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Abstract

Bimetallic Ni-Pd alloy nanoparticles with high Ni to Pd atomic ratios (99:1 or 95:5) were
prepared and the catalytic performances of these nanoparticle catalysts were explored for C—
C coupling reactions (Suzuki-Miyaura, Heck and Sonogashira reactions) at moderate reaction
conditions. In contrary to the monometallic, significantly enhanced catalytic activity was

achieved with studied Ni-Pd nanoparticle catalysts for the C-C coupling reactions and
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achieved moderate to high yields. The turnover number (TON) increases with the increase in
Ni to Pd atomic ratio for Ni-Pd nanoparticle catalysts, and can reach 3.6 x 10° for Nig.99Pdg 01
nanoparticle catalysed Suzuki-Miyaura reaction of arylbromides with arylboronic acid at 50
°C. Advantageously, such Ni-Pd nanoparticle catalysts with high Ni to Pd atomic ratios not
only show significantly enhanced catalytic activity, but are also stable (ICP-AES analysis
showing only marginal or absence of Pd leaching) and retain their catalytic activities for
several catalytic runs (>90% conversion even at 7" catalytic run). Experimental and the
relevant theoretical calculation (net charge localization using first principles calculations)

suggested a substantial Ni to Pd charge transfer which resulted in a highly negatively charged
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Pd centre, a favourable site for facile oxidative addition of arylhalides, and hence enhanced .

DOI: 10.1039/C6CY00037A

catalytic activity for Ni-Pd nanoparticle catalysts.
1. Introduction

Heterogeneous catalysts based on bimetallic systems have received enormous
scientific and industrial attention due to the superior catalytic performance shown by them
compared to their monometallic counterparts.l’2 Significant synergic and cooperative
interactions between the individual metal components, which involves fine tuning of metal-
metal bonds in the hybrid state (structural tuning), transfer or exchange of electrons between
the metals (electronic tuning), along with adsorption and stabilization of reactants and
intermediates, accounts for the enhanced catalytic activity of these bimetallic nanoparticle

catalysts. 12

Pd metal based catalysts have been the first choice for C—C coupling reactions.’
However, recent findings evidenced the extensive efforts made towards the development of
Pd-based bimetallic nanoparticle catalysts, such as Pd-Au, Pd-Ag, Pd-Rh, Pd-Ru, Pd-Cu, Pd-
Co or Pd-Ni, for several C-C coupling reactions, such as Suzuki-Miyaura reaction, Heck

. . . 4-12
reaction, Sonogashira reaction, etc.

Because these bimetallic nanoparticle catalysts are not
only found to be high performing catalysts, than their counterparts by overcoming their
drawbacks, such as stability problems due to facile Pd leaching, but are also less-expensive,
particularly those involving inexpensive and abundantly available non-noble metals (Pd-Cu,

Pd-Ni or Pd-Co nanoparticle catalysts).*%'12

In near past, several reports appeared on the
development of less expensive yet highly active bimetallic nanoparticle catalysts based on
Pd-Ni, Pd-Cu, Pd-Co and so on.t? Considering earlier investigations on bimetallic Pd-M (M
= non-noble metals) catalysts, it is well documented that when a non-noble metal placed in

close proximity of Pd, it will have a significant influence on the electronic structure of the Pd

and therefore the Pd based bimetallic catalyst due to the electron transfer effect driven by the
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differences in the electronegativity of the two metals. De er al. have also investigated the .
DOI: 10.1039/C6CY00037A

cooperative catalytic effect of Ni and Pd in the Ni-Pd (Ni to Pd atomic ratio 1:1)
nanoparticles doped on mesoporous SiO, film for the Suzuki-Miyaura reaction at 50 °C in
water-acetonitrile solution.” XPS analysis of Ni-Pd catalyst where peaks corresponding to Pd’
was only observed along with the Ni** and Ni® species, De et al. claimed the transfer of
electron from Ni to Pd which keeps Pd in zero oxidation state and electron rich for facile
oxidative addition of arylhalides. Recently, Ni-Pd nanoparticles supported on MWCNts with
varying Ni to Pd atomic ratios were investigated for the catalytic C-C coupling reactions and
achieved quantitative yields of the biaryls products with NisoPdsy nanoparticle catalyst at 120
°C in water using TBAB as an additive.'™ Similarly Zu et al. have also investigated the
NisoPdso alloy nanoparticles for Heck reaction and achieved quantitative yields of the coupled
products in DMF at 140 °C."" Similar electronic modification was also reported to be
responsible for high activity for other analogous catalytic models for diverse catalytic

. 13,14
reactions.™

Tsang et al. have reported Fe-Pd nanoparticles for C-C cleavage reaction and
speculate that when Fe was placed in the close proximity of Pd, the lower electronegativity of
Fe drive the electron flow to Pd."> Zhao et al. have also observed an analogous enhancement
in the catalytic activity due to the transfer of electron from Ni to Ru in the bimetallic Ni-Ru
nanoparticle catalysts for hydrogenation and dechlorination reactions.'* Despite the fact that
there is an enhancement in the catalytic activity in the bimetallic nanoparticle catalysts, in-
depth investigations of the influence of the composition of the various components of the
bimetallic nanoparticles on their catalytic properties is seldom reported. Recently, Metin and
Sun et al. have explained graphene supported Ni/Pd core-shell nanoparticle with minimum
Pd content (Ni to Pd ratio of 3:2) for Suzuki reaction of arylboronic acid and aryl halides at
110 °C in DMF: H,0 (7:3) using K,COs as a base.'® For the synthesis of core-shell Ni/Pd

nanocatalyst, they used Ni nanoparticles as a template which serves as a sacrificial reducing

agent (transfer of electron from Ni to Pd due to difference in the reduction potential) for the

