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Supported Catalysts

Supported Gold Catalyzes the Homocoupling of
Phenylboronic Acid with High Conversion and
Selectivity**

Silvio Carrettin, Javier Guzman, and Avelino Corma*

Coupling reactions are largely dominated by the use of
palladium catalysts and are a powerful and versatile tool in
synthetic organic chemistry for the formation of carbon-
carbon bonds. Among the different coupling reactions, the
Suzuki reaction plays an important role and it is already used
in some industrial processes.”! The possible products include
biaryls which are interesting because of their presence in
many natural products and biologically active compounds.™
This class of compounds can be prepared by two different
types of reactions: homocoupling or cross-coupling.

The general mechanism for the Suzuki cross-coupling
reaction involves the transmetalation of a boronic acid by
Pd** ions. Various examples have recently been reported for
the homocoupling of boronic acids by different metals.”! One
of these¥ shows that homocoupling of boronic acids occurs
by a double transmetalation at Pd*" centers formed by
oxidative addition of an a-halocarbonyl compound to an
initial Pd” complex. The authors found that there was no
reaction in the absence of the a-halocarbonyl compound, thus
confirming that the transmetalation of the boronic acid occurs
at Pd** species. Taking this into account, we thought that as
Au’* is isoelectronic with Pd** and able to undergo the redox
cycle Au**=Au*, it may be possible for a solid catalyst
containing Au** species to be active in the cross-coupling as
well as the homocoupling reaction (Scheme 1). To the best of
our knowledge the only examples of C—C bond formation
catalyzed by gold have been performed using homogeneous
catalytic systems.®”]
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Scheme 1. Possible Suzuki and homocoupling reactions catalyzed by
gold; reaction conditions: 2.25 wt % Au/CeO,, toluene, K,CO;,
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To investigate our hypothesis, we prepared a supported
gold catalyst containing cationic gold species. The support
consists of nanocrystalline ceria particles, which are able to
stabilize ionic states of gold because of their electron-
withdrawing properties.’! Indeed, the IR spectrum of CO
adsorbed on an Au/CeQ, catalyst'”) shows a band at 2148 cm™*
that confirms the presence of Au**ions. This result was
supported by XPS data, which display a peak at 86.2 eV
corresponding to the binding energy (4f,,) of Au** (Support-
ing Information).

To test the reactivity of gold supported on nanocrystalline
CeO, for Suzuki cross-coupling, reactions were carried out
between p-iodobenzophenone and phenylboronic acid
(Experimental Section, Reaction a). We observed that all
the boronic acid was transformed into biphenyl, thus indicat-
ing that the homocoupling reaction occurs with practically
100% conversion and selectivity (Supporting Information).
The product of Suzuki cross-coupling condensation was
detected in very small amounts (< 0.5%).

Interestingly, the reaction also proceeds with the same
conversion and selectivity in the absence of the a-halocar-
bonyl compound and K,CO;. When the reaction is carried out
without K,CO;, the only difference observed is the degrada-
tion of the catalyst. The base is known to activate phenyl-
boronic acid;!'! however, our results indicate that with our
catalytic system base is not needed for the activation of
phenylboronic acid, and its only role is to neutralize the boric
acid. Furthermore, the turnover number (TON) of 20
(calculated as the moles of boronic acid converted divided
by two and by the moles of gold in the catalyst per hour)
indicates that the process is catalytic. It should be noted that
because not all the gold atoms are available for the reaction,
the real TON is likely to be much higher than 20.

Blank experiments without catalyst or using gold-free
nanocrystalline ceria gave no conversion, thus showing that
the catalytically active sites are associated with gold. Possible
Au leaching during the reaction was checked by analyzing
gold in the supernatant liquid by AAS; 0.3+ 0.1 ppm of gold
was detected (Supporting Information). The activity of the
leached gold was found to be negligible by carrying out an
experiment in which 3 ppm of gold (ten times the amount of
leached gold) in the form of HAuCl, was introduced as
catalyst. After 6 h at 333 K the conversion was 1.1 %. Under
the same conditions using our gold catalyst the conversion
was 100 %.

