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1 | INTRODUCTION

Over the last few years, graphene oxide (GO) has been
considered as an attractive supporting material for the
heterogenization of catalysts because of its high surface
area, edge reactivity, excellent thermal, mechanical and
electrical properties and chemical stability,™! and most
significantly GO has a unique two-dimensional structure
with numerous oxygen-containing functional groups,
i.e. hydroxyl, epoxy, carboxyl and carbonyl groups.[z] Due
to the presence of oxygenated functional groups on the
GO surface, they can easily bind with metals and serve as
activation sites for the growth of crystals onto the surface
of GO.’° In addition, the combination of GO and
metals (like iron) can create new micropores at the inter-
face of both components, which improve the accessibility
of reactants to the active sites and therefore reduce the
mass-transfer-limitation effects during catalysis.[>®

Surajit Konwer' |

Reduced graphene oxide was synthesized and functionalized with FeSO,-7H,0
to form a reduced graphene oxide/iron oxide hybrid composite. The hybrid
composite was extensively characterized using various techniques. Its applica-
tion for transfer hydrogenation of various ketones was studied. The investiga-
tion showed that it serves as a good catalyst for transfer hydrogenation of
aromatic and some aliphatic ketones resulting in excellent isolated yields
(97-99%) of products. It is magnetically separable showing good reusability.
The products were characterized and compared with authentic ones.

aliphatic, aromatic, composite, reduced graphene oxide, transfer hydrogenation

Furthermore, GO is able to promote the internal electron
transfer process in such composites and induce a syner-
gistic effect between both components to improve cata-
Iytic activity.!>>7!

The combination of reduced GO (rGO) with iron
oxide nanocomposites has attracted the interest of the sci-
entific community as promising materials for catalysis
because such combination allows adsorption through n—=
conjugation. In addition the unique surface properties of
rGO allow it to accept electrons to hinder the recombina-
tion of photo-induced electrons and holes.””) Though iron
oxide is a significant transition metal oxide that has been
extensively used as a catalyst in various fields, the cata-
lytic activity is not so satisfactory because of aggregation
which greatly decreases the surface area. Therefore the
intercalation of iron oxide into rGO may solve this prob-
lem by enhancing the properties especially in the field of
catalysis. 1!
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Transfer hydrogenation of ketones to their
corresponding alcohols catalyzed by transition metal
complexes is an interesting research area in modern syn-
thetic chemistry. It is a powerful and convenient route
for reducing carbonyl compounds without the use of
hazardous hydrogen gas or moisture-sensitive hydride
reagents under mild reaction condition and hence is
considered as an alternative to direct
hydrogenation."'~'! Nowadays, the synthesis of chiral
alcohols, important intermediates for the synthesis of
chiral drugs and fine chemicals, is indispensable,'”! and
hence discovering green and effective approaches for the
synthesis of chiral alcohols is of great concern, transfer
hydrogenation of ketones being one of them. Transfer
hydrogenation reactions are environmentally benign and
sustainable compared to catalytic hydrogenation reac-
tions (using molecular hydrogen and high pressure) as
there is no generation of hazardous wastes at the end of
the reaction and the use of suitable hydrogen donors
control the reaction rate and selectivity of the reac-
tion."®! Commonly used hydrogen donors are formic
acid, aqueous sodium formate, azeotropic mixtures of
formic acid/triethylamine and 2-propanol,™ but
2-propanol is mostly used as hydrogen donor because it
is inexpensive, safe, non-toxic and environment
friendly.[*! Generally, in academic and industrial opera-
tions, noble, precious and highly toxic metals such as
Pd,12 Rh 22231 Rul17242) and 1r% are typically used
for transfer hydrogenation reactions. Therefore, in recent
years, transfer hydrogenation reactions using abundant
and environmentally benign metals such as Fe, Co, Ni,
etc., replacing the precious and highly toxic metals are
gaining much attention.!*"! Transfer hydrogenation reac-
tions of ketones using Fe,'**! Mn'**! and Mo!**! have also
been reported.