3
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Pd salt and initiates Pd nucleation on the Ni surface. They anticipated that the high activity of
DOI: 10.1039/C6CY00037A
the G-Ni/Pd catalyst is due to the good dispersion of G (graphene) in the NN
dimethylformamide (DMF)-water mixture which helps to adsorb the aromatic component in
the reactant through m—m interaction between graphene and aromatic ring of the reactant
which brings them in close proximity of G-Ni/Pd nanocatalyst. High resolution TEM image
of the G—Ni/Pd catalyst also revealed the appearance of lattice fringes having distance of
~(0.232 nm analogous to the lattice spacing of the (111) planes of fcc Pd crystal (0.223 nm).
Moreover, the high resolution elemental mapping of the Ni/Pd nanoparticles of 10 nm size
showed the Ni atom centred at the core (~7.4 nm) and Pd (~1.3 nm) at the surface. Though
the exposed surface of Ni/Pd nanoparticle is covered with Pd atom, the presence of the Ni
metal core might have also contributed in the observed high catalytic activity of the G—Ni/Pd
catalyst by synergistic effect bringing by possible Ni to Pd electron transfer. Analogous
electron charge transfer, as observed in core-shell Ni/Pd nanoparticles,'™ is also expected for
alloy Ni-Pd nanoparticles, where the Ni to Pd atom interactions are more prominent. In one
of our recent findings about Ni-Pd nanoparticle catalysts for Suzuki-Miyaura reaction of
arylhalides with arylboronic acids, we demonstrated a significant correlation between the Ni
to Pd atomic ratios in the bimetallic Ni-Pd nanoparticle catalysts and their catalytic
activities.'” Remarkable enhancement in the catalytic activity of the Ni-Pd nanoparticle
catalyst was observed with an increase in the Ni to Pd atomic ratio in the Ni-Pd nanoparticles.
It was anticipated that due to the difference in the relative standard reduction potentials of Ni
and Pd, probably, there is a natural transfer of electrons from Ni to Pd, resulting in the
electron rich Pd centre which is expected to be a favourable site for facile oxidative addition
of arylhalide. These significant findings raise several obvious questions: if this effect can
further be extended to Ni-Pd nanoparticles with even higher Ni to Pd atomic ratios (99/1 or

95/5), and can be applied to other analogous catalytic C-C coupling reactions?
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g Z - Z  reaction condition R= MR

Our work

Ni to Pd molar ratio = 99:1 TOF = 3600 h™'
95:5 TOF =540 h™!
90:10 (Ref. 12) TOF =75 h™!

Water-CoHsOH (v/v 1:1), T = 50 °C

Previous reports

Cazorla-Amoros et al., 2015 (Ref 10a)

Ni to Pd atomic ratio = 50:50 TOF =990 h™!
Water, T = 100~120 °C

Li et al., 2011 (Ref 8a)

Ni to Pd atomic ratio = 50:50 TOF =46 h'
Dioxane, T = 100 °C

Scheme 1 Bimetallic Ni-Pd nanoparticle catalysts for Suzuki-Miyaura reaction of

arylbromides and arylboronic acids.

To answer these, herein, we investigate the above assumption by increasing the Ni to
Pd atomic ratios to 99:1 or 99:5 in the Ni-Pd nanoparticle catalysts and study its effect on the

catalytic activity for Suzuki-Miyaura reaction (Scheme 1). To further explore the scope of

Published on 31 March 2016. Downloaded by University of Sydney on 01/04/2016 15:09:35.

this effect, the catalytic efficacy of the Ni-Pd nanoparticle catalysts, having high Ni to Pd
atomic ratios, was also investigated for Heck and Sonogashira reactions. The structural and
chemical properties of the synthesised Ni-Pd nanoparticles were investigated by TEM, SEM,
EDX, P-XRD, XPS and ICP-AES analyses. ICP-AES and XPS analyses were performed to
study the Pd leaching behaviour and to establish the stability of the studied Ni-Pd
nanoparticle catalysts. Moreover, first principles calculations were performed using
icosahedral Niss«Pdy (x = 0, 1, 3 and 6) clusters to assess the possible Ni to Pd charge

transfer by estimating the net negative charge accumulation on Pd atoms.
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2. Results and discussion

View Article Online
DOI: 10.1039/C6CY00037A

2.1. Synthesis and Characterization of Ni-Pd nanoparticle catalysts. We
first prepared bimetallic Nigg9Pd o1 and Nig9sPdp os nanoparticles by following our previously
reported aqueous-based reduction procedure, where the aqueous solutions containing an
adequate molar ratio of nickel and palladium salts was added an aqueous solution of sodium
borohydride in the presence of polyvinylpyrrolidone (PVP) to obtain Ni-Pd nanoparticles as
black suspension.'” Analogously, monometallic Ni and Pd nanoparticle were also prepared
from the respective metal salts. The morphological, electronic and compositional information
of the synthesised bimetallic Ni-Pd nanoparticles were obtained by using powder XRD, XPS,
ICP-AES, electron microscopy (TEM and SEM), energy dispersive X-ray spectroscopy
(EDX) and elemental mapping. As inferred from the TEM and high angle annular dark field
scanning TEM (HAADF-STEM) images shown in Fig. 1 and 2 (Fig. S1 and S2 of the ESIY),
the average particle size of NiggoPdpo; and Nigos5Pdg s nanoparticles is ca. 10 nm. The cross
sectional composition line scan EDX profile of the Ni-Pd nanoparticles, as shown in Fig. 1
and 2, inferred the presence of both the metals (Ni and Pd) with no sign of segregation,
suggesting the alloy composition of the bimetallic Ni-Pd nanoparticles. Further, the TEM-
EDX point analysis inferred a uniform composition of the Ni-Pd nanoparticles (Fig. 1 and 2).
Moreover, the elemental mapping of Ni-Pd nanoparticles also supports the presence of both
the metals (Ni and Pd), further supporting the uniform composition of Ni-Pd nanoparticles
(shown in Fig. 1 and 2). Moreover, ICP-AES analysis for Ni to Pd atomic ratio in Nigg9Pd o;

and Nig ¢5Pdy 05 nanoparticles corresponds well with the proposed compositions.



Page 7 of 33

Published on 31 March 2016. Downloaded by University of Sydney on 01/04/2016 15:09:35.

Catalysis Science & Technology

View Article Online
DOI: 10.1039/C6CY00037A

10 20 30 40
= _Eneli‘fkev .
1 —e—Ni
] —e—Pd

Intensity / a.u.

