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FePd alloy nanoparticles assembled on reduced
graphene oxide as a catalyst for selective transfer
hydrogenation of nitroarenes to anilines using

ammonia borane as a hydrogen sourcet
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Addressed herein is a facile protocol for the synthesis and assembly of FePd alloy nanoparticles (NPs) on
reduced graphene oxide (rGO) to catalyze transfer hydrogenation of nitroarenes to anilines under ambient

conditions. 3.5 nm FePd NPs were synthesized by using a surfactant-assisted co-reduction method that
allowed NP composition control. FePd NPs were then assembled on rGO via a liquid-phase self-assembly
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method and studied as catalysts to promote hydrogen transfer from ammonia borane (AB) to numerous
nitroarenes in aqueous methanol solutions at room temperature. Among three different rGO-FePd, the
commercial C-Pd and rGO-Pd catalysts tested, rGO-Fe4gPds, showed the highest efficiency in converting

nitroarenes to anilines, achieving >907% yields within 10-20 min of reactions. Our work demonstrates an ef-

www.rsc.org/catalysis

Introduction

Transition metal nanoparticles (NPs) have been widely used
as catalysts in various reactions owing to their distinct proper-
ties compared to bulk metals, filling the gap between homo-
geneous and heterogeneous catalysts." Recent trends in nano-
catalysis have proposed the use of bimetallic NPs, which
comprise two distinct transition metal atoms in various con-
figurations® because they show considerably different proper-
ties when compared to their monometallic analogues.’ One
typical example is in catalysis where bimetallic alloy NPs show
synergistic effects that arise from the interaction of two dis-
tinct metals.*> These bimetallic alloy NPs not only provide
higher catalytic activity and selectivity than their monometal-
lic counterparts but also allow one to minimize the use of ex-
pensive noble metals in the catalyst components.® Recently, a
variety of noble metal alloy NPs have been studied as catalysts
for various chemical reactions,” and those based on palla-
dium (Pd) are especially popular due to the known Pd cataly-
sis in various organic reactions.®
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ficient and selective approach to transfer hydrogenation of nitroarenes to anilines.

We have recently reported the synthesis of monodisperse
CoPd,’ NiPd"® and CuPd®'" alloy NPs and studied their catal-
ysis in different reactions. One reaction was the transfer hy-
drogenation to convert nitroarenes/nitriles to anilines (Ar-
NH,), which are important precursors for the synthesis of col-
orants and antioxidants, as well as the key intermediates in
the fine chemical, agrochemical, and pharmaceutical indus-
tries.'”> Conventionally, Ar-NH, compounds are prepared by
direct hydrogenation of nitroarenes (Ar-NO,) or aromatic ni-
triles (Ar-CN).">'* However, these hydrogenation reactions
require the use of high-pressure hydrogen gas and high tem-
peratures.”® Recent studies on hydrogenation reactions have
been directed to the development of transfer hydrogenation
in which hydrogen is generated in situ from a donor molecule
and transferred to the substrate with the help of a catalyst.®
The donor molecule can be hydrazine,'” isopropanol,'® glyc-
erol'® or formic acid,*® but the hydrogenation kinetics from
these donor molecules are slow, providing low product yields
under ambient conditions. Our recent studies show that
ammonia borane complex (AB, H;NBH;) can be used as a hy-
drogen reservoir*! for transfer hydrogenation of Ar-NO, and
Ar-CN to the corresponding amines in the presence of
graphene supported MPd (M = Co or Ni) NPs.”** The hydro-
genation reaction provides not only high amine yields
(>90%) in <20 min but also the desired selectivity towards
nitro moieties in aromatic compounds.

To complete our studies on the MPd alloy series, here we
report the synthesis of FePd NPs and their catalysis in the
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transfer hydrogenation of Ar-NO, using AB as a hydrogen
source in a water-methanol solvent mixture at room tempera-
ture. Following a procedure that is similar to our previous
synthesis of MPd alloy NPs, we prepared 3.5 nm FePd NPs by
co-reduction of iron(m) acetylacetonate and palladium(u)
acetylacetonate with a morpholine borane complex (MB) in a
mixture of oleylamine (OAm) and 1-octadecene (ODE) at 100
°C. Three different kinds of FePd NPs, namely, Fez;oPds;,
Fe,gPds, and Feg,Pd;s NPs, supported on reduced graphene
oxide (rGO), as well as metallic Pd NPs, were studied. Our
tests showed that rGO-Fe,gPd;, was the most efficient cata-
lyst in converting nitroarenes to anilines under the optimized
conditions.

