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Palladium Nanoparticles Bonded to Two-Dimensional Iron Oxide
Graphene Nanosheets: A Synergistic and Highly Reusable Catalyst
for the Tsuji-Trost Reaction in Water and Air

Jian Liu, Xing Huo, Tianrong Li, Zhengyin Yang, Pinxian Xi, Zhiyi Wang, and Baodui Wang*"

/Abstract: Low cost, high activity and selectivity, convenient
separation, and increased reusability are the main require-
ments for noble-metal-nanocatalyst-catalyzed reactions. De-
spite tremendous efforts, developing noble-metal nanocata-
lysts to meet the above requirements remains a significant
challenge. Here we present a general strategy for the prepa-
ration of strongly coupled Fe;O, and palladium nanoparti-
cles (PANPs) to graphene sheets by employing polyethylene-
imine as the coupling linker. Transmission electron micro-
scopic images show that Pd and Fe;O, nanoparticles are
highly dispersed on the graphene surface, and the mean
particle size of Pd is around 3 nm. This nanocatalyst exhibits

synergistic catalysis by Pd nanoparticles supported on re-
duced graphene oxide (rGO) and a tertiary amine of polyeth-
yleneimine (Pd/Fe;0,/PEI/rGO) for the Tsuji-Trost reaction in
water and air. For example, the reaction of ethyl acetoace-
tate with allyl ethyl carbonate afforded the allylated product
in more than 99% isolated yield, and the turnover frequency
reached 2200 h™". The yield of allylated products was 66 %
for Pd/rGO without polyethyleneimine. The catalyst could be
readily recycled by a magnet and reused more than 30 times
without appreciable loss of activity. In addition, only about
7.5% of Pd species leached off after 20 cycles, thus render-
ing this catalyst safer for the environment. )

Introduction

Currently the design of multifunctional heterogeneous metal
catalysts that preserve high metal dispersion and stability
during the catalytic reactions and easily separate from the re-
action mixture are of great importance. Noble-metal nanoparti-
cles (NMNPs) with ultrafine size have attracted more and more
attention owing to their superior catalytic activity in carbon-
carbon cross-coupling, water splitting, methanol oxidation, and
so forth.!"! However, NMNPs with small particle size in the reac-
tion conditions tend to aggregate and lose their catalytic activ-
ities. Moreover, the high cost and limited resources also
hinder their practical application. To solve these problems, the
particles are often immobilized on various solid supports, such
as carbon materials, metal oxides, polymers, and so on.”
Among all solid supports studied thus far, magnetic nanoparti-
cles” and graphene® have attracted particular interest be-
cause magnetic NPs have efficient magnetic separation capaci-
ty for easy separation of the catalyst from the reaction solution
and graphene has a high surface area, which offers an effective
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protocol to minimize aggregation and maximize the chemically
accessible area. Despite numerous efforts to use magnetic NPs
and graphene as supports for NMNPs for catalytic applications,
an easily controlled architecture of magnetic NPs/graphene
hybrid materials as a magnetically recoverable catalyst support
on which NMNPs are covalently bonded by using a stabilizer
and that exhibit high dispersion has not been synthesized and
studied. Such ternary conjugates should serve as new multi-
functional heterogeneous catalysts to enhance activity and sta-
bility, and accordingly, reduce their cost and minimize environ-
mental contamination.

Given the rise of green chemistry, organic reactions conduct-
ed in water have received considerable attention since water is
nontoxic, nonflammable, and the cheapest solvent in the
world.® Palladium allylic substitution, also called the Tsuji-
Trost reaction, is a reliable and widely used method for carry-
ing out C—C and C—O bond formation in organic syntheses.”
Usually, these reactions are carried out in organic and often
toxic solvents. However, only a limited variety of supported
palladium catalysts have been reported up to now for aqueous
heterogeneous Tsuji-Trost reactions.®” The catalysts reported
so far are recovered by tedious filtration or centrifugation, and
the recycling of the catalysts has not been a consideration.
Therefore, more efficient systems are still in demand.