Hence, in continuation of our previous work on het-
erogeneous catalysis,****! we are interested in develop-
ing a simple, environmentally benign protocol for
transfer hydrogenation of ketones catalyzed by such eco-
friendly and nontoxic metals. Herein, we report the syn-
thesis and characterization of rGO/iron oxide hybrid
composite material and its application in transfer hydro-
genation of ketones.

2 | EXPERIMENTAL

2.1 | Materials

Chemical reagents such as sulfuric acid (H,SO,, 98%),
sodium nitrate (NaNOj), potassium permanganate
(KMnO,, 99.9%), hydrogen peroxide (H,0,, 30%),
iron(II) sulfate (FeSO4-7H,0, 99.5%) and ammonium

hydroxide (NH,OH, 25%) were of analytical reagent
grade and used as received. Graphite flakes were pur-
chased from Shanker Graphites and Chemical, New
Delhi, India. For all purposes, double-distilled water
was used.

2-Propanol, sodium hydroxide and potassium
hydroxide were procured from Merck. Acetophenone,
4-hydroxy acetophenone, 4-chloro acetophenone, 4-nitro
acetophenone, 4-bromo acetophenone, benzophenone,
4-bromo benzophenone, 2-pentanone, 3-pentanone and
cyclohexanone were obtained from Tokyo Chemical
Industry. All the reagents were of analytical reagent
grade and used as received without further purification.

2.2 | Preparation of GO

GO was synthesized from graphite by adopting a simpli-
fied Hummers method as reported elsewhere.!*® Here
graphite powder (3 g) was treated with H,SO, (120 ml)
and NaNO; (2.5 g) followed by addition of KMnO, (15 g)
with vigorous stirring maintaining the temperature at
less than 20°C. To ensure complete oxidation of the
graphite, the solution was stirred at room temperature
for more than 24 hours. Then water (150 ml) was added
slowly with vigorous agitation at 98°C for one day, and
finally H,O, (50 ml) solution was added to stop the oxida-
tion process, during which the color of the solution
become bright yellow, indicating the highly oxidized level
of the graphite. The resulting GO was washed by rinsing
and centrifugation with an aqueous solution containing
1 M HCI followed by deionized water several times. After
filtration and drying under vacuum, the GO was obtained
as grey powder.
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FIGURE 1 XRD pattern of rGO/Fe;04 composite
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2.3 | Preparation of rGO/iron oxide
(rGO/Fe;0,) composite

The rGO/Fe;0, composite was prepared using a simple
in situ chemical synthesis method. A mixture of GO
(200 mg) and deionized double-distilled water (50 ml)

Chemistry

ultrasonication about 30 minutes. To this dispersed
solution, FeSO,-7H,0 (50 mg) was added and the mix-
ture was stirred for 24 hours at room temperature. To
this mixture, 2 ml of 25% ammonium hydroxide was
added dropwise to maintain the pH at 8. Upon addi-
tion of ammonium hydroxide, the color of the mixture

in a round-bottom flask was subjected to turned reddish and finally became a deep red color
C Spectrum 1
(0] Fe
N O o s
“ull Scale 6843 cts Cursor: 0.000 keV]
FIGURE 2 SEM image and energy-dispersive X-ray spectrum of rGO/Fe;0,4

FIGURE 3
area electron diffraction pattern (inset)

(a) TEM images of GO and rGO/Fe;0, composite. (b) High-resolution TEM images of rGO/Fe;0, composite with selected
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because of the formation of ferric hydroxide.
Then 0.7 ml of hydrazine hydrate was added dropwise
and the mixture was kept for 24 hours at ca 90°C.
The resulting mixture was finally washed with
ethanol and water and then dried in a vacuum oven
at 60°C.