Results and discussion

We have recently reported the synthesis of monodisperse
MPd (M: Co,” Ni,’° and Cu'") alloy NPs and their successful
catalysis in various reactions after supporting them on rGO. In
these established protocols, MPd alloy NPs were synthesized by
the co-reduction of metal precursors with borane-based mild
reducing agents (morpholine borane (MB) for CuPd or
borane-tert-butylamine for NiPd and CoPd NPs in the pres-
ence of oleylamine (OAm) and 1-octadecene (ODE)). FePd NPs
were previously synthesized in the presence of phosphine-
and sulfur-based surfactants,>® but these surfactants were dif-
ficult to remove from the NP surface after the synthesis. We
modified the protocols for the synthesis of CuPd NPs and
prepared FePd NPs by using OAm as the sole surfactant. The
composition of the NPs was controlled by the metal salt ratio
during the synthesis and was determined by ICP-AES analy-
sis. Fig. 1A shows a representative TEM image of the as-
prepared Fe,gPds, NPs. Although the shapes of Fe,sPds, NPs
are not completely uniform, they have a narrow size distribu-
tion with an average of 3.5 + 0.5 nm. The HRTEM image of a
single FePd NP (Fig. 1B) shows the polycrystalline nature of
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Fig. 1 (A) TEM image, (B) HRTEM image and (C) XRD pattern of the
Fe45Pd52 NPs.
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the NP with a (111) lattice fringe distance of 0.211 nm, which
is smaller than that of the Pd metal (0.223 nm), indicating
the Fe alloying effect on the lattice reduction in the alloy
structure. The XRD pattern of the FePd NPs (Fig. 1C) also
supports the formation of the alloy, as the (111) peak right-
shifts 1.2° (FePd,, = 40.8° vs. Pd,y = 39.6°). The size of the
FePd NPs was estimated by the Scherrer equation®® as 3.1
nm, which is smaller than the one obtained from the TEM
image analysis and indicative of the polycrystalline nature of
the NPs.

In addition to the Fe,gPds, NPs, Fe;oPdg; and Feg,Pd;s NPs
were also synthesized so that Fe/Pd composition dependent
catalysis could be studied. The Fe;oPds; NPs were obtained
by mixing 0.2 mmol of Fe(acac); and 0.3 mmol of Pd(acac),
and Feq,Pd;g NPs were synthesized using 0.3 mmol of
Fe(acac); and 0.2 mmol of Pd(acac),. Fig. 2 shows representa-
tive TEM images of the Fe;oPds; and Feg,Pdzs NPs.

They are similar in size (4 + 0.5 and 3.8 + 0.4 nm, respec-
tively) and shape to the Fe,sPd;, NPs. Monodisperse Pd NPs
were also prepared by the OAm mediated synthesis protocol
reported elsewhere®” and used as the control.

To study the NP catalysis for transfer hydrogenation reac-
tions, we assembled the FePd NPs and Pd NPs on the rGO
(abbreviated as rGO-FePd and rGO-Pd hereafter). Here, the
rGO was chosen as the support material because it has been
demonstrated that its 2D structure can promote the adsorp-
tion of the organic substrates around the catalyst, making
the interaction between the substrates and the NPs more ef-
fective.'®'"** Representative TEM images of the rGO-
Fe,gPds, catalysts taken at different magnifications (Fig. 3)
and rGO-Pd (Fig. S17) indicate that the deposition of the NPs
on the rGO does not change the NP morphology, and the NPs
are well dispersed on the rGO surface without any sign of ag-
glomeration. The rGO-Fe,4Pds,, or the other rGO-FePd, has
16% wt of FePd as measured by ICP-AES analyses.

