in numerous industrial domains.>*"*~'° In this
respect, precious metals such as Rh, Pd, Au, and Ag metal-
based catalysts have demonstrated outstanding catalytic
activity for selective hydrogenation of functionalized nitro-
arenes.””"*~'°> However, a major drawback of employing these
precious metals in industrial applications would be the high
cost, limited availability, and accompanying safety, health, and
sustainability considerations. In addition, the disposal of spent
catalysts and effluent is also often a challenge. In the context of
efforts to accomplish the Sustainable Development Goals
(SDGs), novel catalysts based on earth-abundant metals with
significant properties such as activity, selectivity, and
recyclability are highly desired.” Within this context, in 2011
and 2013, Beller and co-workers exploded nanoscale cobalt-

Owing to the extensive application of aromatic amines and
alcohols in everyday life (e.g, drugs, pesticides, fungicides,
polyurethane, perfumes, etc.) and the chemical industry (e.g.,
fine and bulk chemicals), finding selective strategies for their
synthesis by avoiding waste products continues to be
scientifically attractive for a range of practical applications.' ™
Over the last decade, chemists have devoted intense efforts to
the development of both homogeneous and heterogeneous
earth-abundant catalysts with enhanced catalytic properties
that selectively give the desired products in high yields.” ™'’ In
particular, hydrogenation reactions with iron-based catalysts in
the presence of molecular hydrogen have strongly boosted the
catalysis research because iron is the most abundant element
on the Earth, environmentally friendly, inexpensive, and non-
toxic.”"'* Its catalytic utility has also benefited some bioactive
compound synthesis and materials science.”'” Hence, it is
highly important to design iron catalysts and to promote them
in clean and sustainable hydrogenation processes, aiming at
chemical manufacturing with high efficiency and atom
economy.z’3’12

Chemoselective hydrogenation of nitroarenes using molec-
ular hydrogen in the presence of more reactive functional
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and iron-based catalysts for chemoselective hydrogenation of
nitroarenes with various functional groups, including related
hydrogenation reactions.”'” After their seminal work, several
other research groups have shown increasing interest and
extended the chemoselective hydrogenation of nitroarenes in
the presence of 3d metals.'*~*° Despite their excellent catalytic
performance, the synthesis of such nanostructured active
materials requires expensive organic functional ligands and
metal supports. In response to this issue, biomass-derived
carbon-supported metal-based catalysts have engrossed strong
interest owing to the porosity, high surface area, superior
electron conductivity, and relative chemical resistance.”' >
Some progress has been made on renewable carbon-supported
metal-based catalysts to hydrogenate nitroarenes to ani-
lines.”* ">’ Recently, our group also exploited biomass-derived
carbon-supported cobalt and ruthenium catalysts for selective
hydrogenation reactions. This knowledge initiated the search
for new sustainable and renewable carbon-rich sources as a
catalyst support.”*

On the other hand, the catalytic hydrogenation of aldehydes
using molecular hydrogen is an environmentally benign and
cost-effective method of obtaining useful alcohols to produce a
wide range of fine and bulk chemicals, including surfactants
and fragrance compounds, and others.””'™** In the last few
decades, a wide variety of noble®>*® and non-noble-based®”~*
catalysts have been developed for these hydrogenation
reactions. Concerning iron catalysis, homogeneous iron-based
catalysts have shown excellent activity for the hydrogenation of
aldehydes and ketones.”’ However, these homogeneous
catalysts are difficult to separate and reuse. Surprisingly, the
heterogeneous iron-based catalysts for such reduction with a
broad substrate scope are absent. Hence, the development of
an iron-based nanocatalyst for the chemoselective hydro-
genation of aldehydes is highly desirable from the viewpoint of
sustainability.

Motivating from the aforementioned reports and under-
standing the role of biomass utilization for the catalyst
preparation, we chose lignin residue as an alternative carbon
resource. Interestingly, there are few reports on the application
of lignin-derived catalysts for organic transformations.*'
Typically, the bio-oil obtained from lignin decomposition is
used to produce either aromatic chemicals* or upgraded to
high-value-added products*’ including fuels.** During this
process, unconverted lignin (stable solid with enriched carbon)
is left over as a byproduct (lignin residue) and not used for
potential applications. After considering this fact, we became
interested in using this lignin residue as a metal support. The
solid catalysts prepared from such residues obtained from the
lignin represent an attractive property for lowering the carbon
footprint. Recently, we have reported a lignin residue-derived
carbon-supported Ni catalyst for selective hydrogenation of
dehydrozingerone to zingerone.”” In continuation of our
scientific focus in the development of biomass/lignin-derived
carbon-supported metal catalysts for organic transformations,
we present here a simple method for preparing lignin residue-
derived carbon-supported magnetically recoverable y-Fe,O;
nanoparticles via impregnation, followed by pyrolysis under a
N, environment. The catalyst promotes the hydrogenation of
structurally challenging and functionally diverse nitroarenes
including pharmaceuticals as well as aldehydes under
industrially viable conditions. Most importantly, the catalyst
is stable and magnetically recoverable as well as green
credentials for the hydrogenation reactions of 4-nitrobenza-

mide to 4-aminobenzamide and benzaldehyde to benzyl
alcohol were assessed with the help of the CHEM21 green
metrics toolkit.