2.4 | General characterization

Fourier transform infrared (FT-IR) spectroscopy was
conducted with an Impact 410 (Nicolet, USA), using
KBr pellets (400-4000 cm™). Scanning electron micros-
copy (SEM) images were recorded using a JSM-6390LV
(JEOL, Japan) at 20 kV. TEM images were recorded at
STIC Cochin and SAIC, Tezpur University using a
Jeol/JEM 2100 and Tecnai G2 20 S-Twin (200 kV), at
a resolution of 2.4 A, respectively. A powder X-ray dif-
fraction (XRD) study was carried out at room tempera-
ture (ca 25°C) using a Rigaku X-ray diffractometer
with Cu Ka radiation (4 = 0.15418 nm) at 30 kV and
15 mA using a scanning rate of 0.050° s™' in the range
20 = 10-70°. X-ray photoelectron spectroscopy (XPS)
was performed at ACMS, IIT Kanpur with an XPS-
AES Module, model PHI 5000 Versa Prob II (FEI
Inc.). Gas chromatography-mass spectrometry (GC-
MS) analysis of the products was conducted using an
Agilent Technologies GC system (7820) coupled with a
mass detector (5975) and SHRXI-5MS column. 'H
NMR spectra of the products were recorded in CDCl;
using a JEOL ECS-400.The magnetic hysteresis
behavior of as-synthesized rGO/Fe;O, composite
material was investigated at room temperature against

variable field wusing a Lakeshore 7410 series
magnetometer.
2.5 | General procedure for transfer

hydrogenation of ketones using rGO/Fe;0,
composite material as catalyst

The transfer hydrogenation reaction was carried out
taking ketone (1 mmol), rGO/Fe;0, composite catalyst
(10 mg, 6.1 mol% of Fe), i-PrOH (5 ml) and Na-i-OPr
(5 ml) in a round-bottomed flask and refluxing at
80°C for the required amount of time. The progress of
the reaction was monitored continuously using TLC
with 5% ethyl acetate-hexane. At the completion of
the reaction (monitored using GC-MS), stirring was
stopped and the catalyst was separated from the reac-
tion mixture using a magnet. The remaining reaction
mixture was diluted with water (10 ml) and then
extracted with ethyl acetate (10 ml). The combined
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FIGURE 4 XPS spectra of rGO/Fe;0, composite for (a) Fe
2ps, (b) C 1s, (c) O 1s and (d) Fe 2ps, C 1s and O 1s together.

(e) Quantitative analysis
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extract was washed with brine and dehydrated over
anhydrous Na,SO,. It was then purified by column
chromatography (silica gel chromatography using ethyl
acetate-hexane, 5:95) to afford the desired pure prod-
ucts. For recycling of the catalyst, after completion of
the reaction the catalyst was isolated from the reaction
mixture using a magnet and washed several times with
water and ethyl acetate after each cycle. It was then
dried at 110°C in an oven overnight. The recovered
catalyst was subjected to subsequent runs under the
same reaction conditions.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of composite

The brownish-grey GO is mainly composed of carbon
and oxygen with a C:O ratio of between 2.1 and 2.9 and it
consists of loosely bound carbon layers. The surface of
the GO sheet is bonded with various oxygen-containing
functional groups, i.e. carboxyl, hydroxyl, etc., due to
which it forms a stable aqueous suspension upon
ultrasonication and stirring. Moreover, the oxygen-
containing functional groups can be used to cross-link
carbon with iron compounds to form the rGO/Fe;0,
composite.*”!

WILEY_| 52
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3.2 | Characterization of composite
3.21 | FT-IR study

In the FT-IR spectrum of GO (Figure Sla), the peaks at
3434 cm™" (broad) and 1730 cm™" correspond to the O—H
and C=0 stretching vibrations, respectively. The peaks at
1222 and 1485 cm ™" could be assigned to the C—O—C and
C—OH stretching vibrations, respectively.*®! The band at
1077 cm™" corresponds to the C—O stretching vibration,
indicating the presence of epoxide group in the GO layers.
In the FT-IR spectrum of the rGO/Fe;O, composite
(Figure S1b), the peaks at 3159, 3093, 1520 and 1100 cm™?
could be attributed to the O—H, C—H, C—OH and C—0O
stretching vibrations, respectively. The broad peak at
about 707 cm™" could be due to stretching of Fe—O bond
in bulk Fe;0, indicating that Fe;O, is bound to —COO on
the GO surface, while that at 561 cm™" might be assigned
to the Fe—O bending vibration resulting from the forma-
tion of the rGO/Fe;0, composite.[39’4°]

3.2.2 | XRD analysis

Figure 1 depicts a representative XRD pattern of the
rGO/Fe;0, composite, which coincides with the results
from the TEM images (Figure 3) and supporting the for-
mation of crystalline rGO/iron oxide (i.e. Fe;0,4)
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FIGURE 5 Magnetic hysteresis loop of
rGO/Fe;04