0 10 20 30 40 50 60 70 80
Position / nm

_ Ni2p,, . 2pw - h Pd 3d e S2

=: : ] 32

© - o

7] 7]

8. 5 1

£ E |

880 870 860 850 345 342 339 336 333
Binding Energy / eV Binding Energy / eV

Fig. 1 Characterization of Nigg9Pdoo; nanoparticle catalyst. (a) TEM image. (b) Point scan
EDX profile. (c) Line scan compositional profile corresponding to HAADF-STEM image
(inset). (d-f) EDX elemental mapping showing (e) Ni (in green) and (f) Pd (in red) elements

corresponding to the (d) SEM image. (g-h) XPS profiles of Ni-L and Pd-K edge.
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Fig. 2 Characterization of Nig9sPdg s nanoparticle catalyst. (a) TEM image. (b) Point scan
EDX profile. (c-d) EDX elemental mapping showing (c) Ni (in green) and (d) Pd (in red)
elements corresponding to the SEM image (inset). (e) Line scan compositional profile

corresponding to HAADF-STEM image (inset). (f-g) XPS profiles of Ni-L and Pd-K edge.

The powder XRD pattern of Ni-Pd nanoparticles displayed a broad prominent peak at
260 value of 44.44° (for Nigo9Pdy o1 nanoparticles) and 43.54° (for Nig¢sPdy o5 nanoparticles),
corresponding to (111) plane diffraction similar to Ni (JCPDS 04-0850) (Fig. S3 of the ESIt).
We performed Le Bail refinement of the powder XRD data of NiggyPdo; and NiggsPdo s
nanoparticles to estimate accurate d-spacing values using FullProf program. The d—spacing
values calculated from the Le Bail fitting for Nip99Pdo; and NigosPdo o5 (Fig. S4 of the ESIY)

for the (111) planes of the face-centered cubic (fcc) are 0.203 nm and 0.207 nm, respectively.
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The lattice constant for NiggoPdo o1 and NigosPdoos nanoparticles are averaged at 3.5276 Ade onine

ew
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and 3.6006 A, respectively, compared to pure Ni (3.524 A) and Pd (3.873 A), ensuring the
alloy formation where the lattice expansion occurs due to the substitution of Ni by Pd atoms
in the Ni-Pd nanoparticles. In consistence with the TEM and XRD results, the appearance of
characteristic signals corresponding to the metallic Ni 2p and Pd 3d in the XPS analysis of
Ni-Pd nanoparticles (as shown in Fig. 1g-1h and 2f-2g), indicating the coexistence of both the
metals in the bimetallic Ni-Pd nanoparticles. For Nigo9Pdo o nanoparticles, the XPS signals
corresponding to the metallic Ni’ (Ni 2p3s, core level) and pd° (Pd 3ds, core level) were
observed at 853.54 eV and 336.35 eV, respectively. Analogously, the signals appeared at
853.81 eV and 336.44 eV in the XPS analysis of the Nig¢sPdy o5 nanoparticle catalyst, can be
assigned to the metallic Ni’ (N1 2p3s, core level) and pd° (Pd 3ds, core level), respectively.
Moreover, XPS spectra of the Ni-Pd alloy nanoparticle with Ar sputtering experiment at
different time interval (0 ~ 180 min) showed the appearance of representative peaks of Ni and

Pd for the spectra (Fig. S5 and S6 of the ESIY).

Ni2p,_ Ni2p p Pd3d,Pd3d,

32
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Fig. 3 XPS profiles of Ni-L and Pd-K edges for the fresh Ni, Nigg9Pdg 01, Nigg9Pdoos and Pd

nanoparticles.
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More significantly, binding energy of the Ni and Pd for Ni-Pd alloy nanoparficle -
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showed shifts compared to those of monometallic Ni and Pd nanoparticles (Fig. 3).
Moreover, we also compared the shift in the binding energy of the Pd 3ds, and Ni 2ps/, core
level appeared in the XPS spectra for bimetallic Ni-Pd nanoparticles, AE, relative to those for
monometallic Pd (335.8 eV) and Ni (853.5 eV). For Nigg9Pdgo; nanoparticles, AE for Ni 2ps/,
core level is close to zero, and that for Pd 3ds, is +0.5 eV. Similarly for NigosPdoos
nanoparticles, AE for Ni 2ps/, is +0.2 eV and for Pd 3ds/, is +0.6 eV. These results inferred
that shift in binding energies, AE, for Ni 2ps, core levels are not significant, presumably due
to the higher content of Ni in these Ni-Pd alloys the effect of possible charge transfer or
lattice strain is dispersed. However, due to the very low content of Pd in the studied Ni-Pd
nanoparticles, any electronic or bonding disturbance will be highlighted more prominently, as
inferred from the large positive shifts (AE) observed for Pd 3ds/, core levels for bimetallic Ni-
Pd nanoparticles. Although, binding energy for alloyed Pd shows positive shift than of pure
Pd, indicating at first glance that a partial positive charge localized on Pd atom. However,
XPS binding energy shifts, particularly in alloys, are caused not only by chemical shifts but
also by several other factors including lattice disturbance due to alloying."” Therefore, the
observed shift in Pd 3ds,, binding energy is ascribed to the lattice contraction of Pd atoms
resulted from the inclusion of Ni atoms due Ni-Pd alloy formation. Analogous positive shifts
in binding energies of Pd 3ds,, were also reported earlier by Lu et al. and Rao et al. in the
alloy Ni-Pd bimetallic nanoparticles.'*™ It is worthy to mention that appearance of Ni and Pd
at the same time of the Ar sputtering and the observed shifts in the XPS spectra strongly

support the alloy composition of the Ni-Pd nanoparticles.

2.2. Investigation of Ni-Pd nanoparticle catalyzed Suzuki-Miyaura
reaction. The reactivity of the synthesised Ni-Pd nanoparticle catalyst for the Suzuki-

Miyaura reaction of arylhalides with arylboronic acid was explored under the optimized

10
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reaction condition,12 and the results are presented in Table 1. As inferred from the regults . .
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shown in Table 1, good to excellent yields of the biaryls products (Table 1, entries 1-7) can

be achieved with Ni-Pd nanoparticles at room temperature or 50 °C in water-ethanol solution.

Notably, our results indicated that the reported Ni-Pd nanoparticle catalysts work

significantly well for a wide range of arylbromides/iodides with substituted (Table 1, entries

1-5) and un-substituted (Table 1, entries 6-7) arylboronic acids, to obtain the corresponding

biaryl products in excellent yields.

Table 1 Suzuki reaction catalyzed by Ni-Pd alloy nanoparticle catalyst.