In this study, we demonstrate an efficient and universal strat-
egy for the in situ growth of palladium nanoparticles (PdNPs)
and the assembly of Fe;O, NPs on reduced graphene oxide
(rGO) by employing polyetheylenimine (PEl) as the coupling
linker among the three components. In these nanocomposites,
GO could provide a large surface area on which the active
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phase is finely dispersed and covalently anchored. These nano-
composites have a well-defined 2D morphology, confined
PdNPs and Fe;O, NPs in the PEl, controllable particle size, and
high specific surface areas. Inspired by the monodisperse, ul-
trafine, and pristine properties of PANPs on the same rGO sur-
face as the tertiary amine of polyethyleneimine (Pd/Fe;O,/PEl/
rGO), we sought to determine whether Pd/Fe;O,/PEI/rGO ex-
hibits synergistic catalysis for the

acceleration of the Tsuji-Trost re-
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PEI/rGO nanocomposites, the Pd—N absorption bands ap-
peared at 624 cm™', and Fe—O absorption bands appeared at
594 and 445 cm™', respectively.""™ The above characteristics
were also found for Pd/DIB/PEI/rGO and Fe;O,/DIB/PEI/rGO, re-
spectively. These indicate that PANPs and Fe;O, NPs are conju-
gated by means of the DIB/PEI/rGO. Figure Tb-e shows the
TEM images of the PEI/rGO, Pd/PEI/rGO, and Pd/Fe;O,/PEI/rGO

action in water and air. The Pd/ oMo

Fe;0,/PEI/rGO catalyst could be HO.

easily separated from the reac- a m)-@ "f‘"

tant with the simple application '(':.\h\f

of an external magnetic field, H( _{u{ N

and its catalytic efficiency was H o ?)J 1S "‘*Q-)::H

still high even after recycling on "}INH 9

30 times in water. A O (1 N 1"'~@-ou 3)
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Results and Discussion ik

Particle preparation and char-
acterization

The overall synthetic strategy of
Pd/Fe;O,/PEI/rGO  nanocompo-
sites is illustrated in Figure 1a.

H N
First, PEl was chemically modi- H G
fied on the GO surface by amide ; _
bonds, which led to the forma- LS N

tion of PEl-grafted rGO (PEI/rGO).
Second, the resulting PEI/rGO
nanosheets were treated with
3,4-dihydroxybenzaldehyde (DIB)
to introduce DIB onto rGO for
the coordination assembly of
Fe;0, NPs.”! The resulting prod-
uct was stirred with PdCl, in a so-
lution of ethanol for two hours
to ensure that the metal ion
thoroughly bonded to the N
atoms of the PElL NaBH, was
then added and stirred for one
hour to generate PdNPs in
situ."” Finally, the obtained Pd/
PEI/rGO composites were react-
ed with the as-synthesized Fe;O,
NPs to form Pd/Fe;O,/PEI/rGO.
Surface catechol groups and
amino groups therefore en-
hanced the stability and dispersi-
ty of Fe;O, NPs and PdNPs on
rGO, respectively.

The composition of Pd/Fe;0,/
PEI/rGO nanocomposites was
confirmed by FTIR. (Figure S2 in
the Supporting Information). In
the FTIR spectrum of Pd/Fe;O,/