B EXPERIMENTAL SECTION

Materials. Fe(NO,);-9H,0 and urea were purchased from
Sigma-Aldrich. All nitro and aldehyde chemicals were
purchased from Sigma-Aldrich or TCI, India, and used without
further purification. Soda lignin was received from Kuantum
Papers Ltd (Chandigarh, India).

General Procedure for the Preparation of Lignin
Residue. Lignin residue was prepared by the hydrothermal
treatment of soda lignin. In a typical procedure, 4 g of soda
lignin was added to 50 mL of distilled water in a 100 mL batch
autoclave. Then, the autoclave was placed in an oil bath and
increased the reaction temperature to 180 °C for 4 h with
continuous stirring. After completion of the reaction, the
reactor was allowed to cooled down to room temperature, and
unconverted soda lignin was separated from bio-oil by simple
filtration. The separated lignin residue was dried in an oven at
110 °C overnight.

General Procedure for the Preparation of a y-Fe,0;/
LRC-700 Nanocatalyst. In a typical procedure, the aqueous
solution of Fe(NO,);9H,0 (217 mg) and urea (96 mg)
mixture was added dropwise to 1 g of lignin residue. The
resulting solution mixture was stirred for 3 h at 80 °C and
successive water removal occurred upon heating. The resulting
solid material was dried in an oven at 100 °C overnight,
followed by pyrolysis at 700 °C under an inert atmosphere for
2 hata3 °C min~" heating rate.

General Procedure for the Hydrogenation of Nitro-
arene. A 25 mL tubular batch autoclave reactor was loaded
with 50 mg of y-Fe,0;/LRC-700 nanocatalyst, 0.5 mmol of
nitroarene, and a 10:1 mixture of THF and H,O (2 mL). The
reactor was firmly sealed and purged 3—4 times with nitrogen
and hydrogen to remove any remaining air before being
pressured with the required hydrogen pressure (35—50 bar),
and the reaction mixture was stirred at 120 °C for a
predetermined time (6—36 h). After the reaction was
completed, the reactor was left to cool down to room
temperature. The remainder of the hydrogen was then
released. Then, the catalyst was separated by simple filtration
and properly washed 2—3 times with 2 mL of ethyl acetate and
2 mL of ethanol solvents. Following the solvent evaporation
using a rotary evaporator under vacuum, the crude product was
subjected to column chromatography (hexane/EtOAc) to
obtain the pure product, which was then submitted for GC—
MS and NMR analyses.

General Procedure for the Hydrogenation of
Aldehyde. All reactions were performed in a 25 mL tubular
batch autoclave reactor. In brief, the reactor was loaded with
0.5 mmol of aromatic aldehyde in 2 mL of 10:1 mixture of
THF solvent and 50 mg of y-Fe,O3;/LRC-700 nanocatalyst.
Then, the reactor was well sealed and removed the air from the
reactor by purging with nitrogen and hydrogen gases 3—4
times, and the reactor was filled with 35 bar H, pressure at
ambient temperature. The reactor was then immersed in an oil
bath at 120 °C with steady stirring for 18 h. After the reaction,
the reactor temperature was brought down to room temper-
ature by placing it in a water bath. The excess H, gas was
gently and carefully expelled. Following that, the catalyst was
simply filtered and washed 2—3 times with ethyl acetate and
ethanol solvents. The desired pure product was obtained by
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Scheme 1. Preparation of a Magnetically Recoverable Fe/LRC-700 Nanocatalyst
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purifying the crude product mixture using column chromatog-
raphy using a hexane/EtOAc eluent, which was then submitted
for GC—MS and NMR analyses.

Procedure for Gram-Scale Reactions. A 25 mL tubular
batch autoclave reactor was loaded with y-Fe,O;/LRC-700
nanocatalyst (5 mol % Fe) and 4-(2-fluoro-4-nitrophenyl)
morpholine (1 g, 4.43 mmol) or furfural (1.01 g, 10.41 mmol)
in a 10:1 mixture of THF and H,0 (10 mL), and the reactor
was tightly sealed. First, the air was removed by purging 3—4
times with nitrogen and hydrogen and then was pressurized
with 35 bar H, and heated in an oil bath at 120 °C for 24 and
18 h in the case of 4-(2-fluoro-4-nitrophenyl) morpholine and
furfural, respectively. After the completion of the reaction, the
reactor was placed in a water bath to cool down, and the excess
H, was carefully released, followed by filtration of the reaction
mixture and separation of the catalyst. The obtained crude
mixture was subjected to column chromatography using a
hexane/EtOAc eluent to obtain the pure product and
submitted for GC—MS and NMR analyses.

B RESULTS AND DISCUSSION

Synthesis of the Catalyst. In the beginning of the work,
the lignin residue-derived carbon-supported magnetic iron
nanocatalyst was synthesized by the hydrothermal treatment of
lignin, followed by impregnation and subsequent pyrolysis.
Soda lignin was hydrothermally treated to yield the bio-oil and
lignin residue (unconverted lignin). Then, the obtained lignin
residue was impregnated with an aqueous solution of
Fe(NO,);-9H,0 and urea at 80 °C for 3 h, after which the
surplus water solvent was removed, and the material was dried.
The dry materials were pyrolyzed for 2 h at 700 °C in a N,
environment (Scheme 1). At last, the resultant black material
was designated as Fe/LRC-700.

