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Abstract

The unusual catalytic activity of bimetallic Au/Pd alloy nanocluster for Ullmann coupling reaction of
bromobenzene has been theoretically investigated by mean of DFT with M06 functional. It is found that two
factors governing the catalytic activity of Au/Pd towards bromobenzene are the stability of dissociative
chemisorption in the oxidative addition step and leaching of Pd during the progress of the reaction. The

differences in catalytic activity between bimetallic Au/Pd and monometallic Au are also discussed.
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1. Introduction

The synthetic methods of symmetrical
biaryls have been the subject of considerable
attention since the discovery of the Ullmann
coupling reaction in the early 19" century [1]. The

traditional Ullmann coupling reaction is the copper-
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mediated nucleophilic aromatic substitution of
aromatic halides which is, however, required
stoichiometric amounts of copper salts together
with high reaction temperatures (>200°C) and long
reaction time. Several reviews on this reaction and

subsequent developments of alternative copper-
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based methodologies have discussed in great detail
[2], [5]. Despite, Dhital et al. have introduced a new
strategy to overcome these limitations by using the
bimetallic gold/ palladium alloy stabilized by
poly(N-vinyl-2-pyrrolidone) (PVP) as the catalyst
(Figure 1a) [6]. The use of such catalyst enables us
to perform Ullmann coupling of chloroarenes under
low temperature (27-35°C) providing a certain high
selectivity and yield to the desired products.
Moreover, the bimetallic nanocluster was found to
have higher catalytic activity toward chloroarenes
than their Bromo equivalents and completely inhibit
the coupling of aryl iodides [7]. This surprising
finding is in the opposite trend with the
conventional reactivity of aromatic halides in the
oxidative addition processes, the first elementary
step of Ullmann coupling reaction (aryl iodides>aryl
bromides> aryl chlorides). Up to the present time,
the origin of different catalytic activity of such
reaction is not clearly understood and remains
considerable debate. Therefore, in this work, we
have  performed theoretically = mechanistic
investigation to address the fundamental questions
regarding the unusual activity of the Ullmann
coupling reaction catalyzed by bimetallic
gold/palladium alloy.

As a part of our efforts to investigate the
reaction mechanisms occurred on Au and AuPd
nanoclusters (NCs), we have successfully employed

DFT with M06 functional to
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Figure 1 (a) Ullmann coupling of chloroarenes
catalyzed by Au/Pd:PVP catalyst (b) Oxidative

addition of chloroarenes on Au/Pd surface.

estimate the stability of intermediates and transition
structures as well as activation barriers of interest
[ 6] . We found that, an essential step, which
determines the characteristics difference in the
catalytic activity of Au and AuPd NCs of Ullmann
coupling of chloroarene is the oxidative addition
resulting in C—Cl bond dissociation followed by the
spillover of Cl atom (Figure 1b). The high catalytic
activity of the AuPd NCs is due to the substrate
being adsorbed effectively onto the alloy surface
and the subsequent activation barriers of oxidative
addition are significantly small, which is unlikely to

occur with single metal gold catalysts.

2. Model and Method

To investigate the reaction mechanism of
oxidative addition on the Au and Au/Pd alloy
nanoclusters (NC) stabilized by poly(N-vinyl-2-
pyrrolidone) (PVP), we select 20-atom gold and

gold/ palladium NCs, Au,, and Au,,Pd, as the

102
model system because we have recently shown that

Au,, and Au, Pd,, are the practical catalyst models
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Figure 2 Au, Pd,, structures with point group
symmetries and the corresponding relative energies

(kJ/mol) for (a) DFT-fit (b) exp-fit (c) average.

for the theoretical study of the oxidation reactions
on Au and Au/Pd alloy NCs [ 6], [7]. Global
optimization of Au/Pd NCs were performed using a
genetic algorithm, coupled with the Gupta many-
body empirical potential. Three sets of Gupta
potential parameters have been employed in this
work: (a) an average of pure Pd and Au parameters,
(b) experimental Pd- Au-fitted parameters, and (c)
DFT-fitted parameters, as listed in Ref12.
Subsequently, we performed structural
optimization for Au,,Pd,, NCs obtained after global
minima searching by DFT calculation with M06
functional which has recently been proven useful
for the study of physical and chemical properties of
gold such as its dimensionality and the chemical
reactions catalyzed by gold NCs [10], [11]. All
calculations in this part were carried out using the
GAUSSIAN 09 suite of programs [12]. The full
electron calculation is rather time- consuming;
therefore, it is better to introduce effective core
potentials including relativistic effects (RECP) for
the Au (Xe core) and Pd (Kr core) atoms in order to
describe the inner core electrons. Under this
approximation, the 19 valence electrons in the outer