53.476 Oe

2.3780 emu/g
0.12777 emu/g

Coercivity (Hci)
Magnetization(Ms)
Retentivity (Mr)
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composite. The XRD pattern of the composite displays a
series of diffraction peaks at 20 = 17.21°, 30.85° and
36.55°due to (111), (220) and (311) crystal planes of cubic
spinel structure of magnetite Fe;0,.*" The sharp peak at
26 of 12.28° is the characteristic peak of GO, while the
peaks at 26 of 22.65°, 24.05° and 25.16° could be assigned
to rGO.142

3.2.3 | SEM analysis

In the SEM micrographs of the rGO/Fe;0, composite
(Figure 2), smooth surfaces are observed. Since the iron
particles are grown in the pores and galleries of GO
sheets, the identification of individual phases is difficult
from the SEM micrograph. However, from the energy-
dispersive X-ray spectrum of the composite, the presence
of a high level of iron particles with oxygen molecules is

observed which indicates the homogeneous distribution
of iron oxide onto GO sheets. This structure enables a
good connection and intimate contact between the
components.

3.2.4 | TEM analysis

The morphologies of GO and rGO/Fe;0, composite are
shown in TEM images (Figure 3a) along with particle size
distribution. The as-prepared rGO/Fe;0, has a typically
curved, layer-like structure with average sheet thickness
of 40-50 nm. For the rGO/Fe;04 composite, the high-
resolution TEM images (Figure 3b) show that all the GO
sheets are homogeneously coated with iron oxide parti-
cles that are mainly grown on the surface or intercalate
between the rGO sheets. SEM and TEM images reveal
the uniform adsorption of iron oxide particles onto the

TABLE 1 Optimization of reaction conditions for transfer hydrogenation of benzophenone using rGO/Fe;0, composite catalyst®
O OH
rGO/Fe304 composite _
H-donor (5 mL), Base, r.t, Time (h) .
Entry Catalyst (mol% of Fe) Hydrogen donor Base Time (h) Isolated yield (%)
1 — i-PrOH KOH 24 —
2 3.05in 5 mg i-PrOH — 24 —
3 3.05in 5mg i-PrOH K-i-OPr 24 —
4 6.11in 10 mg i-PrOH K-i-OPr 24 —
5 9.15in 15 mg i-PrOH K-i-OPr 24 —
6 12.2in 20 mg i-PrOH K-i-OPr 24 —
7 12.2in 20 mg i-PrOH KOH 24 —b
8 3.05 in 5 mg i-PrOH K-i-OPr 5 63°
9 6.1in 10 mg HCOOH K-i-OPr 6 —
10 12.2 in 20 mg HCOOH Et;N 6 —°
11 12.2in 20 mg HCOOH Et;N 6 —d
12 3.05 in 5 mg i-PrOH K-i-OPr 3 867
13 6.1 in 10 mg i-PrOH K-i-OPr 3 86"
14 12.2in 20 mg i-PrOH K-i-OPr 3 864
15 6.1in 10 mg i-PrOH Na-i-OPr 3 994
16 9.15in 15 mg i-PrOH Na-i-OPr 3 99¢
17 12.2in 20 mg i-PrOH Na-i-OPr 3 994

#Reaction conditions: benzophenone (1 mmol), hydrogen donor (5 ml), base (2 mmol or 5 ml Na-i-OPr/K-i-OPr prepared by refluxing 2 mmol of base in 20 ml
of i-PrOH), catalyst (rGO/Fe;0,), room temperature (25°C) in air unless otherwise noted.

bAt 60°C.
°At 70°C.
dAt 80°C.
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chemically modified rGO surface and/or filled between
the rGO nanosheets.