PA/PEVFGO
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PA/Fe;O/PEIFGO

(1) PEI (2) DIB (3) PdCly, and NaBH; (4) Fe;04Nps @ = Pd Nps () = Fey04 Nps

Figure 1. a) Synthetic route of Pd/Fe;O,/PEI/rGO. TEM images of b) PEI/rGO, c) Pd/PEI/rGO, and d) Pd/Fe;O,/PEIl/
rGO. The inset shows the nanoparticle size distribution of Pd at rGO. e) HRTEM image and the SAED pattern of
Pd/Fe;0,/PEI/rGO nanocomposites.
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nanohybrids. The monodisperse Fe;O, NPs and the relatively
uniform PdNPs were well dispersed on the surface of the rGO
without clear aggregation. The morphology of Fe;O, NPs was
also unchanged after chemical modification onto rGO. The
sizes of Pd particles are uniform, and the mean diameters are
(4.31+0.40) nm (inset of Figure 1d). The high-resolution TEM
(HRTEM) image (Figure 1e) reveals that the Pd nanocrystals
and Fe;0, NPs are spherical with resolved lattice fringes.>™
The selected-area electron diffraction (SAED) pattern (inset of
Figure 1e) also confirms the presence of PANPs and Fe;O, NPs.
The typical energy-dispersive X-ray (EDX) pattern (Figure S3 in
the Supporting Information) indicates that the Pd/Fe;O,/PEl/
rGO composites contain Pd, Fe, O, N, and C, whereas all of the
elemental Cu and some of the C come from the carbon-coated
copper grids. Inductively coupled plasma (ICP) results indicate
that the loading capacities of the Pd on the magnetic support
are 1.93 wt%, and the ratio of amine groups to Pd is 66:1.
Scanning TEM and an elemental mapping investigation of
Pd/Fe;0,/PEI/rGO were performed to illustrate the distribution
of carbon, nitrogen, palladium, iron, and oxygen components
in the hybrids (Figure S4c-g in the Supporting Information).
The C distribution appears to be uniform across the 2D nano-
sheets. The N and O distributions are similar to the C distribu-
tion but with a weaker energy-dispersive X-ray spectroscopy
(EDS) signal. In contrast, the palladium and iron species are
only identified within the nanometer-sized domains, which are
homogeneously dispersed on the 2D nanosheets. These results
imply that PdNPs and Fe;O, NPs are formed in the polymer
and not on the GO during the in situ growth and assembly,"'?
respectively, and the four components (PEl, Pd, Fe;0,, and gra-
phene) are strongly coupled together in the nanocomposites.
The Pd/Fe;0,/PEI/rGO nanocomposites were also character-
ized by X-ray photoelectron spectroscopy (XPS) and powder X-
ray diffraction (XRD) analysis. The sharp N and O peaks in Fig-
ure 2a and ¢ demonstrate the presence of PEl, Fe;O, and DIB
in the Pd/Fe;0,/PEl/rGO nanocomposites. The XPS spectrum of
Pd 3d can be fitted into a main doublet peak, as shown in Fig-
ure 2b. The binding energy of the doublet peaks at 335.4 eV
(assigned to Pd° 3ds,,) and 340.7 eV (assigned to Pd® 3d,,,) can
be attributed to the Pd® state.>' Similarly, the XPS spectrum
of the Fe 2p region (Figure 2¢) clearly indicates that Fe;O, NPs
also exist on the PEI/rGO nanocomposites."" Figure 2d shows
the XRD pattern of the as-synthesized Pd/Fe;O,/PEI/rGO nano-
composites. The peaks located at 29.91, 35.41, 43.11, 57.21,
and 62.81° (26) indicate the presence of Fe;0," The weak
peak appears around 26 =24°, which is the characteristic peak
of residual unoxidized graphite."” Moreover, new peaks that
correspond to the (111) reflection of Pd crystal are observed
for Pd/Fe;0,/PEI/rGO, thus reconfirming the successful growth
of metal particles on the surface of magnetic hybrids again.**?
The magnetic properties of the obtained samples were in-
vestigated by using a vibrating sample magnetometer (VSM)
system at room temperature. The magnetization curves in Fig-
ure 2e show that Pd/Fe;0,/PEI/rGO nanocomposites are super-
paramagnetic at room temperature. The saturation magnetiza-
tion values for Fe;O, NPs and Pd/Fe;O,/PEI/rGO are 48.2 and
18.4 emug™', respectively. The decrease in saturation magneti-
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Figure 2. a) XPS spectra of Pd/Fe;0,/PEI/rGO. b) Spectrum in the Pd 3d
region. c) Spectrum in the Fe 2p region. d) XRD pattern of Pd/Fe;0,/PEI/rGO.
e) Magnetic behavior of Fe;0, NPs and Pd/Fe;0,/PEI/rGO at 300 K. The pho-
tographs demonstrate that Pd/Fe;0,/PEI/rGO in aqueous solution can be at-
tracted and arranged vertically by a magnetic bar.

zation is caused by the increasing amount of noble metal, PEl,
and rGO in the hybrids. The photographs in Figure 2e demon-
strate that the Pd/Fe;O,/PEI/rGO composites in aqueous solu-
tion can be harvested and separated by a magnetic field,
which is important for the magnetic separation and reusability
of the Pd/Fe;0,/PEI/rGO composites from the reaction mixture.