Catalyst Characterization. To understand the exceptional
catalytic activity of the magnetic Fe/LRC-700 nanocatalyst, we
characterized the catalyst by comprehensive analytical
techniques, including CHNS, ICP-AES, powder XRD, N,
adsorption—desorption, XPS, HR-TEM, Raman, and TGA
analyses. According to elemental (CHNS) analysis, the Fe/
LRC-700 nanocatalyst has 80% carbon, 2.2% hydrogen, 1.2%
nitrogen, and 16.6% oxygen. The Fe content in the catalyst is
estimated to be around 2.8 wt % Fe by ICP-AES analysis. The
powder XRD patterns of fresh and spent Fe/LRC-700

19806

nanocatalysts are shown in Figure 1. The fresh Fe/LRC-700
nanocatalyst exhibited the diffraction peaks on the 2-6 scale at

V-v-Fe03
®-graphitic carbon

Intensity (a.u.)

10 20 30 40 5 60 70 80
2-theta (deg.)

Figure 1. XRD pattern of the Fe/LRC-700 nanocatalyst (a) before
and (b) after the reaction.

30.63, 35.88, 43.63, 53.88, 57.50, and 63.18° that are
associated with the (220), (311), (400),(422), (511), and
(440) planes of a magnetic maghemite y-Fe,O5 phase with a
cubic structure (JCPDS file 39-1346), respectively.*®*’
Furthermore, a broad diffraction peak appeared at 24° and
the peak around 42° corresponding to the (002) and (100)
planes of carbon with amorphous nature.”™ After the reaction,
no substantial change in the diffraction pattern of the Fe/LRC-
700 nanocatalyst was observed, indicating the retention of the
maghemite y-Fe,O; phase in the used catalyst. The N,
adsorption—desorption analysis was studied to examine the
structural and textural characteristics of the Fe/LRC-700
nanocatalyst, and the corresponding isotherm is shown in
Figure 2. The catalyst exhibits type-IV isotherm with a
hysteresis loop, suggesting the mesopores in the catalyst, with
pores ranging in size from 2 to 3.5 nm. The Fe/LRC-700
nanocatalyst has a BET surface area of 160 m”/g and a total
pore volume of 0.013 cm®/g.

X-ray photoelectron spectroscopy (XPS) was used to
identify the chemical oxidation states of elements present in
the Fe/LRC-700 nanocatalyst, and the corresponding images
are displayed in Figure 3. The survey XPS spectrum confirms
the presence of iron (Fe), nitrogen (N), carbon (C), and
oxygen (O) elements in the Fe/LRC-700 nanocatalyst (see the
Supporting Information, Figure S1). The deconvoluted N 1s
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__ 100 we also noticed that nitrogen could also exist in the carbon
% 90, shells encapsulating Fe nanoparticles. The mathematically
o [t : deconvoluted XPS spectrum of Fe 2p is displayed in Figure 3b.
E 804 The energy bands centered at 712.01 and 725.12 eV match
3 70 e '_'.' with Fe 2p;, and Fe 2p, ;, of iron in +3 oxidation state (Fe*?)
8 " e e o of y-Fe,0;. However, the binding energies are slightly higher
© 60 " . . .

2 e than the reported values, suggesting a strong interaction
; 50 o et between N atoms and Fe nanoparticles. Furthermore, the
"é w0l % - binding energies at 718.81 and 732.82 eV correspond to charge
a « transfer satellite peaks of Fe 2p;/, and Fe 2p,,, providing

30 T T T T T T T
00 01 02 03 04 05 06 07 08
Relative Pressure (P/P°)

Figure 2. N, adsorption—desorption isotherms of the Fe/LRC-700
nanocatalyst. Inset: pore size distribution curve.

spectra (Figure 3a) can be fitted into three prominent peaks.
Pyridinic nitrogen is responsible for the energy band at 398.9
eV. On the other hand, the energy band at 400.3 eV is
attributed to graphitic nitrogen, which is formed by
substituting carbon atoms with nitrogen on the edges or
defects in the graphene sheets. This finding suggests that the
nitrogen atoms from the urea source were transformed into
pyridinic and graphitic nitrogen, confirming the formation of
N-doped carbon material during pyrolysis. The binding energy
at 406.4 eV corresponds to oxidized nitrogen atoms (N-
oxides) present in the Fe/LRC-700 nanocatalyst.">** Further,

strong support for the formation of y-Fe,O; in the Fe/LRC-
700 nanocatalyst. These observations are well matched with
the findings in XRD and previous reports.” > The high-
resolution C 1s XPS spectrum of the Fe/LRC-700 nanocatalyst
(Figure 3c) demonstrates that the carbon is in four different
chemical environments. The major peak visualized at 284.77
eV can be allocated to sp>-hybridized conjugated graphite-like
carbon (C—Csp?®). The broad peak centered at 286.25 eV
could be attributed to sp*-hybridized carbon (C—Csp®), which
overlaps with the carbon attached to nitrogen (N—Csp?). The
sp>-hybridized carbon originates from the defects present in
the graphite structure. In addition, two other deconvoluted
peaks appeared at 288.89 and 292.75 eV were allocated to
—C=0 and #—7* transitions in a graphitic structure,
respectively.”’ The O 1s core-level XPS spectra of the Fe/
LRC-700 nanocatalyst (Figure 3d) showed two peaks at
532.09 and 533.80 eV due to —C=0 and —O-CO/C—-OH

(@ | n1s
; Pyrrolic-N /\
< 5
z i
@ % Pyridinic-N
3
£ N-Oxides
|

410 408 406 404 402 400 398 396 394 392
Binding Energy (eV)

& [cis

C-Csp?

v

Intensity (a.u.)