Entry Arylhalide Arylboronic acid Yield (%)/ Time Yield (%)/ Time

(h) " (h) ¢

(HO), 73/6 7517

B—<: :>—F
(HO)ZB@F 85/2 84/2.5

B(OH), 89/9.5 90/10.5

MeO@Br

NC@—Br

NC—< >—Br ©/CH3

44 B(OH), 89/8 90/5
MeO@—I
NC—@—Br

" O)zB@F 90/7 92/3

@ 91/2 92/1.5
(HO),B
T e O@Br (HO)ZB—Q 90/2.5 91/2

“ Reaction conditions: arylboronic acid (1.2 mmol), arybromide (1.0 mmol), K,CO; (2.0

Sd

mmol), H,O-C,HsOH (1:1 v/v, 20 mL), catalyst (2 mol %), 50 °C. b Isolated yields with

11
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Nig.99Pdo 01 nanoparticle catalysts. “ Isolated yields with Nig¢sPdo s nanoparticle catalysts, -
DOI: 10.1039/C6CY00037A
4 For aryliodide: NaOH (2.0 mmol), room temperature.
To further explore the catalytic performance of Ni-Pd nanoparticles and to compare it
with monometallic Ni and Pd nanoparticle catalyst, Suzuki-Miyaura reaction of 4-iodoanisol
and 2-methylboronic acid in water-ethanol solution was performed in standardised reaction
conditions.'* Results presented in Fig. 4 inferred the superior catalytic activity of the Ni-Pd
nanoparticle catalyst in contrast to the monometallic Ni and Pd nanoparticle catalysts.
Moreover, the catalytic reaction performed with 0.1 mol% Pd nanoparticle catalyst (which is
equal to the Pd content in 2 mol% of Nig9sPdo s nanoparticle catalyst) or even with 2 mol%
Pd revealed a very poor activity towards the coupled product (Fig. 4)."> Moreover, a strong
dependence of catalytic performance of Ni-Pd nanoparticle catalyst on the Ni to Pd atomic

ratio was also observed, where with the increase in the Ni content catalytic activity of the

resulting Ni-Pd nanoparticle catalyst also increases.

250 1
200 A+
F';f'a 150 -
[V
o
[ =t
100 A
.. 3 o )
S ds” ¥ " o
< < g Q ®

&

é\g4 é\a‘:ﬂ é‘°9

Fig. 4 Comparison of catalytic conversions for cross-coupled product in the Suzuki-Miyaura
reaction of 4-iodoanisole and 2-methylphenylboronic acid in presence of 2 mol% of various

catalysts, at room temperature in water-ethanol solution (5 h). “ Reaction with 2 mol% Pd

12
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nanoparticle catalyst (5 h). » Reaction with 0.1 mol% Pd, equal to the Pd content present in_ .

W

DOI: 10.1039/C6CY00037A

highly active 2 mol% Nig9sPdg s nanoparticle catalyst (5 h).

The highest catalytic activity was achieved with Nigo9Pdyo; nanoparticle catalyst and
the catalytic efficacy, in terms of TOF (h'l), is in the order of NiggoPdp o1 > NigosPdoos >
Nig9oPdo 10 (Fig. 4 and Table 2). Notable, Suzuki-Miyaura reaction of 4-bromoanisole with 4-
fluoroboronic acid performed at 50 °C showed more prominent effect of varying the Ni to Pd
atomic ratios in the Ni-Pd nanoparticles on their catalytic activities (Table 2). TONs reaching
3.6 x 10° can be achieved with Nig99Pdo 01 nanoparticle catalysts (Table 2). These results are
consistent with our previous findings where an increase in the activity of Ni-Pd nanoparticle
catalyst was observed with an enhancement in Ni to Pd molar ratio in the Ni-Pd nanoparticle

catalyst.12

Table 2 Influence of Ni to Pd atomic ratio on the catalytic activity of Ni-Pd nanoparticle

catalysts for Suzuki-Miyaura reaction.

Br B(OH),
Ni-Pd cat. (2 mol %)
H,0-C,Hs0H, K,CO3, 50 °C

OMe F
Entry Catalyst Conv./Sel. (%) " TON/TOF (h™")
1 Nig.99Pdo o1 72/99 3600/3600
2 Nig.9sPdo s 54/99 540/540
3 Nig.9oPdo.10 15/99 75175

“ Reaction condition: 4-bromoanisole (1.0 mmol), 4-fluoroboronic acid (1.2 mmol), K,CO3
(2 mmol), H,O-C,HsOH (1:1 v/v, 20 mL), 50 °C, 1 h. b Conversion and selectivity were

determined by 'H NMR.

13
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The observed results clearly inferred the direct involvement of the Ni in the bimetallic

DOI: 10.1039/C6CY00037A
nanoparticles which shows the strong synergistic effect in the Ni-Pd nanoparticle catalyst.16 A
possible explanation for the superior catalytic activity of Ni-Pd nanoparticles is that a charge

transfer from Ni to Pd making the Pd centre electron rich, a favourable site for oxidative

addition of arylhalide. Such kind of charge transfer or redistribution can be expected in Ni-Pd

M Conversion M Selectivity

100 A
Entrv Catalytic Ni/Pd Leached

80 runs atomic ratio  Pd (ppm)
60

st 94.9/5.1 0.165
40

nd 94.8/5.2 i
20 nil

EE e S B B B B 7th 97/3 nd

1 2 3 4 5 6 7
Catalyticruns

—
Q
—

—

Conv./Sel. (%)
[ge]

nanoparticle with even higher Ni to Pd atomic ratio. A consequence of such a large volume of
charge transfer from Ni to Pd may resulted in a highly electron rich Pd and therefore could

contribute to the superior catalytic activity of Nigg9Pdoo; nanoparticle catalyst.

Fig. 5 (a) Recyclability of NigosPdoos alloy nanoparticle catalyst with 4-iodoanisole and 2-
methylphenylboronic acid at room temperature. (b) ICP-AES data of the NigosPdos

nanoparticle catalyst.