The rGO-Fe,4Pds, catalyst was further analyzed by X-ray
photoelectron spectroscopy (XPS). The survey XP spectrum of
the rGO-Fe,4Pd;, (Fig. S21) shows the existence of elements C,
O, N, Fe and Pd that are from the rGO, OAm and FePd NPs. The
Fe 3p (700-730 eV) and Pd 3d (330-345 eV) regions were also
examined (Fig. 4). Two main peaks are observable in the Fe
3p region (Fig. 4A) at 708.7 and 720.5 eV, indicating that Fe
atoms are in the metallic state.”**” The Pd 3d spectrum
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Fig. 2 Representative TEM images of (A) FesgPds; and (B) Feg,Pdsg
NPs.
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Fig. 3 Representative TEM images of the Fe,gPds, NPs supported on
rGO (rGO-Fe4gPds)).
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Fig. 4 XPS of the rGO-Fe4gPds; in the (A) Fe 3p and (B) Pd 3d regions.

shows two peaks at 335.3 and 340.6 eV that can be assigned
to metallic Pd.*® From this study, we cannot observe the oxi-
dized Fe species in the Fe 3p spectrum, which further infers
that alloying Fe with Pd prevents Fe from deep oxidation.

We studied the transfer hydrogenation reactions to nitro-
arenes in the presence of rGO-FePd or rGO-Pd and AB. After
screening a range of conditions using rGO-Fe,gPds, as the
catalyst and nitrobenzene as the substrate, we found that ani-
line was obtained with a >99% yield (Table 1, entry 1) in the
conditions similar to what we have reported on the rGO-
NizoPd'® and rGO-CosoPd,,>* catalytic reactions. Therefore,
we used these conditions, namely, 1 mmol of substrate, 3
mmol of AB and 5 mg of catalyst in a water-methanol solvent
mixture (10 mL, v/v = 3/7) at room temperature to study the
transfer hydrogenation reactions.

As the control, we performed the transfer hydrogenation
reactions on nitrobenzene without any catalyst component or

Table 1 Screening of transfer hydrogenation reactions
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in the presence of pristine rGO, or rGO-Pd, or the commer-
cial C-Pd catalyst. The test results are listed in Table 1, en-
tries 2-7. Without any catalyst component or with only pris-
tine rGO present, the reaction did not lead to any observable
conversion. Even after 12 h of reaction, the conversion yield
was still <5%. When C-Pd or rGO-Pd was present, the con-
version yield reached 75% or 78%, respectively. However, the
selectivity of either C-Pd or rGO-Pd towards aniline was poor
(10% for the C-Pd and 15% for the rGO-Pd) due to the for-
mation of other by-products.> We further studied the alloy
effect on the catalytic activity (Table 1). The tests indicate
that alloying Pd with Fe improves Pd catalytic activity and se-
lectivity for the transfer hydrogenation reaction, and the
rGO-Fe,gPds, catalyst shows the best activity and selectivity.

Pd is well known as a good hydrogenation catalyst.*® Fe(0)
has also been studied as a catalyst for the hydrogenation of
nitrobenzene to aniline in aqueous media under anaerobic
conditions.®® In the reaction, Fe corrosion cannot be
prevented, and as a result, the hydrogenation rate is quickly
decreased. By alloying Fe with Pd to induce charge transfer
from Fe to Pd, Fe is much better stabilized and Pd sites be-
come more electron-rich, facilitating Ar-NO, adsorption and
hydrogenation reactions (the ensemble and ligand effect).*
From this pure charge transfer argument, we may conclude
that more Fe present in the FePd alloy structure should be
better for catalysis. However, too much Fe can lead to the no-
ticeable lattice reduction within the solid solution structure,
lowering hydrogen solubility in Pd** and slowing down the
hydrogenation kinetics. Therefore, for the reported transfer
hydrogenation reaction, FePd alloy NPs need to have an opti-
mum composition to show substantially enhanced catalysis.
For the FePd NPs studied in this paper, the optimum compo-
sition is Fe,gPds,.