The Tsuji-Trost allylation of 1,3-dicarbonyl compounds with
allyl ethyl carbonate

Recent societal demands to develop sustainable chemistry
have increasingly led to chemists considering water as
a benign solvent. Given that the Pd/Fe;0,/PEI/rGO catalyst is
highly dispersed in water, we performed the Tsuji-Trost reac-
tion in water and air. In a preliminary catalysis study, ethyl ace-
toacetate 1 as a model substrate with the allyl ethyl carbonate
2 as the nucleophile was chosen to optimize the reaction con-
ditions (Table S1 in the Supporting Information). Herein, Pd/
Fe;0,/PEI/rGO catalyst containing 1.8 pmol Pd was used in all
the reactions if not stated otherwise. We screened various
amounts of PPh; and found that 7.2 umol PPh; (four times the
amount of Pd) gave the corresponding diallylated products 4
in more than 99% yield in one hour (Table S1 of the Support-
ing Information, entry 3). A decrease in the temperature from
100 to 30°C resulted in a lower yield (< 10%) (Table S1 of the
Supporting Information, entry 6). When PPh; was omitted, the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

allylic alkylation yield was less than 41% (Table S1 of the Sup-
porting Information, entry 1). When K,CO; was used in this
system in the absence of PPh;, 73% isolated yield was ob-
tained (Table S1 of the Supporting Information, entry 8). How-
ever, in the presence of both K,CO; and PPh,, the allylated
product yield was 79% (Table S1 of the Supporting Informa-
tion, entry 9). The low yield might be due to hydrolysis of ethyl
acetoacetate 1 in basic conditions. Thus, Tsuji-Trost reactions
were performed in water and air in the presence Pd/Fe;O,/PEl/
rGO catalyst that contained 1.8 pmol Pd and 7.2 umol PPh;.
Synergistic catalysis of a Pd species and base on a nonstruc-
tured solid surface has been recently reported in the Tsuji-
Trost reaction." To test the potency of Pd/Fe,O,/PEI/fGO as
a synergistic catalyst, we examined the Tsuji-Trost reaction be-
tween ethyl acetoacetate 1 and allyl ethyl carbonate 2 in
water under optimized conditions. As shown in
Table 1, the use of Pd/Fe;0,/PEI/rGO resulted in more
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Table 1. Tsuji-Trost reaction using various catalysts in H,0 and air.”
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Entry Catalyst t[h] Yield [%] TOF [h~"]® 3/4 [9%]“
1 Pd/Fe;0,/PEI/rGO 05 >99 >2200 40:60
2 Pd/rGO 1.0 66 733 30:70
3 Fe,0,/PEI/rGO 1.0 - - -

4 Fe,0,/PEI/rGOY +Pd/rGO 1.0 73 811 15:85

[a] Reaction conditions: Pd catalyst (Pd: 1.8 mmol), PPh; (7.2 mmol),
1 (2.0 mmol), 2 (5.0 mmol), H,0 (3.0 mL), 100°C. [b] TOF [h™ "=
[c] Yields of isolated products determined by 'H and *C NMR spectrosco-
py. Tetramethylsilane was used as internal standard. [d] PEl/Fe;0,/rGO
(Fe: 0.045 mmol) was used.

N(product)
Nepq) ot (A"

than 99% vyield of the total allylated products in half | Table 2. The Tsuji-Trost reaction of various 1,3-dicarbonyl compounds with allyl ethyl
an hour (Table 1, entry 1). The yield of allylated prod- | carbonate in H,0 and air.”
ucts was 66% for Pd/rGO (the size of Pd is about Entry 1,3-Dicarbonyl Catalyst t [h] Mono/Di Yield [%]"
4 nm, which is close to the size of Pd on the Pd/ 5o
Fe,0,/PEI/rGO; Figure S5b in the Supporting Informa- | 1 Ho” Pd/Fe,0,/PEIGO 05 35:65 >99
tion) without PEI (Table 1, entry 2). The Tsuji-Trost re- | 2 Pd/Fe;0,/PEI/rGO 1.0 0:100 >99
action that used Fe;O,/PEI/rGO (Figure S5¢ in the 3 00 Pd/rGO 10 13:87 68
Supporting Information) did not proceed (Table1, |4 Ao~ Pd/Fe;O,/PE/GO 05 40:60 >99
entry 3). These results indicate that the tertiary amine | > Pd/Fe;0,/PEI/fGO 1.0 0:100 >99
on Pd/Fe;O,/PEI/rGO accelerates the Pd-catalyzed 6 00 Pd/GO 10 30:70 66
Tsuji-Trost reaction. To further prove this conclusion, |’ Ak Pd/Fe;0/PEINGO 10 0:100 >99
the reaction with PEI/fGO was conducted by using |8 00 Pd/1GO 1.0 2:98 59
Pd/rGO (Table 1, entry 4). The product yield was 9 )'\)*ok Pd/Fe;0,/PEI/rGO 1.0 0:100 >99
much lower than that for the reaction that used Pd/ | 10 Pd/rGO 1.0 13:87 26
Fe;O,/PEI/rGO (Table 1, entry 1). 1 )O’v‘qo«( Pd/Fe,0,/PEI/rGO 1.0 30:70 >99

