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We reported an effective method to improve the biphenyl selectivity by employing a biphasic solvent of water-
toluene mixture over hydrophilic Pd catalyst. The coupling reactions occurred in water, and the biphenyl product
formed in water could be immediately extracted into the toluene, leading to the shift of reaction balance to the
formation of biphenyl. By using a hydrophilic Pd catalyst, the conversion of phenylboronic acid and biphenyl se-

lectivity could reach as high as 99.0 and 83.0%, respectively, which are much higher than those in mono-phase
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recyclability.

solvent under the same conditions. More importantly, the heterogeneous Pd nanocatalyst exhibited excellent

© 2016 Published by Elsevier B.V.

1. Introduction

One of the most important developments in the field of organic syn-
thesis is the metal-catalyzed coupling reactions, which are widely used
for the formation of C—C bonds [1-12]. The well-known coupling reac-
tions (e.g. Suzuki [1,13-15], Heck [16-18] and Sonogashira reactions
[18-20]) have attracted much attention in both laboratory research
and industrial application. Conventionally, homogeneous Pd complex
is employed as highly active catalyst for the coupling reactions [2,5,
20]. Notably, these homogeneous catalysts have difficulty in separation
and regeneration from the reaction liquor, which makes it high-cost and
environmentally unfriendly for wide applications [21]. Supporting Pd
nanoparticles or complex on the solid support to synthesize heteroge-
neous catalyst is regarded as efficient method to solve the problem in
catalyst separation [22,23,24]. However, in most of these cases, the
soluble organic ligands are still necessary, making these processes are
still unsatisfactory for further application. Therefore, developing
efficient heterogeneous catalysts without using organic ligands is still
challenging.

The aerobic homocoupling of phenylboronic acid has been regarded
as an efficient strategy to synthesize biphenyl without using toxic halo-
gen aromatics [25]. However, phenol by-product is usually formed in
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the homocoupling reactions, where the yield of desired biphenyl prod-
uct is still unsatisfactory. Hindering the formation of phenol to improve
the biphenyl selectivity in homocoupling is an attractive topic, but
achieving this goal is difficult due to the easy formation of phenol
from the coupling of aromatic intermediate and hydroxyl species. Addi-
tionally, it is worth noting that Au-based catalysts of Au™*-Shiff based
complex [26], Au nanoparticles [25,27], and CeO, supported Au>* and
Au™ species [28] have been found to be efficient catalysts for the
homocoupling of phenylboronic acid. To the best of our knowledge, Pd
nanoparticle catalysts, which have been industrially used for various re-
actions, are more beneficial for wide application than Au catalysts, but
the Pd nanoparticles also have the problems in biphenyl selectivity.
Therefore, developing efficient Pd catalysts for the homocoupling of
phenylboronic acid with high selectivity to biphenyl is challenging.

In this work, we reported an effective strategy to improve the biphe-
nyl selectivity by employing a biphasic solvent of water-toluene mix-
ture over hydrophilic Pd catalyst. In this case, the coupling reactions
occurred in water, and the biphenyl product formed in water could be
immediately extracted into the toluene, leading to the shift of reaction
balance to the formation of biphenyl. By using a hydrophilic mesopo-
rous silica supported Pd catalyst, which has been widely studied in var-
ious reactions [29-32], the conversion of phenylboronic acid and
selectivity of biphenyl could reach as high as 99.0 and 83.0%, respective-
ly, which are much higher than those in mono-phase solvent under the
same reaction conditions. More importantly, the heterogeneous Pd cat-
alysts in the biphase solvent can be easily separated, exhibiting excel-
lent recyclability in the aerobic homocoupling reactions.
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2. Experimental
2.1. Sample preparation

All chemicals were commercially available and directly used without
any treatment. MCM-41 was obtained from Xianfeng Nano Co. Ltd.

2.1.1. Synthesis of Pd/MCM-41

Organosilicon-modified MCM-41was prepared from the interaction
between MCM-41 with KH-550. As a typical run, 0.3 g of MCM-41 was
dried at 393 K under vacuum for 3 h, followed by addition of 10 mL of
toluene pretreated and 0.5 g of KH-550. The mixture was refluxed over-
night and collected by rotary evaporation, followed by washing with a
large amount of ethanol. The organosilicon-modified MCM-41 was ob-
tained. Pd/MCM-41 was prepared by addition of organosilicon-
modified MCM-41 into Na,PdCl solution, stirring at room temperature
for overnight, drying at 373 K under vacuum, reduction by NaBH, in an-
hydrous toluene, and washing with a large amount of ethanol and
water. After calcining at 500 °C in oxygen to remove the organic species,
Pd/MCM-41 was obtained. By ICP analysis, the Pd loading was
established to be 1.5 wt%. The Au, Pt and Ru supported on MCM-41
were synthesized in the same method except changing the metal
precursor.