The preparative scope of rGO-Fe,gPds, catalyzed transfer
hydrogenation reactions was further investigated and sum-
marized in Table 2. Some representative nitroarenes (entries
1-15) were converted to the corresponding anilines in excel-
lent yields within time periods between 10-20 min at room
temperature. As the first example, the benchmark substrate
nitrobenzene (1) was hydrogenated to give aniline (2) with a
stoichiometric yield in 10 min (Table 2, entry 1). To

{ Vo

Catalyst (5 mg), HsNBH3 (3 mmol)
2 ’ NH,
H,O/MeOH (10 mL, v/v=3/7), rt

Entry Catalyst Yield” (%) Selectivity” (%) Time
1 rGO-Fe,gPds, >99 >99 15 min
2 — <5 — 12 h
3 C-pd 75 10° 15 min
4 rGO-Pd 78 15°¢ 15 min
5 rGO-Fe;oPdg, 90 40°¢ 15 min
6 rGO-Feg,Pd;g 95 8¢ 15 min
7 rGO <5 — 12 h

“ Conversion yields under the reaction conditions: 1 mmol of substrate, 3 mmol of NH;BHj;, 5 mg of catalyst, 10 mL of water-methanol solvent
mixture (v/v = 3/7), 1t. ” Selectivity towards aniline. ¢ See the ESI for product analysis by *H and '*C-NMR spectra.

This journal is © The Royal Society of Chemistry 2016
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Table 2 The scope of rGO-Fe,gPds, catalyzed transfer hydrogenation reactions using ammonia borane as a hydrogen source
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R R
/ \ \ rGO-Fe gPds, (5 mg), H;NBH; (3 mmol) / \ \
NO. > NH,
_ H,0/MeOH (10 mL, v/v=3/7), rt _
Entry Substrate Product Yield® (%) Time (min)
1 O O 1°
NO, NH,
@ (2)
2 >99 10
Hac—< >—No2 H3C—< :>—NH2
() (4)
3 OCH3 OCH; >99 10
oo Chm
() (6)
4 HO >99 10
NH,
Oy
HO
@) (8)
5 >99 10
HOONOZ HO@—NHz
) (10)
6 NO, NH, >99 15
(11) (12)
| 0 0 ’
NO, NH,
(13) (14)
8 0N~y HaN A >99 15
| ~ | ~
NT el N7 el
(15) (16)
9 NO, NH, >99 15
Q. @Nm
(17) (18)
10 ©:N02 @[NHZ >99 15
NH; NH,
(19) (20)
11 >99 15
HoN NO, HoN NH,
(21) (22)
12 @ @_\ 95 15
CN
NH,
(23) (24)
13 >99 10
02N—< :)—CN HZN—< :)—CN
(25) (26)
14 >99 15
Br—< >—N02 Br—< >—NH2
(27) (28)
15 9 9 90 15
Hsc—o—04§i%mo2 HSC—O—C@—NHQ
Hd HO
(29) (30)

“ Reaction conditions: 1 mmol of substrate, 3 mmol of NH;BH;, 5 mg of rGO-Fe,sPds, catalyst, 10 mL of water-methanol solvent mixture (v/v = 3/7), rt.
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understand the substituent tolerance of the catalytic transfer
hydrogenation reaction, we tested it on the conversion of ni-
trobenzenes bearing various electron donor or withdrawing
substituents (3, 5, 7, and 9), which were all converted to rele-
vant anilines (4, 6, 8, and 10) quantitatively (Table 2, entries
2-5). The rGO-Fe,sPds, catalyst was successfully applied for
the near quantitative reduction of more complex aromatic ni-
tro compounds (11, 13 and 15) to the corresponding aniline
derivatives (12, 14, 16) in 15 min (Table 2, entries 6-8). The
transfer hydrogenation reaction could also be used to reduce
aromatic compounds bearing two -NO, groups at meta- (17),
ortho- (19) and para- (21) positions to the corresponding di-
amines (18, 20, and 22) in 15 min (Table 2, entries 9-11).

The transfer hydrogenation reaction catalyzed by rGO-
Fe,sPd;, could be extended to the reduction of Ar-CN. Under
the same reaction conditions, benzonitrile (23) was converted
to benzylamine (24) in 15 min with a yield of 95% (Table 2,
entry 12). However, when 4-nitro-benzonitrile (25) was a sub-
strate, only the -NO, was reduced to -NH, (26), while -CN
stayed intact (Table 2, entry 13). This is very similar to the
transfer hydrogenation on the rGO-NizPd,'® and rGO-
Cos0Pd5>* catalysts, indicating a general case of tGO-MPd
(M: Fe, Co, Ni) on the selective reduction of -NO, over -CN
in the p-NH,-C¢H,-CN structure. When other groups suscepti-
ble to reduction are present, such as in 1-bromo-4-
nitrobenzene (27) and methyl 2-hydroxy-4-nitrobenzoate (29),
the hydrogenation reaction led to the formation of the re-
lated amine products (>99%, 5 min) (Table 2, entries 14 and
15) and the Br- or ester groups were not affected.