To further explore the scope of the synthetic ap- 12 PA/IGO 10 13:87 53
plicability of the Pd/Fe;O,/PEI/rGO catalyst, other al- 13 )Okﬁof\,a Pd/Fe,0,/PEIIGO 1.0 42:58 94
lylic substitution reactions were also examined in 14 PANGO 10 5:98 %
water and air under the optimized conditions. As 00
shown in Table 2, nearly all of the allylic substitution 13 #yto~ Pd/Fe;0,/PEIGO 15 N >99
reactions finished within three hours. In the reaction | 16 00 Pd/rGO 1.5 - 31
of 1,3-dicarbonyls, the results for Pd/rGO without PEI 17 @‘\)‘o’\ Pd/Fe,0,/PEI/IGO 40 0:100 81
are also shown (Table 2). The Pd/Fe;O,/PEI/rGO cata-
lyst showed good activity for the reaction of 1,3-die- 18 00 Pd/rGO 40 0:100 s
ster (Table 2, entries 19 and 21) and 1,3-diketone | '° “o*Hor Pd/Fe;0/PEINGO 30 42:58 a
(Table 2, entries 23 and 25). Bulky alkyl esters, such as | 20 0 0 Pd/rGO 30 2:98 28
isopropyl acetoacetate, tert-butyl acetoacetate, and | 21 ~o* Mo~ Pd/Fe;0,/PEI/fGO 30 42:58 88
isobutyl acetoacetate, were also suitable substrates | 22 o Pd/rGO 3.0 2:98 26
for this allylic alkylation process; they afforded the | ,; ’Q Pd/Fe,0,/PEI/IGO 10 0:100 <99
corresponding products in greater than 99% yields o
(Table 2, entries 7, 9, and 11). The high product yields 2 o Pd/rGO 10 0:100 3
indicate that the Pd/Fe;O,/PEI/rGO catalyst exhibits 25 d Pd/Fe,0,/PEI/IGO 15 _ 83
high catalytic activity for the bulky ester. For the o

. 26 Pd/rGO 15 - 27

phenyl keto ester, 81% yield of products was ob-
ey 155 5o 160 b of vl ok s
methyl-3-oxobutanoate with steric bulk also gave an-dg]CmNoM,R s;z)ectrc;scopyl. Tetram.ethylsilane was used as iFr)1temaI standard. ’

more than 99% product (Table 2, entry 15). For all
1,3-dicarbonyls used for comparison, Pd/Fe;O,/PEl/
rGO showed higher product yields than Pd/rGO as
well as other reported catalytic systems.['*!
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Mechanistic studies

Generally, the mechanism of homogeneous Pd-mediated allylic
alkylation is an allylic leaving group forming the n’-allylpalladi-
um species, which reacts with various nucleophiles to furnish
allylic compounds.”®9 To evaluate if the Pd/Fe;0,/PEI/fGO-
mediated allylic alkylation involved the same mechanism,
'H NMR spectroscopic experiments were conducted. Pd/Fe;0,/
PEI/rGO exhibited a signal at d =3.60 ppm, which was from PEI
of Pd/Fe;0,/PEI/rGO. After treatment of Pd/Fe;0,/PEl/rGO with
allyl ethyl carbonate 2, two signals appeared at 6 =4.1 ppm
(0-H) and 0=3.45 ppm (-H) that were enhanced relative to
the signal at 6=3.6ppm in the 'HNMR spectrum (Fig-
ure S6b, c in the Supporting Information), thus indicating for-
mation of the n-allylpalladium species."™ On the basis of
these observations and the different yields of allylated prod-
ucts using both Pd/rGO and Pd/Fe;0,/PEI/rGO, we conclude
that Pd/Fe;0,/PEI/rGO-mediated allylic substitution in water
proceeds through a mechanism close to that of homogeneous
Pd catalysis. That is to say, in the Tsuji-Trost reaction, the
PdANPs activate the allyl methyl carbonate to form a propylene/
Pd nanocomposite while the tertiary amines simultaneously ac-
tivate 1,3-dicarbonyls by abstraction of an a proton
(Scheme 1).
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Figure 3. a) Reusability of Pd/Fe;0,/PEI/rGO for ethyl acetoacetate with allyl
ethyl carbonate in water and air. b) TEM image of Pd/Fe;0,/PEI/rGO nano-
composites after 20 cycles. c) Recycling abilities of different nanocomposites
in water and air (30 min).

for achieving high activity and
catalyst reusability. To address

Scheme 1. Possible mechanism of Pd/Fe;0,/PEI/rGO in the Tsuji-Trost reaction.