To further investigate the nature of the active catalytic species, a series of experiments
including recyclability experiments, catalyst poisoning test and leaching experiments were
performed for the Ni-Pd nanoparticle catalyzed Suzuki-Miyaura reaction. Stability and
robustness of the catalyst was examined by reusing the Ni-Pd nanoparticle catalyst several
time for the catalytic Suzuki-Miyaura reaction of 2-methylphenylboronic acid and 4-

1odoanisole at room temperature. The catalyst recovered by centrifugation and successively

14
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used for at least seven consecutive catalytic cycles without any significant loss in the catalytic .
DOI: 10.1039/C6CY00037A
activity (Fig. 5). The reused catalyst does not show any significant change in the Ni to Pd
atomic ratio due to no or negligible Pd leaching for the Ni-Pd nanoparticle catalyst, as
inferred from the ICP-AES analysis (Fig. 5 and Table S1 of the ESI{). Moreover, the XPS
measurements for the Ni-Pd nanoparticle catalysts analysed before and after the catalytic
reaction does not show any significant compositional or electronic distortion of either or both
the metallic components (N1 or Pd) in the Ni-Pd nanoparticle catalyst (Fig. S7 of the ESIY).
These results further inferred the high aqueous-aerobic stability of the studied Ni-Pd
nanoparticles catalyst. To investigate further the stability of the NiggsPdyos nanoparticle
catalyst, supernatant and recovered catalyst of the 1% and o cycle was analyzed by ICP-AES
(Table S1 of the ESIf). Results were indeed encouraging, as nearly no Pd leaching was
observed for the first two consecutive catalytic runs. Moreover, Ni to Pd atomic ratios of the
recovered catalyst matched well with those of fresh catalyst, which indicated that the
composition of the Ni-Pd nanoparticle catalysts remains intact during the catalytic reaction

(Table S1 of the ESIt). Interestingly, ICP-AES analysis of the NipgsPdoos nanoparticle

catalyst recovered after 70 catalytic cycle showed only a minor change in Ni to Pd atomic

Published on 31 March 2016. Downloaded by University of Sydney on 01/04/2016 15:09:35.

ratio suggesting that the Ni-Pd nanoparticle catalyst is stable. Furthermore, the Nigg9Pdo o
and Nip9sPdy s nanoparticle catalysts also remain stable under elevated temperature (50 °C),
as the recovered catalysts showed no significant change in Ni to Pd atomic ratio with
negligible or absence of Pd leaching (Table S1 of the ESIT). Moreover, catalyst poisoning
test performed with an excess amount of Hg, resulted in a significant decrease in the catalytic
activity (< 10% conversion) of the Ni-Pd nanoparticle catalyst, which demonstrated the

heterogeneous nature of Ni-Pd nanoparticle catalysts.

The detailed ICP-AES analyses of the fresh and the spent Ni-Pd nanoparticle catalysts

recovered from the Suzuki-Miyaura reaction, clearly inferred the advantageous role of the
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high contents of Ni in the Ni-Pd catalyst to suppress the Pd leaching and enhancing the .
DOI: 10.1039/C6CY00037A
catalyst stability. Presumably, the high contents of Ni in Ni-Pd nanoparticle catalysts
stimulate the ligand effect by transferring electron density to Pd atoms, which imparts more
negative charge on Pd atoms. The electron rich Pd atoms facilitate faster oxidative addition of
arylhalides and therefore enhanced catalytic activity of the Ni-Pd nanoparticle catalysts.
Moreover, the negligible leaching of the Pd in the Ni-Pd nanoparticle catalyst can be
employed for synthesis of biologically active component through C-C coupling reaction.'”
2.2. Extension to Ni-Pd catalyzed other C-C cross coupling reactions.
Encouraged with the observed superior catalytic activity of Ni-Pd nanoparticle catalyst for
Suzuki-Miyaura reaction, the scope and activity of the Ni-Pd nanoparticle catalysts,
containing high Ni to Pd atomic ratio, were also investigated for other analogous C-C cross
coupling reactions (Heck and Sonogashira reactions). After establishing the most suitable
reaction condition for the Ni-Pd nanoparticle catalyzed Heck reaction of 4-iodotoluene with
styrene by screening various bases (K,COs, KsPO4 and (C;Hs)3N) and solvent (H,O-DMF
and H,O-C,HsOH) (Table S2 of the ESIf), catalytic Heck reaction using various aryliodides
and arylalkenes was performed in H,O-DMF at 80 °C in 24 h to obtain moderate to good
yields for the coupled products. Results are summarised in Table 3. Notably, aryliodides
containing both electron donating (Table 3, entries 2-5, 9) and electron withdrawing (Table 3,
entries 1, 8) substituents can be effectively involved in the coupling reaction with styrene and
substituted styrene to yield substituted cross-coupled products. Arylbromides were also
employed for Heck reaction, under modified reaction conditions, and high to good

conversions with moderate to poor selectivities and yields for the cross-coupled product were

observed (Table S3 of the ESIT).

16
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Table 3 Substrate scope for NigosPdg o5 catalyzed Heck reaction. “

View Article Online
DOI: 10.1039/C6CY00037A

Entry Arylhalides Arylalkenes Time (h) Yields (%) ”
1 O,N @_// 24 59
as
2 MeO < > | @_// 24 72
T U Y
4 | / 24 65
©/CH20H
5 ' @4// 24 49
o oY 0
7 @—I - ::: Vi 9 50
e O e
9 @_// 24 59

H,C

¢

“ Reaction condition: arylhalides (1.0 mmol), arylalkenes (1.5 mmol), K,CO; (2.0

mmol), H,O-DMF (1:1 v/v, 5 mL), catalyst (2 mol%), 80 °C. bIsolated yields.

Further to explore the effect of Ni to Pd atomic ratio on the catalytic activity of Ni-Pd

17

nanoparticle catalyst for Heck reactions, catalytic reactions were performed using 4-
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iodotoluene with styrene in the presence of various Ni-Pd nanoparticle catalysts (Tablg 4

w Article Online

DOI: 10.1039/C6CY00037A

Consistent with the trends obtained with the Suzuki-Miyaura reaction, a significant
enhancement in the catalytic activity of the Ni-Pd nanoparticle with the increase in Ni to Pd
atomic ratio was also observed for the Heck reaction. The catalytic activities are in the order
of NiggoPdo o1 (TOF 183 h™") > NigesPdg0s (TOF 38 h™) > NiggoPdo.10 (TOF 28 h') (Table 4).
TONS up to 2.6 x 10° can be achieved for the Heck reaction of 4-iodotoluene and styrene
with Nipg9Pdo o1 nanoparticle catalysts in HO-DMF at 80 °C. It is worth mentioning here,
that the monometallic Ni nanoparticle catalysts are inactive for the Heck reaction under
analogous reaction condition (Fig. S8 of the ESIT), further support the synergistic interaction
between Ni and Pd has a significant impact on the improved catalytic activity of Ni-Pd

nanoparticle catalyst.