3.2.5 | XPS analysis

In the XPS spectrum of the composite (Figure 4a), two
peaks at binding energies of 711.62 and 713.71 eV corre-
spond to Fe** 2p,, and Fe** 2ps),, respectively, which
are indicative of structural configuration of Fe;04. Two
satellite peaks at 718.54 and 733.71 eV confirm that the
Fe in the composite is in the divalent state. In addition,
peaks at 725.46 and 727.46 eV corresponding to Fe 2p,,,
of Fe are also observed. The XPS spectra for C 1s
(Figure 4b) and O 1s (Figure 4c) are also shown. For O 1s,
a peak at binding energy of 530.33 eV is observed which
is the typical state of Fe—O corresponding to Fe;0,.1454¢!

3.2.6 | Vibrating sample magnetometry
The room temperature magnetic hysteresis behavior (mag-
netization and field) of rGO/Fe;0, shown in Figure 5 was
studied using a vibrating sample magnetometer. It
exhibited a characteristic pattern of a ferromagnetic com-
ponent. As the driving magnetic field was decreased to
zero, the composite had still a remanence value of
0.128 emu g~ with coercivity value of 53.476 Oe. The satu-
ration magnetization was found to be 2.3780 emu g~". This
behavior of the synthesized material unambiguously sup-
ports the presence of a ferromagnetic component.

Chemistry

3.3 | Transfer hydrogenation of ketones
catalyzed by rGO/Fe;0, composite material

To optimize the reaction conditions such as temperature,
reaction time, catalyst loading, base, etc., for excellent
catalytic performance, a number of runs were carried out
using benzophenone as the starting substrate (Table 1).
Initially, benzophenone (1 mmol), i-PrOH (5 ml) and
KOH (2 mmol) were taken in the absence of the catalyst
and stirred for 24 hours at room temperature, which
resulted in no product formation (Table 1, entry 1). In
the next move, 5 mg of rGO/Fe;0, composite catalyst
(3.05 mol% of Fe) was introduced in the absence of any
base followed by stirring for 24 hours (Table 1, entry 2),
which also showed no product formation. This clearly
shows the importance of both catalyst and base for the
reaction to proceed. It has been observed that using K-i-
OPr (base) and i-PrOH (hydrogen donor) at 60°C results
in 63% product formation (Table 1, entry 8), while raising
temperature to 80°C afforded 86% product formation,
which does not increase further even on increasing the
amount of the catalyst (Table 1, entries 12-14). But use of
Na-i-OPr (base) in i-PrOH (hydrogen donor) at 80°C gives
the best result within 3 hours (99%) (Table 1, entry 15).
Hence, after careful investigation of a wide range of cata-
lytic reaction parameters, 10 mg of the rGO/Fe;0, com-
posite catalyst (6.1 mol% of Fe), Na-i-OPr in i-PrOH at
80°C seemed the most suitable for further catalytic
reactions.

Since the role of base is very important in transfer
hydrogenation of benzophenone, we investigated the

TABLE 2 Optimization of base for transfer hydrogenation of benzophenone®
o OH
I Il I rGO/Fe304 composite (6.1 mol % of Fe in 10 mg) _
O O H-donor (i-PrOH, 5 mL), Base, 80°C, Time (h) O O
Entry Base Isolated yield (%)
KOH —
2 K-i-OPr 86°
3 NaOH —
4 Na-i-OPr 93
5 Na-i-OPr 99°
6 Na,CO; —
7 Et;N —
8 NaHCO; —
9 K,COs3 —

*Reaction conditions: benzophenone (1 mmol), hydrogen donor (i-PrOH, 5 ml), base (1 mmol), catalyst (rGO/Fe;0, composite, 6.1 mol% of Fe, 10 mg), 80°C.

2 mmol of base.
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o

rGO/Fe304 composite (10 mg)

Na-i-OPr (5 mL), 80°C

Entry
1

@

8 5 8 3% &

o
z

Substrate

O-o Q

Time (h)
3

2.5

Isolated yield (%)

99

99

99

97

98

99

Conversion (GC-MS) (%)

100

100

100

100

99

100

TON
16.23

16.23

16.23

15.9

16.06

16.23

TOF (x 103 h™)
5410

8115

6492

7951

8033

5410

(Continues)
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TABLE 3 (Continued)
)OJ\ OH rGO/Fe30,4 composite (10 mg) OH
+ >
Ri™ Ry A Na-i-OPr (5 mL), 80°C R "Ry
Entry Substrate Time (h) Isolated yield (%) Conversion (GC-MS) (%) TON TOF (x 10> h™)
9 3 — — — —
)OJ\/\
10 3 — — — —

\)O]\/

*Reaction conditions: ketone (1 mmol), i-PrOH (5 ml), Na-i-OPr (5 ml), rGO/Fe;0,4 composite (10 mg, 6.1 mol% of Fe) at 80°C in air. Formation of products
was confirmed using FT-IR, 'H NMR and GC-MS analyses and then compared authentically.