We tested the efficiency of the rGO-Fe,gPds, catalyst for
transfer hydrogenation by running a scale-up reaction
containing 10 mmol of nitrobenzene with other reaction
components increased at the same ratios. After the first
round of reaction, we obtained aniline in 98% yield. After five
consecutive runs of the same reaction, the catalyst showed
only a slight decrease in activity with the aniline yield staying
at 95%. Once separated from the reaction mixture and
washed with the clean methanol/water solvent, the catalyst
was analyzed again by TEM and XRD. Fig. S31 shows the
TEM image and XRD pattern of the rGO-Fe,gPds, catalyst af-
ter the 5th round of reaction. From the TEM image (Fig.
S3Aft), we see neither agglomeration nor obvious deformation
of the NPs. The XRD pattern of the catalyst shows that the al-
loy peak still dominates the catalyst phase and there are no
oxides detected (Fig. S3Bt). The studies indicate that the
rGO-Fe,gPds, catalyst is not only active for the transfer hydro-
genation reaction but also durable under the reaction
conditions.

Conclusions

We report a facile route for the synthesis of 3.5 nm FePd NPs
and their assembly on rGO. The rGO-Fe,gPds, catalyst is
highly efficient at room temperature in catalyzing hydrogena-
tion of nitroarenes to anilines (>90% yield in <20 min) with
AB as the hydrogen source. Compared to our previous reports

This journal is © The Royal Society of Chemistry 2016
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on the same transfer hydrogenation reactions in the presence
of rGO-NiPd and rGO-CoPd catalysts, the rGO-FePd perfor-
mance lies between rGO-NiPd and rGO-CoPd with the rGO-
CoPd being the most efficient in terms of reaction times re-
quired to complete the reaction. Moreover, the rGO-Fe,gPds,
catalyst is also highly durable under the reaction conditions.
We can conclude that alloying Pd with Fe (or Co, or Ni) can
indeed enhance Pd catalysis for transfer hydrogenation reac-
tions using AB as a hydrogen donor in the water-methanol
mixture. The rGO-FePd catalyst and other rGO-MPd catalysts
represent a new class of catalyst that can be used to achieve
efficient and selective hydrogenation reactions for the reduc-
tion of R-NO, and R-CN to Ar-NH, in a green chemistry
environment.

Experimental section
Materials

Iron(m) acetylacetonate (Fe(acac);, 99%), palladium(u)
acetylacetonate (Pd(acac),, 99%), oleylamine (OAm, >70%),
1-octadecene (ODE), ethyl alcohol (99%), hexane (97%), potas-
sium permanganate (KMnO,, >99%), sodium nitrate (NaNO;,
>99%), dimethylformamide (DMF, >99%) and all nitro-
arenes tested in the transfer hydrogenation reactions were
purchased from Sigma-Aldrich®. Hydrogen peroxide (H,O,,
30%) and sulfuric acid (H,SO,, 95-98%) were purchased from
Merck®. Natural graphite flakes (average particle size 325
mesh) and morpholine borane complex (MB, 97%) were pur-
chased from Alfa Aesar®. Milli-Q deionized water was used in
all catalytic experiments.

Instrumentation

TEM images were obtained using a FEI Technai G> Spirit
BiO(TWIN) instrument operating at 120 kV. HRTEM images
were acquired using a JEOL 2100F operating at 200 kV. XRD
patterns were collected using a Bruker AXS D8-Advanced dif-
fractometer with Cu Ko. radiation (4 = 1.5418 A). X-Ray photo-
electron spectroscopy (XPS) measurements were performed
using a SPECS XP spectrometer (Germany) equipped with a
PHOIBOS hemispherical energy analyser. A monochromatic
Al Ko X-ray excitation (hv = 1486.74 eV, 350 W) source was
employed in the XPS data acquisition. Binding energy (BE)
calibration of the XP spectra were carried out with the help
of the amorphous carbon C 1s signal located at 284.6 eV.
ICP-AES measurements were carried out using a JY2000
Ultrace ICP Atomic Emission Spectrometer equipped with a
JY AS 421 autosampler and a 2400 ¢ mm™" holographic grat-
ing. Each sample was completely dissolved in aqua regia
(HCI/HNO3, 3/1 v/v ratio) prior to analysis. "H-NMR and “*C-
NMR spectra were obtained by using a Bruker Avance DPX
400 MHz spectrometer.