Table 4 Influence of Ni to Pd atomic ratio on the catalytic activity of Ni-Pd nanoparticle

catalysts Heck reaction. “

I =
0 Ot O
CHs
Entry Catalyst TON/TOF (h")
1 Nig.00Pdo.01 2575/183.9
2 Nig.osPdo.0s 537/38.35
3 Nio.00Pdo.10 395/28.2

“ Reaction condition: 4-iodotoluene (1.0 mmol), styrene (1.5 mmol), K,CO; (2.0

mmol), H,O-DMF (1:1 v/v, 5 mL), 80 °C, 14 h. " Determined by '"H NMR.

Catalytic activity of the Ni-Pd nanoparticle catalysts was also explored for the

Sonogashira reaction of arylhalide with arylalkyne in H;O-DMF in the presence of K,COs at

18
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80 °C, and the results are shown in the Table 5. Results inferred that reaction with electro

iewArticle Online
DOI: 10.1039/C6CY00037A

withdrawing arylhalides (Table 5, entries 1, 5) gave moderately good yields (56-65%),
whereas electron donating arylhalides (Table 5, entries 2-4) resulted in only poor yields (26-
36%). In contrary to arylhalides, substituents of arylalkyne have less prominent effect on the
yields of the coupled products (Table 5, entries 4, 5). Moreover, performing Sonogashira
reaction in the presence of Cu(l) as a co-catalyst, resulted in the formation of homocoupled
product of arylalkyne and hence decrease the yields of the desired cross coupled products
(Table S4 of the ESIt). The influence of Ni-Pd nanoparticle catalyst with various Ni to Pd
atomic ratios was also examined for Sonogashira reaction of 4-iodotoluene with
phenylacetylene in HO-DMEF at 80 °C (Table 6 and Fig. S9 of the ESIT). Consistent with the
trends of the catalytic activity observed for Suzuki-Miyaura and Heck reactions with Ni-Pd
nanoparticle catalyst with the varying Ni to Pd atomic ratio, Ni-Pd nanoparticle catalysts
having high Ni to Pd atomic ratio were also found to be more active than those with low Ni to
Pd atomic ratio for the Sonogashira reaction. Moreover, reactions with aryl bromide under
analogous or modified reaction conditions, resulted in good to moderate conversions with
moderate to poor selectivities and yields for the cross-coupled products (Table S5 of the

ESI¥).
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Table 5 Sonogashira reaction with Nig9sPdg o5 alloy nanoparticle catalyst.

| AN X Ni-Pd cat. (2 mol %)
ol

S o
R \R'

-
r

__ \ ) R'

7N —
A
H,O-DMF, K,CO3, 80 °C R
Entry Arylalkyne Aryliodides Time (h) Yield (%) ”

1 @E I@CN 24 55
0= O

OMe 24 26
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3 _ 24 36 iew Article Online
@T |@Me DOI: 10_103V9/C2CY60%;7A
4 L @ 24 30
MeO—< Y= | OMe
> MeO@—: I@CN 20 ©

“ Reaction conditions: arylalkyne (1.0 mmol), aryliodide (1.0 mmol), K,CO; (2.0

mmol), catalyst (2 mol %) in H;O-DMF (1:1 v/v, 5 mL), 80 °C. P Ysolated yields.

Table 6 Influence of Ni to Pd atomic ratio on the catalytic activity of Ni-Pd nanoparticle

catalysts Sonogashira reaction. “

Ni-P cat. (2 mol %)
+ - =0

H,O-DMF, K,COj, 80 °C

CH,
Entry Catalyst TON/TOF (h") ?
1 Nig.o9Pdo o1 1575/131
2 Nio.05Pdo.0s 420/35

“ Reaction condition: arylalkyne (1.0 mmol), aryliodide (1.0 mmol), K,COs3
(2.0 mmol), H,O-DMF (1:1 v/v, 5 mL), catalyst (2 mol %), 80 °C, 12 h. b

Determined by 'H NMR.

According to the most acceptable reaction pathway for Pd catalyzed C-C coupling
reaction, active Pd species leach out from Pd nanoparticle catalyst, as a result of oxidative
addition of arylhalide to generate active soluble Pd** species (Pd” — Pd*"). Later, Pd re-
deposited on the catalyst or remains as a ligand-free soluble Pd° species (Pd** — Pd’). We

observed that alloying Ni with Pd to form bimetallic Ni-Pd nanoparticle catalysts was found

20
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to be highly beneficial, where the significant Ni to Pd synergic interaction not only .
DOI: 10.1039/C6CY00037A

significantly contributed to achieve enhanced catalytic activity for C-C coupling reactions,

but also enhances the stability of the Ni-Pd nanoparticle catalysts by retarding Pd leaching.

(a) 4000 -
. 3000 A X .
- Suzukireaction
£ 2000 -
L
: o 1000 - _
g g e
2 0 . . Y
g (b) 200 -
§ < 100 - I Heck reaction
2 ™
e @)
° | B 0e
2 0 r . )
5 (c) 150 -
e = 100 -
§ ] Sonogashira reaction
& S 50 - n 8
3 o LBt -
%S
i SS" & K
=] b [~y Q‘
= s & &

Nanocatalysts

Fig. 6 Comparative TOFs (h'l) of Nig99Pdo 01, Nip.9sPd o5 and Nig 9oPdo 10 nanoparticle catalyst
for, (a) Suzuki reaction with 4-bromoanisole and 4-fluoroboronic acid at 50 °C in H,0O-
C,H50H (1:1 v/v, 20 mL) for 1 h. (b) Heck reaction with 4-iodotoluene and styrene at 80 °C
in H,O-DMF (1:1 v/v, 5 mL) for 14 h. (c¢) Sonogashira reaction with 4-iodotoluene and

phenylacetylene at 80 °C in H,O-DMF (1:1 v/v, 5 mL) for 12 h.

From our study, we reported a remarkable enhancement in the catalytic activity of the

Ni-Pd nanoparticle catalysts for C-C coupling reactions achieved by tuning the Ni to Pd
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atomic ratio in the bimetallic catalyst (Fig. 6). Ni-Pd nanoparticle catalysts having high Ni to__. .