From a stoichiometric point of view, the formation of
boric acid from boronic acid requires the participation of
either a surface hydroxy group (associated to gold"” and/or to
the cerium oxide!') or molecular water that will dissociate
and subsequently hydrolyze the boronic acid to boric acid. For
either case, it is clear that hydroxy groups participate in the
catalytic reaction, and regeneration of such species requires
dissociation of molecular water on the surface of the support
to restore the surface hydroxy groups and generate molecular
hydrogen.'"! The overall homocoupling reaction is therefore
as described in [Eq. (1)].

2 (HO),BPh +2H,0 + Au*" — 2B(OH); + PhPh+ Au™ +H, (1)
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To prove experimentally that this reaction is taking place
we monitored the homocoupling reaction by Raman spectros-
copy to detect H, formation. The results presented in Figure 1
clearly show the presence of molecular hydrogen, as indicated
by the band at 4104 cm 1.1
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Figure 1. Raman spectra of a) toluene; b) H, in toluene; and c) homo-
coupling reaction in toluene.

The presence of H,O is required for this reaction. To
confirm this we performed a set of experiments using
anhydrous materials (Experimental Section, Reaction b)
which lead to only 17% conversion after 7 h. At this point
30 uL of H,O was added, and the conversion increased to
47.5% after another 7 h. Furthermore, when 50 pL of H,O
was added to the dried catalyst and reactants the conversion
increased to 61 %. These results clearly support the impor-
tance of H,O in the catalytic reaction, and suggest the
participation of hydroxy groups in hydrolyzing the boronic
acid.

Raman spectroscopy was used to characterize the addi-
tion of water to the gold catalyst and the support alone. The
spectrum of the Au/CeO, catalyst treated with water shows
the formation of hydroxy groups on the support, as evidenced
by new bands at 3427 and 3594 cm™' (Supporting Informa-
tion). These hydroxy groups disappeared after addition of
phenylboronic acid, thereby indicating the participation of
OH species in the activation of the phenylboronic acid. In
contrast, when the same experiment was carried out with the
CeO, support, the Raman bands representing the hydroxy
groups showed no variation after addition of boronic acid.
These results indicate that gold is required to enhance the
interaction between OH species and the boronic acid. It has
been shown previously that the presence of gold weakens the
surface oxygen species of ceria.™

When boronic acid was mixed with water or with water
and cerium oxide at the reaction temperature in the absence
of gold, neither product formation nor substrate decomposi-
tion were observed. We can therefore conclude that the OH
groups on the surface of the CeO, support interact with the
boronic acid to form boric acid, while two phenyl species
interact with Au** to form a carbon-metal bond. Thus,
homocoupling occurs and Au** is reduced to Au*.

To regenerate the active species and to close the catalytic
cycle, Au* has to be reoxidized to Au**. This oxidation can
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occur by three different routes: by air, by H* generated in the
media, or by Ce** present in the support. We have seen that
the reaction proceeds in the absence of oxygen with the same
activity, therefore the first possibility can be rejected. To
investigate the second option—oxidation of Au* by H to give
Au** and H,—we monitored the homocoupling reaction by
Raman spectroscopy; formation of H, was observed.'”
However, it would appear that the redox potential for the
whole reaction (2HT to H, and Au* to Au**) is not high
enough to cause a spontaneous electron transfer. Neverthe-
less, it should be taken into account that in the case of
nanoparticles, as the number of atoms n per particle
decreases, a nonlinear relationship exists between n, the
redox potential (E,), and the lattice stabilization energy of the
atoms involved. As a consequence, E, decreases drastically
with decreasing n.'¥ Therefore, considering the formation of
H, and the effect of small particle sizes on the oxidation
potential of gold, it is possible that Aut present as a gold
nanoparticle could be reoxidized to Au** by H*.

Looking into the third possibility—Ce** acting as an
oxidant for Aut—it has been reported™ that water disso-
ciates on the surface of cerium oxide to form OH groups and
oxidize Ce™* to Ce**. This reaction produces the H, that was
detected by Raman spectroscopy."? In this case the redox
potential for the reduction of Ce*t to Ce** is high enough to
oxidize Au' to Au’", therefore this is also a promising
candidate for the process that closes the catalytic cycle.
Consistent with this hypothesis, XPS data characterizing the
gold catalyst support the presence of Ce*t and Ce** species
(Supporting information).