C-Csp?/C-N [
:

P—— r———t v =
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Binding Energy (eV)

(b) Fe 2p
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Figure 3. XPS spectra of the Fe/LRC-700 nanocatalyst: (a) N 1s, (b) Fe 2p, (c) C 1s, and (d) O 1s spectra.
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230nm

Figure 4. TEM images of the Fe/LRC-700 nanocatalyst: (a, b) TEM images of the Fe/LRC-700 nanocatalyst and nanoparticle distribution (inset),
(c) HR-TEM image, (d) selected area electron diffraction (SAED) pattern, and (e—i) elemental mapping patterns (Fe, C, N, O) of the Fe/LRC-

700 nanocatalyst.

bonds.>® After the reaction, no change in chemical oxidation
states of Fe, N, C, and O species was observed in the Fe/LRC-
700 nanocatalyst (see the Supporting Information, Figures S2
and S3).

The TEM images of the Fe/LRC-700 nanocatalyst are
shown in Figure 4, demonstrating that Fe nanoparticles are
spherical and have a size ranging from 2 to 7 nm (Figure 4a,b)
with a mean diameter of 4.34 nm. Besides, Fe nanoparticles are
evenly distributed throughout the graphitic carbon material.
The HR-TEM images of Fe/LRC-700 in Figure 4c reveal that
the lattice fringe spacing of 0.25 nm corresponds to the lattice
plane distance (d) value of the (311) crystal plane of the
maghemite y-Fe,O; phase™ and is consistent with XRD and
XPS results. In addition, the d value of 0.36 nm represents the
(002) crystal plane of graphitic carbon. Figure 4d shows the
selected area diffraction (SAED) profile of the Fe/LRC-700
nanocatalyst, revealing the amorphous nature of the y-Fe,0,
nanoparticles with diffused rings. An energy-dispersive X-ray
(EDX) study of the Fe/LRC-700 nanocatalyst (Figure 4e—i)
shows that elements of iron, nitrogen, carbon, and oxygen
species overlap in the catalyst material.

The Raman analysis of the Fe/LRC-700 nanocatalyst before
and after the reaction was investigated, and the representative
spectra are shown in Figure S. Both fresh and used Fe/LRC-
700 nanocatalysts exhibit two Raman bands at 1332 and 1594
cm™!, corresponding to the D (Alg) and G (Ezg) bands,
respectively (Figure Sa,b). The Raman D-band is produced
due to out-of-plane vibrations, which indicate structural flaws
in the catalyst, whereas the Raman G-band is a characteristic
feature of a graphitic structure of the catalyst.”* The D and G
band ratios (Ip/Ig) in carbon materials determine the defect
density in the D and G band ratios. The Ij,/Ij; of fresh and
used Fe/LRC-700 nanocatalysts is about 1.9 and 2.0,
indicating that a graphitic structure with structural flaws is

Intensity (a.u)

500 1000 1500 2000 2500
Raman shift (cm™)

Figure 5. Raman spectra of the Fe/LRC-700 nanocatalyst: (a) before
the reaction and (b) after the reaction.

present in both catalysts.*” Therefore, the Raman analysis
reveals no changes in the Fe/LRC-700 nanocatalyst structure
after the reaction.

A thermogravimetric analysis (TGA) study was used to
assess the thermal stability of the Fe/LRC-700 nanocatalyst. As
illustrated in Figure 6, the 5.5 wt % mass loss observed around
100 °C is attributable to the loss of water molecules adsorbed
on the catalyst surface. The Fe/LRC-700 nanocatalyst is stable
up to 270 °C; beyond this temperature, an evident mass loss
(22 wt %) was monitored, attributed to the decomposition of
the carbon support.

The XRD, XPS, and HR-TEM analyses confirm the
maghemite y-Fe,O; phase formation in the Fe/LRC-700
nanocatalyst. Hence, the catalyst is designated as the y-Fe,0;/
LRC-700 nanocatalyst.