W

DOI: 10.1039/C6CY00037A

Pd atomic ratio show highest activity, and TOFs up to 3.6 x 10° h™! were achieved with
Nig99Pdoo; nanoparticle catalyst for Suzuki-Miyaura reactions. Further, to compare the
efficiency of our Nigg9oPdo; catalyst with various other heterogeneous Pd catalysts reported
for aqueous based Suzuki reaction, we have tabulated most of these catalysts and compared
their TON and TOF (h™"), calculated based on Pd content (Table S6 of the ESIt). Moreover,
high catalytic efficacy (TOFs up to 3.6 x 10° h! ) achieved with the studied NiggoPdg o1
nanoparticle catalyst was also compared with those of the earlier reported bimetallic Ni-Pd
heterogeneous catalyst (Fig. S12 of the ESIf). These results inferred that the Ni-Pd
nanoparticle catalyst taken into study in the present work, displayed much higher activity
than most of the previously reported bimetallic Ni-Pd and monometallic Pd nanoparticle
catalytic systems. Analogous enhanced activity was also observed for Heck and Sonogashira
coupling reactions with NipgPdpo nanoparticle catalysts. Considering the position of
respective metallic components in the electrochemical series, it can be seen that Ni has lower
reduction potential (—0.23 eV) than that of Pd (+0.83 eV). Therefore, one may expect a
natural drift of electronic charge from Ni to Pd, if both the metals are in close proximity.
Alloying Ni and Pd provides a favourable environment for the direct interaction between Ni
and Pd, and therefore transfer of electron from Ni to Pd. To further determine electronic
charge redistribution between Ni and Pd atoms in Ni-Pd alloy nanoparticles, the net charge
localization on Ni and Pd atoms was assessed using the icosahedral Niss, NissPd; (1.8 at%
Pd), Nis,Pd; (5.4 at% Pd) and NigwPds (10.9 at% Pd) clusters by first principles

18-20

calculations. Bader charge analysis defines atoms in a bimetallic system purely based on

electronic charge distribution.?! Icosahedral Mss cluster was chosen, as this corresponds to a

very stable nanocluster with majorly exposed (111) surface,”*2°

and is very much in
consistent with our experimental findings. Also, due to symmetry constraints, icosahedral

Nigo cluster is not possible. Moreover, the next higher analogue of icosahedral cluster will be
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of 147 (Mi47) atoms.”” Therefore we considered icosahedral Mss cluster as an ideal model to .

ew

DOI: 10.1039/C6CY00037A
study the charge distribution in the studied Ni-Pd nanoparticles.

Fig. 7 (a-c) Optimized icosahedral structures of (a) Niss, (b) Nis4Pd; and (c) Nis,Pd; clusters
showing the net accumulated charges on Ni (blue) and Pd (golden yellow) atoms. (d-e) The

charge density difference (CDD) plots of NissPd; cluster (Isosurface value = 0.005 e A'3), (d)

Published on 31 March 2016. Downloaded by University of Sydney on 01/04/2016 15:09:35.

side and (e) top view, showing positive (in red) and negative (in green) charge densities.

The net negative charge accumulation®® occurs predominantly on Pd atoms, where as
Ni atoms were found to be positively charged, suggesting a possible electron charge transfer
from Ni to Pd. As two metals with different Fermi levels/electronegativity are brought
together, charge will flow from the metal with a lower electronegativity (Ni = 1.91) to a
higher electronegativity (Pd = 2.20), and therefore negative charge densities were observed
on Pd atoms. Moreover, having high Ni matrix with very less Pd atoms (as in NissPd,
cluster), such redistribution of charge densities and localization of negative charge densities

on Pd atoms are expected to be more prominent. We observed, the negative charge
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accumulation is more prominent on Pd atoms for NissPd;, which is ca. 2.94% and ca. 3.42%

View Article Online
DOI: 10.1039/C6CY00037A

in comparison to NispPds and NisgPde, respectively. The net average charge on Pd atoms, as
depicted in Fig. 7 (Fig. S10 of the ESIt), are in the order of NissPd; (-0.2872) > Nis,Pd; (-
0.2790) > NisPde (-0.2777). The charge density difference (CDD) plot (Fig. 7 and Fig. S11
of the ESIY) also shows that the maximum amount of charge transfer occurs for NissPd;,

whereas decreases with higher Pd concentrations (Nis;Pds; and NigPdg).

Interestingly, the order of negative charge accumulation on Pd in Niss(Pdy clusters
corresponds very well with the observed trend in catalytic activity of Ni-Pd nanoparticle
catalysts which increases with the increase of Ni to Pd atomic ratio (Fig. 6 and 7). These
results provide further evidence for the substantial Ni to Pd electron charge transfer in Ni-Pd
nanoparticles, where the highly negatively charged Pd atoms are the most favourable site for
facile oxidative addition of arylhalides, and hence the significantly enhanced catalytic

activities for C-C coupling reactions (Scheme 2).

Electro
charge
transfe

Scheme 2 Schematic illustration of Ni (blue) to Pd (golden yellow) electron transfer and the
oxidative addition of arylhalides on negatively charged Pd atoms in the Ni-Pd nanoparticle

catalyst.
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3. Conclusion

View Article Online
DOI: 10.1039/C6CY00037A

In summary, we have successfully explored an easy access to highly active Ni-Pd
nanoparticle catalyst for various C-C cross coupling reactions. The catalytic activity of the
Ni-Pd nanoparticle catalysts exponentially increased with an increase in the Ni to Pd atomic
ratio. The TOF (h'l) of the Ni-Pd nanoparticle catalyst decreases in the order of NiggoPdgo; >
NigosPdoos > NiggoPdp1o for Suzuki-Miyaura reaction, Heck reaction and Sonogashira
reaction. We consider that the enhanced catalytic activity of the Ni-Pd nanoparticle catalyst is
presumably due to large electronic charge transfer from Ni to Pd, and therefore resulted in
negatively charged Pd atoms which subsequently enhance the oxidative addition of
arylhalides, a crucial step of C-C coupling reactions. Our first principles calculations using
icosahedral Niss«Pdx (x = 0, 1, 3 and 6) clusters also displayed a predominantly negative
charge accumulation on Pd atoms in Ni-Pd clusters, suggesting a substantial Ni to Pd charge
transfer. Moreover, introducing high amount of Ni in the Ni-Pd nanoparticle catalyst not only
reduced the cost of the catalyst but also suppresses the leaching of the Pd and made it highly
recyclable up to 7 catalytic cycles without any significant loss in the catalytic activity. The

high recyclability and negligible leaching of Pd in the Ni-Pd nanoparticle catalyst can be

Published on 31 March 2016. Downloaded by University of Sydney on 01/04/2016 15:09:35.

employed for synthesis of several biologically active compounds through C-C bond
formation. Our attempt through this work will draw attention of the scientific community for
the development a class of highly active bimetallic nanoparticle catalysts, so that use of Pd
for coupling reactions can be minimised or vanished by introducing a second inexpensive
metal (non-noble metals), at the same time gain stability and retain heterogeneous nature of

the catalyst.