shell (5s5p5d6s) of the Au atom and the 18 valence

electrons in the outer shell (4s4p4d) of the Pd atom
are described through the corresponding LanL.2DZ
basis sets [ 18]. The 6-31G(d,p) basis sets were
employed for hydrogen and carbon atoms. During
the optimization, all catalyst clusters and substrates
were fully relaxed without any symmetry
constraints. The default convergence thresholds of
the maximum force, root- mean- square ( RMS)
force, the maximum displacement of atoms, and
RMS displacement were set to 0.00045, 0.0003,
0.0018, and 0.0012 a.u., respectively. The free
energies of Pd- Leaching on Au, AuPd and Pd NCs
were calculated in the presence of a continuum
solvation approach, SMD [19]. Six components of
d-functions and ten components of f-functions were
also employed to examine Pd-Leaching process. All
the ground state optimized structures are local
minima; vibrational analysis performed at the
optimized structures contained no imaginary
frequencies. The Synchronous Transit- Guided
Quasi-Newton (STQN) Method, developed by H.
B. Schlegel and coworkers was employed in order
to approach the quadratic region around the
transition states [20]. All the optimized transition
state structures possessed only one imaginary
frequency in the range of - 1,500- 1,200 cm’ !
indicating the true transition state connected to the

corresponding the local minima structures.

3. Results and Discussion
3.1 Model of Gold-Palladium clusters
In comparison between optimized

Au,Pd,, NCs, we found that the stability of
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Au,Pd, NCs is in order of DFT- fit>exp-
fit-average. Nevertheless, one can see that there is
not much difference in the relative energy between
the DFT-fit and exp-fit configuration (Figure 2).
Therefore, we chose these two Au,Pd,, NCs to
examine further examine the oxidative addition of
bromobenzene in the next step. In addition, it is of
interest to compare the catalytic activity between
bimetallic AuPd NC and monometallic Au NC.
Therefore, we also used Au,,, which have been
demonstrated as a suitable model for simulating the
reactions on the surface of Au:PVP [6,15] as a
catalyst model and then compared the calculated
results between them

Regarding the optimized Au,,Pd,, NCs, it
appears that there are three and eight surface Pd
atoms located in different environment of DFT- fit
and exp- fit, respectively. We performed the
calculations of the oxidative addition of
bromobenzene on all these Pd atoms and found that
such reaction is energetically preferred to take place
on Pd1 of DFT-fit (Figure 2) due to the lowest
activation barrier of 29.5 kJ/mol (see Table 1).
Next, we compare the calculated results with mono
metallic Au NC as follows.

3.2 Reaction mechanism

In this study, we have proposed the
oxidative addition of bromobenzene which takes
place on Au,, and Au,,Pd,, in the same manner as
our recent previous study (Figure 3). The reaction
is initiated by the adsorption of bromobenzene

forming 7T-complex interaction between 7T bond of

Table 1. Calculated energies of adsorption complexes
(Ads), transition states (TS), intermediates and
activation barriers ( Ea) involved the oxidative
addition of bromobenzene on Au,Pd,, with DTF-

fit and exp-fit configurations (kJ/mol).

Ads TS Int E,

DFT-fit
Pd1 -160.4 -113.3  -2349 47.1
Pd2 -167.4 -108.1  -241.7 593
Pd3 -176.4  -105.1 -241.7 713

exp-fit
Pd1 -178.4 -148.9  -2555 295
Pd2 -122.1 -84.0 -211.8  38.1
Pd3 -151.7 -112.8  -1954 389
Pd4 -155.8  -1204 -188.3 354
Pd5 -135.5 -89.6  -212.0 459

Pd6 -174.7 -127.0  -247.6 47.7
Pd7 -174.7 -138.9  -262.1 35.8
Pd8 -163.0 -112.9  -184.9 50.1

bromobenzene and metal atoms on the facet site of
Au,, and on the Pdl of Au, Pd,, (exp-fit) NCs,
respectively. It appears that the ligand ( electronic)
effect plays an important role for this step of the
reaction. The structures of bromobenzene adsorbed
on Au, Pd,, is significantly changed compared with
that of Au,, mainly because of the stronger
interaction (-131.3 vs. -178.4 kJ/mol). The average
C- C bond distances of bromobenzene are
lengthened from 1.391 A (isolated species) to 1.392
A and 1.423 A for the adsorption on Au,, and
Au,Pd,,, respectively.