Catalyst Screening. The catalytic activity of the y-Fe, 05/
LRC-700 nanocatalyst was evaluated for the selective hydro-
genation of industrially relevant benchmark substrate 4-
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Figure 6. Thermogravimetric analysis of the Fe/LRC-700 nano-

catalyst.

nitrochlorobenzene with molecular hydrogen. This model
reaction allows us to monitor the overall selectivity of the nitro
group hydrogenation over C—Cl (dechlorination). Because
chloronitroarenes are very sensitive to the molecular hydro-
gen,”® achieving high selectivity is one of the main challenges
in this chemistry. Initially, the reaction was carried out without
a catalyst, and no progress was observed. (Table 1, entry 1).
We then investigated lignin residue (LR), lignin residue-
derived carbon (LRC), and Fe,(NO,;),9H,0 for the
production of the desired 4-chloroaniline and observed that
all of these materials are completely inactive (Table 1, entries
2—4). The catalytic activity of Fe,(NO;),-9H,0/LR and
Fe,(NO;),-9H,0/LRC catalysts was found to be very poor
(Table 1, entries S and 6). The catalysts prepared and
pyrolyzed at temperatures of 600 °C and 800 °C showed
significant activity (Table 1, entries 7 and 9). Astonishingly,
excellent conversion and selectivity were obtained with the y-
Fe,0;/LRC-700 nanocatalyst under 35 bar H, pressure at 120
°C for 18 h (Table 1, entry 8). The product 4-chloroaniline
was isolated in quantitative yields (96%). The remarkable
catalytic activity of the y-Fe,O;/LRC-700 nanocatalyst for the
selective hydrogenation of nitroaromatics is due to the strong
interaction between N atoms and Fe nanoparticles, which
could prevent aggregation of y-Fe,O; nanoparticles and,
therefore, its activity.

Effect of Reaction Parameters. Since the y-Fe,O,/LRC-
700 nanocatalyst demonstrated exceptional activity and

selectivity for the reduction of 4-nitrochlorobenzene to 4-
chloroaniline (Table 1, entry 8), it was chosen to investigate
the effects of reaction parameters, such as temperature, time,
and H, pressure on 4-nitrochlorobenzene conversion and 4-
chloroaniline selectivity. After having an active y-Fe,O5;/LRC-
700 nanocatalyst in hand, the effect of reaction temperature
and time on 4-nitrochlorobenzene conversion and 4-chloroani-
line selectivity was investigated (Table 2, entries 1—6). The

Table 2. Effect of Temperature and Time on the Conversion
and Selectivity of 4-Nitrochlorobenzene and 4-
Chloroaniline over the y-Fe,0;/LRC-700 Nanocatalyst”

temperature  time 4-nitrochlorobenzene 4-chloroaniline
entry ?°C) conversion (%) selectivity (%)
1 30 18 S 99
2 60 18 40 99
3 90 18 70 99
4 120 18 99 99
S 120 6 42 99
6 120 12 70 99

“Reaction conditions: 4-nitrochlorobenzene (0.5 mmol), y-Fe,0,/
LRC-700 nanocatalyst (50 mg, S mol % Fe), H, (35 bar), THF/H,0O
(10:1); conversion and selectivity were determined by GC—MS.

temperature is one of the vital reaction parameters that can
affect the rate of conversion and selectivity. The reaction was
carried out at different temperatures ranging from 30 to 120
°C, and the findings are presented in Table 2. As the
temperature increases, so does the rate of 4-nitrochloroben-
zene conversion. Only 5% of 4-nitrochlorobenzene conversion
was obtained at 30 °C (Table 2, entry 1). By increasing the
reaction temperature to 60 °C, the conversion was marginally
increased (40%) and reached 70% at 90 °C (Table 2, entries 2
and 3). Further increasing the reaction temperature to 120 °C,
a significant increase in conversion was observed and achieved
99% conversion and 99% selectivity (Table 2, entry 4). After
that, we assessed the influence of reaction time on 4-
nitrochlorobenzene conversion and 4-chloroaniline selectivity
(Table 2, entries S and 6). The data shows an increase in 4-
nitrochlorobenzene conversion as the reaction time progresses.
The maximum conversion was reached after 18 h of reaction
time. Further, the effect of H, pressure on 4-nitrochlor-
obenzene conversion and 4-chloroaniline selectivity was

Table 1. Hydrogenation of 4-Nitrochlorobenzene over Different Catalysts”

NO, Catalyst NH,
/@’ _— > /@(
cl THF/H,0 cl
120°C,18 h
1a 1b
entry catalyst la conversion (%) 1b selectivity (%)

1 without catalyst n.d. n.d.

2 lignin residue (LR) n.d. n.d.

3 lignin residue carbon (LRC) n.d. n.d.

4 Fe,(NO,),-9H,0 n.d. n.d.

3 Fe,(NO,),-9H,0/LR 5 64

6 Fe,(NO,),"9H,0/LRC 10 80

7 7-Fe,05/LRC-600 87 99

8 y-Fe,05/LRC-700 99 99 (96)
9 y-Fe,0;/LRC-800 90 95 (87)

“Reaction conditions: 0.5 mmol of 1a, SO mg of catalyst, 35 bar H,, 2 mL of THF/H,O (10:1), 120 °C, and 18 h; conversion and selectivity were
determined with GC—MS; isolated yields by column chromatography shown in parenthesis.
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inspected (Figure 7). The 4-nitrochlorobenzene conversion
was steadily enhanced by increasing the H, pressure until it

I 4-Nitrochlorobenzene conversion
[ 4-Chloroaniline selectivity

100 4

80 1

60 -

Conversion / Selectivity (%)

5 10 25
H, Pressure (bar)

35

Figure 7. Effect of H, pressure on the conversion and selectivity of 4-
nitrochlorobenzene and 4-chloroaniline over the y-Fe,O;/LRC
nanocatalyst (reaction conditions: 4-nitrochlorobenzene (0.5
mmol), y-Fe,0;/LRC-700 nanocatalyst (50 mg, S mol % Fe),
THE/H,0 (10:1), 120 °C, 18 h).

reached 99% at 35 bar H, pressure. The 4-chloroaniline
selectivity remained constant over a range of reaction
temperatures, times, and H, pressure. Hence, we found that
the highest 4-nitrochlorobenzene conversion (99%) and 4-
chloroaniline selectivity (99%) are achieved at 120 °C using 35
bar H, pressure for 18 h.