Recycling of the catalyst

Isolation, convenient recycling, and reuse of a catalyst are
known to be crucial requirements to develop an efficient
“green” system. For the recycling study, the Tsuji-Trost reaction
was performed with ethyl acetoacetate 1 and allyl ethyl car-
bonate 2 and by maintaining the same reaction conditions as
described above except that the recovered catalyst was used.
In our systems, 30 reaction cycles were tested for the catalyst.
After each run, the catalysts could be easily separated from
the reaction mixture with the help of a magnet (Figure 2e,
inset). Upon washing with ethyl acetate, the catalysts were di-
rectly used for the next round of reaction. As shown in Fig-
ure 33, the catalyst can be reused 30 times and the yield still
remains above 929%. The high recycle counts and yields have
been discovered in our system for the first time and are very
important for applications in industry. However, catalytic activi-
ties of other catalysts decrease very quickly after six cycles (Fig-
ure 3b). Similarly, the stability of the catalyst is highly desirable

o o 7Y this possibility, the evolution of

Ao~ S ﬁ o o Pd leaching was measured by
/\//(:WO\/?\L» | N\__,NHz‘\__,H oM mleans of inductively coupled
0 plasma atomic emission spec-
%\/O‘yfo\/ V.\’/( troscopy (ICP-AES). After

9 20 cycles of reaction and mag-

o 9 a9 / netic separation of the catalyst,
(g +%\/\ a total of 7.6% Pd remained in

74 A\ the liquid phase of water. Addi-
tionally, the morphologies of

PdNPs of the recovered Pd/

Fe;0,/PEI/rGO were examined by

TEM (Figure 3c). The images indi-

cate that the morphology and
size of PANPs are highly dispersed on graphene surfaces after
the twentieth reuse, which indicates that PEl can provide well-
defined anchor sites for PANPs and Fe;O, NPs on the graphene
surface and protect Pd nanoparticles from agglomeration. As
a result, Pd/Fe;O0,/PEI/rGO retains excellent catalytic activity
during the recycling process. That could be the reason why
the prepared catalyst has higher catalytic activity and stability
than that reported previously."®

Conclusion

We have developed a universal strategy for the preparation of
strongly coupled Fe;O, NPs and a noble-metal nanocatalyst on
graphene sheets by employing PEl as the coupling linker.
These ternary nanocomposites have a well-defined 2D mor-
phology, controllable size, high dispersion of PANPs and Fe;0,
NPs, and high specific surface area. We have demonstrated for
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the first time that the present catalyst exhibits synergistic cat-
alysis for the acceleration of the Tsuji-Trost reaction in water
and air. More importantly, the noble-metal nanocatalyst on the
magnetic support has a very low leaching loss and allows one
to reach at least 92% yield in Tsuji-Trost catalysis over 30 cy-
cling tests. All these characteristics are desirable in terms of
cost and environmental protection. Since PEl can chelate vari-
ous transition-metal cations, our work provides a general
methodology for the preparation of other noble-metal/Fe;O,/
PEI/rGO nanocomposites with high stability, high catalytic ac-
tivity, and good magnetic recycling properties for industrial ap-
plications.

Experimental Section
Chemicals

Graphite flake, branched PEI, PdCl,, DIB, [Fe(acac);] (acac=acetyla-
cetonate; 99.9%), benzyl ether, oleylamine, and triphenylphos-
phine (PPh;) were purchased from Sigma-Aldrich. Potassium per-
manganate (KMnO,), sulfuric acid (H,SO,, 98 %), hydrogen chloride
(HCI, 37%), and hydrogen peroxide (H,O, 30%) were obtained
from Tianjin Med. All chemicals were used without further purifica-
tion. The H,0 used throughout the entire experimental process
was deionized H,O. Graphene oxide (GO) was prepared from
graphite flake powder according to a modified Hummers
method,”” and Fe,0, nanoparticles were prepared according to
a previous work."®