Considering the transition states of C— Br
dissociation, we found that the role of Pd is not only
to enhance the stability of the adsorption complex

on Au,Pd, , but also significantly stabilize the

102
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Figure 3 Energy profile diagram of oxidative addition

of bromobenzene on Au,, and Au,,Pd,, NCs.

corresponding transition structures. As shown in
Figure 3, it is clearly shown that in the presence of
Pd atom on the surface of Au,Pd,, NC, the
transition states of C—Br bond dissociation (TS_A2
and TS C2) are significantly more stable than
those of Au,, (TS_Al and TS_C1) yielding as a
consequence the lower activation barriers (123.9 vs
72.5 kJ/mol). The high activation barriers of C—Br
bond dissociation on Au,, could support the
experimental results that the reaction does not take
place with gold single- metal nanocluster alone, nor
with a physical mixture of the gold and palladium
metals [6].

Furthermore, our results indicate that
these bond dissociations are energetically preferred
via the transition states associated with the
formation of adsorbed phenyl group on Pd atom and
adsorbed Br on the next- nearest-neighbor Au-Pd
(Int_B2) due to the low activation barrier of 49.8

kJ/ mol. Nevertheless, an alternative reaction

pathway that directly provides phenyl group and Br
attached on the same Pd atom (Int_A2), is also
responsible for this reaction. We found that
adsorbed Br can undergo the spillover on the
surface of Au, Pd,, requiring activation energies of
66.7 kJ/mol.

It is worthy of note that even the
activation barriers of C- Br dissociation are
comparable with the conventional trend for the
reactivity of aromatic halides in oxidative addition
processes ( bromides>chlorides) , the calculated
adsorption energies of intermediates on Au Pd,,
exceed - 200 kJ/ mol indicating the very strong
interaction of such intermediates on Au,,Pd,,,.
These interactions are probably too strong to
proceed with the rest of coupling reaction proposed
in our previous study including oxidation addition
of another benzyl halides and subsequent reductive
elimination. At this point, we suggest that such
strong interactions might be an explanation for the
unusual catalytic activity of Au, ;Pd, :PVP in which
the Ullmann coupling reaction of bromobenzene is
slower than that of chlorobenzene and it shows no
catalytic activity towards lodobenzene [7]. In this
article, we also investigate the possibility of the
leaching process of surface Pd from Au,Pd,, NC if
oxidative addition occurs on a single metal atom to
afford Pd(1I) intermediate (equation 1 and Figure
4). The free energies (AG,,) of such process,
which were calculated using a new continuum
solvation model developed by Truhlar and co-

workers [19], are listed in Table 2.
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Figure 4 Pd-leaching during the oxidative addition
of bromobenzene on Au,,Pd,, cluster in the

presence of waters.

CHBr+2H,0 +Au,Pd;, _

C,H.Pd(H,0),Br+Au,,Pd, (1)

Based on our results, it indicates that the leaching of
surface Pd atoms from Au,Pd,, cluster could take
part in the catalytic cycle. In other word, we suggest
that catalysis in the oxidative addition of
bromobenzene might occur involving atomic Pd
leached from Au,Pd,, to afford Au,Pd, and
CH,Pd( H,0) ,Br. Since the Ullmann coupling
reaction was identified to occur on the surface of
Au, ;Pd, :PVP, the leaching of Pd could be a factor

that determines the relative low catalytic activity of

Table 2. Calculated free energies of leaching

process of Pd from Au,,Pd,, (AGM).

Catalyst models AG, ., (kJ/mol)
DFT-fit

Pd1 -18.5
Pd2 -16.0
Pd3 -17.5
exp-fit

Pd1 -39.5
Pd2 -24.8
Pd3 -15.5
Pd4 -12.5
Pd5 -0.2
Pd6 -8.4
Pd7 -13.7

Pd8 -33.4

Au,Pd,, towards aryl bromides in comparison with

aryl chlorides.

4. Conclusions

In summary, we have theoretically
demonstrated that Au,Pd,, shows the same trend in
the reactivity of aromatic halides for oxidative
addition processes (bromide>chloride) because it
requires small activation energies. However, the
catalytic activity of Au,,Pd,, for the first step of the
Ullmann coupling reaction of bromobenzene could
be suppressed by two factors including the relatively
high stability of dissociative chemisorption and
leaching of Pd during the progress of the reaction.
The oxidative addition of bromobenzene cannot
take place on the monometallic gold cluster (Au,,)
due to the high activation barriers of C— Br bond
activation which is in agreement with experimental

observation.
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