Catalytic Performance of y-Fe,0;/LRC-700 Nano-
catalyst for Chemoselective Hydrogenation of Nitro-
arenes. Using the optimized reaction conditions, we evaluated
the scope of diverse nitroarenes in the presence of our novel y-
Fe,03;/LRC-700 nanocatalyst. A simple nitrobenzene was fully
converted and gave the desired aniline in 95% yield (Scheme 2,
entry 1). Hydrogenation of halonitroarenes to yield corre-
sponding haloanilines is highly important because haloanilines
are having enormous applications in dyes, agrochemicals,
drugs, and polymers.”> The major issue in the hydrogenation
process of the nitro group is the hydrodehalogenation of
haloanilines with molecular hydrogen. Gratifyingly, our iron
catalyst tolerated chloro, iodo, and fluoro entities at different
positions on the nitroarene substrates (Scheme 2, entries 2—
8), providing the corresponding haloanilines in very good to

Scheme 2. Catalytic Performance of y-Fe,0;/LRC-700 Nanocatalyst for Chemoselective Hydrogenation of Nitroarenes®

y-Fe;03/LRC-700

H,
35 bar

X NO,
R—
o

1: 98%° 2: 92%? 3: 96%?

THF:H,0 (10:1) (2 mL)
120 °C, 6-36 h

oo O
Cl

L
Z

H, NH, : :NHz NH;
C :CI cl NH, 17 C

4: 95%? 5: 95%° 6: 92%°

NH, F 1 NH, F NH, NH, o NH,
<
TR O T 0T

7:97%? 8:97%*

9: 98%°

10: 94%* 11: 94%*

(1g scale)

NH, NH, NH, NH,
\[([j ~0- /E ) \/\/OTI/©/ Hsz
(0 o (o] 0

12: 92%° 13: 98%*

14: 98%° 15: 96%2

FF
/©/NH2 F 0 N Ny
N
b L, X
HO 2 @N‘N— Z NH, NH,

16: 94%* 17: 96%°

20: 48%° 21: 67%2

nH, HO a i

18: R=H, 96%? 19: R=H, 95%°

22: 95%¢
(from flutamide)

“Reaction conditions: [a] nitroarene (0.5 mmol), y-Fe,0;/LRC-700 nanocatalyst (50 mg, S mol % Fe), H, (35 bar), THF/H,0 (10:1) (2 mL),
120 °C, 18 h. [b] Same as [a] with reaction time 6 h. [c] Same as [a] with reaction time 24 h. [d] Same as [a] with H, (50 bar) and reaction time
36 h. [e] 4-(2-Fluoro-4-nitrophenyl) morpholine (4.42 mmol), y-Fe,O;/LRC-700 nanocatalyst (411 mg, S mol % Fe), H, (35 bar), THF/H,0

(10:1) (10 mL), 120 °C, 24 h.
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Figure 8. (a) Recyclability of the y-Fe,O;/LRC-700 nanocatalyst. Reaction conditions: 4-nitrochlorobenzene (0.5 mmol), y-Fe,0;/LRC-700
nanocatalyst (50 mg, S mol % Fe), H, (35 bar), THF/H,O (10:1), 120 °C, and 18 h; GC—MS yields. (b) Stability of the y-Fe,0;/LRC-700
nanocatalyst for the hydrogenation of 4-nitrochlorobenzene. Reaction conditions: 4-nitrochlorobenzene (0.5 mmol), y-Fe,O;/LRC-700
nanocatalyst (50 mg, S mol % Fe), H, (35 bar), THF/H,0 (10:1), 120 °C, and 6 h; GC—MS yields.

Scheme 3. Catalytic Performance of y-Fe,0;/LRC-700 Nanocatalyst for Selective Hydrogenation of Aromatic Aldehydes”

y-Fe,0,/LRC-700

N O
R—+ H
> + 2

35 bar THF:H,0 (10:1) (2 mL)
120°C,18 h

@/\OH /@/\OH
o

24: 95%? 25: 90%?

28: 95%?

OH OH s I\ oH:
SN eA IR

29: 95%°

o” ¢

26: 92%? 27: 95%?