4. Experimental section

General. High purity metal salts, chemicals were used for the experiments. NMR spectra
were recorded on a Bruker Avance 400 (400 MHz) spectrometer. Chemical shifts are
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reported in ppm relative to the centre of the singlet at 7.26 ppm for CDCI; and centre of triple . ..
DOI: 10.1039/C6CY00037A

at 77.0 ppm for CDCl; in BC NMR. Electron microscopy (TEM and HAADF-STEM)
experiments and elemental analysis (EDX) were performed with a FEI Tecnai F20 ST TEM
(operating voltage 200 kV) equipped with a field emission gun and EDAX EDS X-ray
spectrometer [Si(Li) detecting unit, super ultra thin window, active area 30 mm?, resolution
135 eV (at 5.9 keV)]. SEM images and elemental mapping data were collected on Carl Zeiss
supra 55 (operating voltage 15 kV) equipped with OXFORD Instrument EDS X-ray
spectrometer. For TEM and SEM analysis, a few droplets of the nanoparticle suspension
were deposited onto amorphous carbon-coated 400 mesh copper grids and eventually air
dried. Powder XRD measurements were performed on the dried particles on a Rigaku
SmartLab, Automated Multipurpose x-ray Diffractometer at 40 kV and 30 mA using Cu Ka
radiation (. = 1.5418 A). Le Bail refinements of powder XRD data were performed
considering profile matching with constant scale using FullProf program. ICP-AES analyses
for Ni and Pd (ppm level) were performed using ARCOS (Spectro, Kleve, Germany). XPS
analyses were carried out on a Shimadzu ESCA-3400 X-ray photoelectron spectrometer
using a Mg Ka source (10 kV, 10 mA). All XPS spectra were calibrated by the C 1s peak
(284.6 eV). The Ar sputtering experiments were carried out under the conditions of
background vacuum 3.2 x 10 Pa, sputtering acceleration voltage 1 kV.

Catalytic Suzuki-Miyaura reaction. To the reaction flask containing a suspension of freshly
prepared Ni-Pd nanoparticle catalyst (0.02 mmol based on the metal salt used to prepare the
nanoparticles), in water-ethanol solution (1:1 v/v, 20 mL), was added arylboronic acid (1.2
mmol), aryliodides (1.0 mmol) and NaOH (2.0 mmol), and the reaction content was
magnetically agitated for desired reaction time at room temperature, and for arylbromides
K,CO3 was used instead of NaOH at 50 °C. Progress of the reaction was monitored by TLC.
After completion, the reaction mixture was centrifuged at 7000 rpm, to separate out the

catalysts. The reaction mixture was extracted by dichloromethane (3 x 10 mL) and the
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organic layer was dried over anhydrous Na,SO, which was filtered off, and solvent was .
DOI: 10.1039/C6CY00037A

evaporated at reduced pressure. All the products were characterised by 'H and "*C NMR.

General procedure for Heck/Sonogashira reaction. To the reaction flask containing a

suspension of freshly prepared Ni-Pd nanoparticle catalyst (0.02 mmol based on the metal

salt used to prepare the nanoparticles), in H O-DMF (1:1 v/v, 5 mL), was added arylalkene

(1.5 mmol) or arylacetylene (1.0 mmol) along with arylhalides (1.0 mmol) and K>COj3 (2.0

mmol), and the reaction content was magnetically agitated for desired reaction time at 80 °C.

Progress of the reaction was monitored by TLC. After completion, the reaction mixture was

centrifuged at 7000 rpm, to separate out the catalysts. The reaction mixture was extracted by

dichloromethane (3 x 10 mL) and the organic layer was dried over anhydrous Na,SO4 which

was filtered off, and solvent was evaporated at reduced pressure. All the products were

characterised by 'H and BC NMR.

Computational Details. The first-principles calculations are performed using projected
augmented wave (PAW) method,' as implemented in the Vienna ab initio simulation
package (VASP)." The exchange-correlation potential is described by using the generalized

gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE).** Projector augmented
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wave (PAW) method'® is employed to treat interactions between ion cores and valance
electrons. The structure optimization is done based on the conjugate gradient-minimization
scheme under a spin polarization consideration. A 20x20x20 A’ cubic supercell is used to
optimize the metal clusters to rule out the possibility of interaction of periodically repeated
clusters. The Brillouin zone is sampled using gamma k-point (1x1x1). Plane wave with a
kinetic energy cut off of 340 eV is used to expand the electronic wave functions. Bader

29-31

atomic charges™ are calculated using the Henkelman programme to find out the net

accumulated charges on the Pd atoms using icosahedral Niss«Pdx (x = 0, 1, 3, 5) cluster
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model with twenty (111) facets. We have used the near-grid algorithm with refine-¢dge .
DOI: 10.1039/C6CY00037A

method for the Bader charge analysis.
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Suzuki-Miyaura, Heck and Sonogashira reaction
High TONs (up to 3.6 x 10%) and TOFs

Low Pd content (0.02 mol%)
High recyclability (up to 7 runs)
Low leaching (< 0.16 ppm)

Catalytic activity

A facile access to highly active and durable bimetallic Ni-Pd nanoparticle catalysts for
Suzuki-Miyaura, Heck and Sonogashira C-C coupling reactions was achieved under
moderate reaction condition, wherein an exponential enhancement in TONs/TOFs of the
nanoparticle catalysts was observed with an increase in Ni to Pd atomic ratio in the Ni-Pd

nanoparticle catalyst owing to a substantial electronic charge transfer from Ni to Pd.
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