Synthesis of FePd and Pd NPs

The synthesis of NPs was performed by using standard inert
atmosphere procedures and commercially available reagents.

Catal Sci. Technol.
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In a typical synthesis of Fe,sPds, NPs, 0.25 mmol of Pd(acac),
and 0.25 mmol of Fe(acac); were dissolved in 3 mL of OAm
in a glass vial. Separately, 0.2 g of MB was dissolved in OAm
(3 mL) and ODE (7 mL) in a four-necked round bottom flask.
Next, the metal precursor mixture was quickly injected into
the reactor at 100 °C under vigorous stirring. After injection,
the color of the solution turned dark brown indicating the
co-reduction of Pd(u) and Fe(m) ions and the formation of al-
loy NPs. The reaction solution was kept at this temperature
for 1 h before it was cooled down to room temperature. An
acetone/ethanol mixture (v/v = 7/3) was added to precipitate
out the product, and the NPs were separated by centrifuga-
tion at 9000 rpm for 12 min. The NP product was re-
dispersed in hexane and precipitated by ethanol. After centri-
fugation, the solvent was discarded and the NPs were dis-
persed in hexane and kept for further use.

By changing the ratio of the metal precursors, two other
compositions of FePd NPs were synthesized using the same
protocol. To obtain FezgPdg; NPs, 0.2 mmol of Fe(acac); and
0.3 mmol of Pd(acac), were used, while to synthesize Feg,Pd;g
NPs, 0.3 mmol of Fe(acac); and 0.2 mmol of Pd(acac), were
used.

The monodisperse Pd NPs were synthesized by using the
reported method.>®

Synthesis of reduced graphene oxide (rGO)

rGO was prepared by using well-established procedures. First,
graphene oxide (GO) was prepared via modified Hummer's
method.*® Next, GOs were reduced by refluxing them in a
DMF solution for 6 h.** Details of the synthesis procedure
and characterization of rGO can be found in our previous
report.>®

Supporting NPs on rtGO

In a typical procedure, 40 mg of rGO was dispersed in 40 mL
of ethanol (1 mg ml™") via sonication, and then 20 mg of the
hexane dispersion of FePd NPs was added. The final mixture
was sonicated for 2 h to assemble the FePd NPs on the rGO.
The rGO-FePd was separated by centrifugation at 7500 rpm
for 12 min and then purified by washing twice with ethanol
and dried under vacuum. The same procedure was applied to
support Pd NPs on rGO.

General procedure for the transfer hydrogenation reactions

All catalytic transfer hydrogenation reactions were performed
in a 38 mL thermolysis tube under air atmosphere as de-
scribed in our previous reports.'”** In a typical catalytic
transfer hydrogenation reaction, 1 mmol of substrate and 5
mg of rGO-FePd catalyst were mixed in 10 mL of water-meth-
anol solvent mixture (v/v = 3/7) inside the thermolysis tube
for 10 min at room temperature. Next, 3 mmol of H;NBH;
(AB) were added to the reaction mixture and the reaction was
started by closing the thermolysis tube tightly. Next, the reac-
tion was continued under vigorous stirring at room tempera-
ture and the progress of the catalytic reaction was monitored
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by thin layered chromatography (TLC). Most of the reactions
were completed within 10-20 min. Upon reaction comple-
tion, the catalysts were separated by centrifugation and
cleaned several times using a water/methanol mixture. The
reaction products were purified by first evaporating the sol-
vents using a rotary evaporator and secondly passing through
the silica gel column using acetone/n-hexane (1:4) as an elu-
ent. The yields of anilines were determined by "H-NMR and
3C-NMR, and the purified products were dissolved in D,O,
d®-DMSO, CD;OD or CDCl, depending on the product solu-
bility. Please see the supporting information of our previous
paper for the "H-NMR and "*C-NMR spectra of the purified
amine products.*®
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