“Reaction conditions: aromatic aldehyde (0.5 mmol), y-Fe,05/LRC-700 nanocatalyst (50 mg, S mol % Fe), H, (35 bar), THF/H,O (10:1) (2
mL), 120 °C, 18 h. ®For gram-scale reaction: furfural (10.41 mmol), y-Fe,0;/LRC-700 nanocatalyst (968 mg, 5 mol % Fe), H, (35 bar), THE/

H,0 (10:1) (10 mL), 120 °C, 18 h.

excellent yields. Interestingly, the y-Fe,O;/LRC-700 nano-
catalyst is suitable for the gram-scale synthesis of a key
pharmaceutical intermediate of a commercially important drug
linezolid (Scheme 2, entry 9). In addition, 4-(4-nitrophenyl)-
morpholine and 1,2-(methylenedioxy)-4-nitrobenzene were
hugely effective in forming their corresponding anilines in
94% yield (Scheme 2, entries 10 and 11). Nitroarenes bearing
electron-withdrawing groups gave quantitative conversion with
excellent isolated yields (Scheme 2, entries 12—16). Notably,
heterocyclic nitroarenes were compatible with the catalytic
system affording the respective anilines in excellent isolated
yields (Scheme 2, entries 17—19). Also, nitroarene containing
reducible functional groups like alkene were tolerated and gave
the corresponding aniline in moderate yield and double bond
reduced aniline in comparable yield (Scheme 2, entry 20).
However, when 3-chloro-4-nitrobenzaldehyde was employed
as a starting material, along with the nitro moiety, reduction of
the aldehyde group was also observed, and 4-amino-3-chloro

benzyl alcohol was obtained in good yields (Scheme 2, entry
21). The high compatibility of this iron-catalyzed chemo-
selective hydrogenation of the nitro group encouraged us to
examine its utility for late-stage reduction of pharmaceuticals.
Flutamide, a nonsteroidal antiandrogen, and nimesulide, a
nonsteroidal anti-inflammatory drug (NSAID), were selectively
hydrogenated and afforded the respective anilines in very good
yields (Scheme 2, entries 22 and 23).

Catalyst Stability and Recyclability. A hot filtration
experiment was carried out for the hydrogenation of 4-
nitrochlorobenzene for 10 h under optimized reaction
conditions (0.5 mmol of 4-nitrochlorobenzene, 50 mg of y-
Fe,03/LRC-700 nanocatalyst, H, (35 bar), THF/H,O (10:1),
120 °C) to confirm the absence of leaching of Fe nanoparticles
from the y-Fe,O3/LRC-700 nanocatalyst. The catalyst was
recovered from the reaction mixture by hot filtering after 10 h.
The reaction was then proceeded by adding 0.5 mmol of 4-
nitrochlorobenzene to the filtrate. No additional hydro-

https://doi.org/10.1021/acsomega.2c01566
ACS Omega 2022, 7, 19804—-19815


https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=sch3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Zero Pass CHEM21 Green Metrics Toolkit for Selective Hydrogenation of 4-Nitrobenzamide (A) and Benzaldehyde

(B)

Reaction (A)

y-Fe,04/LRC-700 NH,

NO,
HZNTI/© + H;

- H,N + H0

THF:H,0 (10:1) (2 mL)

(0] 120°C, 18 h O conv. 100%
Sel. 100%
Yield: 96%
Reaction (B)
(o)
y-Fe,04/LRC-700
©)LH . H - OH
THF:H,0 (10:1) (2 mL) Conv. 100%
120°C,18 h Sel. 100%
Yield: 95%
Metric Reaction (A) Reaction (B)
Yield 96 95
Conversion 100 100
Selectivity 100 100
Atom economy 79.09 100
Reaction mass efficiency 75.58 95.00
Solvent THF, H,O THF, H,O
Catalyst Yes Yes
Element Fe Fe
Reactor Batch Batch
Work up Filtration Filtration
Energy 120 °C 120 °C
Health and Safety H280 H280

genation of 4-nitrochlorobenzene was detected, indicating that
no Fe nanoparticles were leached into the solution mixture
throughout the process. Furthermore, the filtrate was subjected
to ICP-AES analysis, which revealed no evidence of Fe
nanoparticles in the solution. Next, we have investigated the
recyclability and reusability of the y-Fe,O3;/LRC-700 nano-
catalyst under standard reaction conditions, and the corre-
sponding results are shown in Figure 8a. After completion of
the reaction, the catalyst was recovered by simple magnetic
separation and washed several times with ethyl acetate and
ethanol solvents. Then, the separated catalyst was dried at 60
°C under vacuum and reused five times. No considerable drop
in catalytic activity and selectivity was observed even after the
fifth catalytic cycle. Further, we have also assessed the stability
of the y-Fe,O3/LRC-700 nanocatalyst by recovering the
catalyst and carried out the hydrogenation experiment for
the conversion of 4-nitrochlorobenzene to 4-chloroaniline for a
shorter reaction period (6 h), and the corresponding results are
shown in Figure 8b. After 6 h of reaction time, 42% of 4-
nitrochlorobenzene conversion was observed. No significant
change in conversion was monitored in consecutive catalytic
cycles, suggesting that the y-Fe,O;/LRC-700 nanocatalyst is
highly stable under the reaction conditions. No significant
structural and morphological changes were noticed in the
spent y-Fe,0;/LRC-700 nanocatalyst (Figure 8a), but an
aggregation of y-Fe,O; nanoparticles was realized. However,
the catalytic activity of the y-Fe,O;/LRC-700 nanocatalyst
remained the same even after the fifth catalytic cycle.
Catalytic Performance of y-Fe,0;/LRC-700 Nano-
catalyst for Selective Hydrogenation of Aromatic
Aldehydes. Subsequently, the synthesis of aromatic alcohols
from the corresponding aldehydes was explored. Iron-catalyzed