We can therefore postulate two possible mechanisms for
the homocoupling of phenylboronic acid on Au/CeO, cata-
lysts (Scheme 2). For both catalytic mechanisms we infer that
Au** is present at the active sites. To confirm this we
investigated a series of Au/CeO, catalysts with different
Au**/Au” and Aut/Au’ ratios, as determined by IR spectros-
copy using CO as a probe molecule. The results presented in
Figure 2 clearly show a direct correlation between the
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Scheme 2. Catalytic cycle for the homocoupling reaction catalyzed by Au*™
species: a) Au™ reoxidation to Au** by H*; b) Au* reoxidation to Au** by Ce**.
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Figure 2. a) Correlation between Au** and Au® species and TON for
the homocoupling reaction catalyzed by gold; b) correlation between
Au* and Au® species and TON for the homocoupling reaction cata-
lyzed by gold. The frequency and intensity of the IR band of CO adsor-
bed on gold catalysts were used to identify Au** (band at 2148 cm™'
representing Au**-bound CO), Au™ (2130 cm™, Au*-bound CO) and
AW’ (2104 cm™', Au’-bound CO).

concentration of Au’* species and catalytic activity; no
correlation was found between catalytic activity and the
concentration of Au* or Au’.

Gold on nanocrystalline CeO, is a much more active
catalyst than gold on precipitated CeO, for the homocoupling
reaction. Consistent with these results, our group has recently
demonstrated that the characteristics of the cerium oxide
surface are extremely important for CO oxidation on an Au/
CeO, catalyst.’! We found that nanocrystalline CeO, (nano-
particles of about 4nm in size with fluorite structure)
increases the activity of gold for CO oxidation by two
orders of magnitude with respect to a precipitated CeO,
support. The results obtained for gold on different metal-
oxide catalysts tested for CO oxidation and for homocoupling
show a direct correlation between the activities (Supporting
Information).

We also studied the homocoupling of other aryl boronic
acids to determine the possible influence of substituents on
the aromatic ring. The Au/CeO, catalyst gave practically
100 % conversion and selectivity in all cases (Table 1).

In conclusion, we have found that gold supported on
nanocrystalline cerium oxide catalyzes the homocoupling
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Table 1: Homocoupling of phenylboronic acids.?

Reaction Yield [%)]

B(OH);—> 100
B(OH); — 100

‘QB(OK g7l
[e]

[a] Reaction conditions: 5 mL toluene, 0.3 mmol of phenylboronic acid,
5mol% of Au, T=333K, 15h; yield determined by GC-MS with
n-decane as internal standard. [b] 3% Acetophenone was formed as
byproduct.

O

reaction of phenylboronic acid with very high activity and
selectivity in the absence of an a-halocarbonyl compound and
presence of a base. Au’* species are the active sites for the
reaction and water is required to hydrolize the boronic acid
through surface hydroxy groups.

Experimental Section

Au/CeQ, catalysts were prepared by precipitation of HAuCl, with
NaOH following a procedure described elsewhere.’! The total Au
content of the final catalyst was determined by chemical analysis to be
225 wt%.

The solvent (5 mL) and the catalyst (the amount depends on the
mol percent of gold required) were added to a 10-mL round-
bottomed flask containing phenylboronic acid (0.3 mmol) and K,CO;
(0.4 mmol). The reactions were carried out at 333 K (unless otherwise
specified) for 15 h with vigorous stirring. The yields and conversions
were determined by GC-MS analysis using decane as internal
standard.

Reaction a (Suzuki cross-coupling): The catalyst (100 mg;
5mol% of Au per mol of PhB(OH),) was added to a round-
bottomed flask together with DMF (5 mL), p-iodobenzophenone
(0.2 mmol), and phenylboronic acid (0.3 mmol). The reaction was
carried out at 433 K.

Reaction b: The catalyst and reactants were dried at 333 K and
10~ Torr and anhydrous solvent was used; the reaction was carried
out at 333 K under nitrgoen.
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