Instrumentation

TEM measurements were carried out with a JEM-2100 (200 kV) in-
strument under ambient conditions through the deposition of
hexane or ethanol dispersions of the nanomaterials on amorphous
carbon-coated copper grids. X-ray powder diffraction patterns of
the particles were recorded using a Bruker AXS D8 Advance diffrac-
tometer with Cuy, radiation (1=1.5418 A). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a PHI-
5702 multifunctional spectrometer with Al, radiation. Raman spec-
tra were collected using a confocal microprobe Raman system (Re-
nishaw, RM2000). Magnetic properties were studied using a Lake-
shore 7404 high-sensitivity vibrating sample magnetometer (VSM)
with fields up to 1.5 tesla at room temperature. IR spectra were re-
corded using a Nicolet FT-170SX spectrometer. TGA was carried
out using a TA 2901 instrument under a nitrogen atmosphere at
a heating rate of 10°Cmin~" from 30 to 600°C to determine the
content of the PEIl on the GO. 'H and *C NMR spectra were gath-
ered using a JEOL ESC 400M instrument. Mass spectrometry was
performed using a TPRACE DSO instrument.

Synthesis of DIB/PEI/rGO

PEI/rGO was prepared according to the literature with a little modi-
fication:™ GO (10 mg) was dispersed into deionized water
(100 mL) to form a light brown dispersion by sonication for about
30 min, then a solution that contained PEI (1 g, M,: 25000) in dis-
tilled water (100 mL) was added. The reaction was maintained at
60°C for 12 h. After that, the solvent was removed, and the prod-
uct was separated by centrifugation and washed several times
with ethanol and diethyl ether (1:4 v/v). The product was then re-
dispersed into ethanol (100 mL). To prepare DIB/PEI/rGO, DIB
(55 mg, 0.4 mmol) in ethanol (20 mL) was added dropwise into the
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above dispersion. After stirring for another 12 h at room tempera-
ture, the solvent was evaporated by half under reduced pressure.
The product was separated by centrifugation and washed three
times with ethanol and diethyl ether (1:4 v/v) and then dispersed
into ethanol (15 mL) as a stock solution.

Synthesis of Pd/PEI/rGO

Ethanol (40 mL) was added to the stock solution of DIB/PEI/rGO
(3 mL, 2 mg GO) and sonicated for 10 min to obtain a suspension.
The solution of PdCl, (4.0 mg, 0.023 mmol) in ethanol (5 mL) was
added dropwise into the suspension and stirred for 2 h at room
temperature to ensure the metal ions thoroughly bound to the N
atoms of PEl Then freshly dissolved NaBH, (5.2 mg, 0.14 mmol) in
ethanol (2 mL) was added dropwise under an N, atmosphere into
the above solution over 10 min and stirred for another 2 h. The
raw product was centrifuged after adding hexane (40 mL) and
washed three times with excess amounts of ethanol and hexane.
The resulting solid was then redispersed into ethanol and chloro-
form (40 mL, 2:1 v/v).

Synthesis of Pd/Fe;0,/PEI/rGO

Fe;O, NPs (4 mg) in a fresh mixture of ethanol and chloroform
(4 mL, 2:1 v/v) was added into as-prepared Pd/PEI/rGO stock solu-
tion and stirred overnight at room temperature. The product was
precipitated by adding hexane and collected by means of an exog-
enous magnet. The residual solid was washed with hexane three
times. Finally, the solid product was obtained by vacuum drying
under an N, atmosphere.

Pd/Fe;0,/PEI/rGO catalyst for the Tsuji-Trost reaction

For the Tsuji-Trost reaction, 1,3-dicarbonyl (2.0 mmol), allyl ethyl
carbonate (5.0 mmol), PPh; (7.2 umol), and H,0 (3 mL) were used.
The amount of catalyst used in each reaction was 10 mg (Pd:
1.8 umol), and the reaction mixture was heated under reflux condi-
tions at 100°C under air. The reaction process was monitored by
thin layer chromatography (TLC). After completion of the reaction,
the mixture was cooled to room temperature and separated by
magnetic separation. The residual mixture was washed with ethyl
acetate (3x 1 mL). The product was separated by column chroma-
tography and determined by 'H and "*C NMR spectroscopy and
MS. After the first cycle of the reaction, another 3 mL of H,0O,
7.2 umol of PPh;, and the corresponding substrates were added
for the next cycle.
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