19812

hydrogenation of aldehydes is scarcely reported in the
literature. In general, aromatic alcohols are excellent starting
materials in organic synthesis and have potential applications
in chemical industries. The successful reduction of both nitro
and aldehyde groups present in 3-chloro-4-nitrobenzaldehyde
(Scheme 2, entry 21) motivated us to apply our y-Fe,O5/LRC-
700 nanocatalyst for the hydrogenation of aldehydes.
Benzaldehyde was fully converted and gave the corresponding
benzyl alcohol product in 95% yield (Scheme 3, entry 24). An
aldehyde with an electron-rich substituent, for example,
methoxy, afforded the corresponding alcohols in good yields
(Scheme 3, entries 25 and 26). Halogen-containing aryl
aldehydes did not seem to hinder the reduction rate, as shown
by the similarity of the results, and gave the desired alcohols in
excellent yields (Scheme 3, entries 27—29). The presence of
the halogen group at the ortho position also did not affect the
selectivity of the required alcohol product (Scheme 3, entry
28). Over the last few years, the hydrogenation of bio-based
precursors to high-value-added chemicals has been significantly
growing in biomass conversion strategies.56 Among these,
furfural hydrogenation to furfuryl alcohol is gaining huge
attention owing to its commercial interest in several industries.
Almost 62% of the furfural generated today is converted into
furfuryl alcohol, which is mostly employed as a copper
chromate catalyst in industrial processes.”” Interestingly,
applying our novel y-Fe,O;/LRC-700 nanocatalyst, 1 g of
furfural was selectively hydrogenated to furfuryl alcohol in 96%
yield (Scheme 3, entry 30). Unfortunately, few aliphatic
aldehydes did not undergo hydrogenation with standard
reaction conditions (see the Supporting Information, Scheme
S1).

https://doi.org/10.1021/acsomega.2c01566
ACS Omega 2022, 7, 19804—-19815


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01566/suppl_file/ao2c01566_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01566/suppl_file/ao2c01566_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01566?fig=tbl3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Green Chemistry Metrics for the Hydrogenation of 4-
Nitrobenzamide and Benzaldehyde. In line with the
Sustainable Development Goals (SDGs), it is highly important
to measure the merits and demerits of chemical processes by
following the guidelines of 12 principles of green chemistry.>®
To measure the sustainable and green credentials, we adopted
the CHEM21 green metrics toolkit developed by Clark and co-
workers.”” In this respect, we have chosen two different
hydrogenation reactions that worked efficiently under standard
reaction conditions, and the corresponding results are
summarized in Table 3. In both the cases, yield, conversion,
and selectivity were assessed using an isolated yield of
products, and purity was determined using NMR. Reactions
A and B ended up with full conversion and afforded
quantitative selectivity and yield. Hence, these reactions (A
and B) receive green flags for yield, conversion, and selectivity.
The atom economy and reaction mass efficiency for reaction A
are 79.09 and 75.58%, whereas the atom economy and reaction
mass efficiency for reaction B are 100 and 95%, respectively. As
we used THF and water as solvents in 10:1 ratio for reactions
A and B, we received an amber flag. Iron is used as a catalyst in
both the reactions (A and B) and received a green flag
considering the abundance and toxicity of the element. As we
conducted the hydrogenation reactions A and B in batch mode
and not in a continuous process, the amber flag was received.
Simple workup techniques such as filtration and evaporation
were implemented in reactions A and B and therefore earned a
green flag. All of the hydrogenation reactions were conducted
at 120 °C, so it obtained an amber flag under energy. Reactions
A and B do not have any health and safety issues, and
therefore, they get green flags. Overall, the assessment of
selected reactions A and B indicates that the chemical process
is green and eco-friendly.

B CONCLUSIONS

In conclusion, an inexpensive and sustainable magnetically
recoverable y-Fe,0;/LRC-700 nanocatalyst has been success-
fully prepared by the hydrothermal treatment, followed by the
impregnation and pyrolysis method. The as-prepared y-Fe,0;/
LRC-700 nanocatalyst displayed excellent selectivity and
activity for the hydrogenation of functionalized and challenging
nitroarenes, including pharmaceuticals, to the corresponding
anilines in high yields. Additionally, the y-Fe,O;/LRC-700
nanocatalyst is also extremely active for the hydrogenation of
biomass-derived furfuraldehyde and other aromatic aldehydes
using molecular hydrogen as a reducing agent. The exceptional
activity of the y-Fe,O;/LRC-700 nanocatalyst is due to
benefiting the combination of lignin residue and urea, resulting
in y-Fe,O; nanoparticles with a small size in the range of 2—7
nm and strong interaction between N atoms and Fe
nanoparticles, which leads to highly stable y-Fe,O; nano-
particles. Furthermore, the y-Fe,0;/LRC-700 nanocatalyst can
be easily separated by an external magnet and reused for five
catalytic runs with no significant drop in the catalytic activity.
Finally, the atom economy and reaction mass efficiency for the
hydrogenation of 4-nitrobenzamide to 4-aminobenzamide are
79.09 and 75.58% whereas for the reduction of benzaldehyde
to benzyl alcohol is 100 and 95% respectively, which represents
the sustainable and green credentials of the reactions, evaluated
with the help of the CHEM21 green metrics toolkit.
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