TON, turnover number; TOF, turnover frequency.

reaction using bases such as KOH, K-i-OPr, NaOH, Na-i-
OPr, Na,COs;, Et;N, NaHCO; and K,CO; (Table 2) and
observed that 2 mmol of Na-i-OPr gives best result at
80 C in 3 hours (Table 2, entry 5).

With the optimized reaction conditions (i.e. 10 mg of
rGO/Fe;0, composite as catalyst, 5 ml of i-PrOH as
hydrogen donor and 5 ml of Na-i-OPr as the base at 80 C
for 3 hours) in hand, we studied the scope and efficiency
of this methodology and hence employed various sub-
strates to investigate the scope of the catalyst (Table 3). It
was observed that hydrogenation of benzophenone
(Table 3, entry 1) is slower than that of acetophenone
(Table 3, entry 3) which may be attributed to increased
ring strain due to two bulky phenyl rings in the benzo-
phenone substrate.*”! 4-Bromo benzophenone (Table 3,
entry 2) gives a better result than benzophenone which
may be due to the electron-withdrawing effect of Br at p-
position. A similar effect is also observed in the case
of 4-chloro acetophenone and 4-bromo acetophenone
(Table 3, entries 4 and 5) which reduces the electron den-
sity on the carbonyl group increasing the affinity of the
substrates towards easier hydrogenation. On the other
hand, 4-hydroxy acetophenone (Table 3, entry 6) with
its electron-donating OH group decelerates the
reaction resulting in no product formation.!**! 4-Nitro
acetophenone (Table 3, entry 7)!*®! and aliphatic sub-
strates (Table 3, entries 9-15) except cyclohexanone
(Table 3, entry 8)!"* were difficult to reduce using our
catalyst.

It is pertinent to mention that a comparative study
was carried out of various Fe-based catalysts for transfer
hydrogenation of carbonyl compounds (Table 4), and it
was observed that in most cases high temperature or

inert atmosphere were used and afforded highest isolated
yield of 99% with 3-6 reuse cycles. However, our
rGO/Fe;0, composite catalyst gave 97-99% isolated yield
at 80°C. Moreover, our catalyst could be easily separated
from the reaction mixture using a magnet and reused for
at least five times without compromising its activity. To
the best of our knowledge, our rGO/Fe;0, composite
material system represents one of the best magnetically
recyclable catalytic systems reported so far for transfer
hydrogenation of ketones. Hence, the results in Table 4
show the superior efficacy of our catalyst over other pre-
viously reported Fe-based catalysts.

3.3.1 | Probable mechanism

A plausible mechanism for hydrogenation of
ketones*®*”! using the rGO/Fe;0, catalyst is demon-
strated in Scheme 1.

3.3.2 | Catalystrecycling

The most important advantage of immobilized complexes
is their recyclability. In order to study its sustainability,
recyclability of the catalyst was investigated using benzo-
phenone as the model substrate. At reaction completion,
the catalyst was easily separated from the reaction mix-
ture using a magnet, washed several times with distilled
water, dried and reused in a subsequent reaction. To our
delight, the catalyst could be recycled at least five times
without compromising its catalytic efficiency or product
yield (Figure 6).
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MAGNETICALLY SEPARABLE CATALYST FOR TRANSFER HYDROGENATION OF KETONES
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FIGURE 6 Recycling of the catalyst

4 | CONCLUSIONS

The present study reports the formulation of a new
Fe-based hybrid composite material obtained by immobi-
lization on synthesized GO. The composite material was
found to be crystalline and showed excellent catalytic
activity for transfer hydrogenation of ketones in i-PrOH.
The advantages of the catalyst are that it is magnetically

by
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separable and could be recycled at least five times with-
out significant loss in activity.
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