2.2. Sample characterization

Powder X-ray diffraction patterns (XRD) were obtained with a
Rigaku D/MAX 2550 diffractometer with Cu Ka radiation (N =
0.1542 nm). The content of Pd was determined from inductively
coupled plasma (ICP) with a Perkin-Elmer plasma 40 emission spec-
trometer. Transmission electron microscopy (TEM) experiments were
performed on a JEM-3010 electron microscope (JEOL, Japan) with an ac-
celeration voltage of 200 kV. Nitrogen isotherms at the temperature of
liquid nitrogen were measured using a Micromeritics ASAP Tristar.
The samples were outgassed for 10 h at 150 °C before the measurement.
Pore-size distribution for mesopores was calculated using Barrett-
Joyner-Halenda (BJH) model.

2.3. Catalytic tests

Aerobic homocoupling of phenylboronic acid was carried out in a
high-pressure autoclave with a magnetic stirrer. Typically, the substrate,
catalyst, and solvent were mixed in the reactor, then the reaction sys-
tem was heated to a given temperature and oxygen was introduced
and kept at desired pressure. After the reaction, the product was taken
out from the reaction system and analyzed by gas chromatography
(GC-2014 Shimadzu, using a flame ionization detector with a flexible
quartz capillary column coated withOV-1 and FFAP). The conversion
of phenylboronic acid and product selectivities were obtained from
the product yields which was established by internal standard. The re-
cyclability of the catalyst was tested by separating it from the reaction
system by centrifugation, washing with large quantity of methanol
and drying at vacuum for overnight.

3. Results and discussion

In order to obtain hydrophilic Pd catalyst, the KH-550 modified
mesoporous silicate of MCM-41 (Scheme S1, Fig. S1) was employed to
support Pd nanoparticles, denoted as Pd/MCM-41. In this case, the role
of KH-550 is to modify the MCM-41 surface with amino groups, which
benefits the distribution and formation of small-size metal nanoparti-
cles in the mesoporous of MCM-41 [29,33,34]. Fig. 1A shows the
small-angle XRD patterns of Pd/MCM-41, which exhibited peaks at
2.1, 3.7 and 4.2°, assigning to typical p6mm structure, similar to that of
as-synthesized MCM-41. Fig. 1B shows the N, sorption isotherms of
MCM-41 and Pd/MCM-41, which exhibit IV-type curves associated
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Fig. 1. (A) Small-angle XRD patterns, (B) N,-sorption isotherms and (C) pore size
distribution of (a) MCM-41 and (b) Pd/MCM-41.

with typical mesoporous structure. These results indicate the mesopo-
rous structure of MCM-41 was well maintained during the synthesis
of Pd/MCM-41. Notably, the surface area and mesopore diameter of
Pd/MCM-41 (690 m?/g and 2.2 nm) are smaller than those of as-
synthesized MCM-41 (880 m?/g and 2.8 nm), which suggest the suc-
cessful grafting of organosilicon and loading of Pd nanoparticles in the
mesopores (Fig. 1C, Table 1).

TEM gives direct observation of the Pd nanoparticles on Pd/MCM-41.
As shown in Fig. 2A, the Pd nanoparticles are highly dispersed in the
mesopores of MCM-41 support. By counting more than 80 nanoparti-
cles, the Pd nanoparticle size distribution was established at 2-5 nm.
The dispersion degree of Pd (mole ratio of Pd atoms on the surface/
total Pd atoms) was established at 39.3% by CO-adsorption test
(Table 1). Additionally, water-droplet contact angle test was carried
out to understand the wettability of Pd/MCM-41. It is well knows that
silica (MCM-41) is superhydrophilic due to the rich hydroxyl groups.
Notably, after loading Pd nanoparticles, the Pd/MCM-41 is still
superhydrophilic with water droplet contact angle smaller than 5°
(Fig. 2B).

The catalytic tests start from aerobic homocoupling of phenylboronic
acid in various solvent at 80 °C (Figs. S2 and S3). Notably, oxygen was
necessary in these reactions for regenerating the metal sites after the cou-
pling step according to the mechanism in literature [25,35]. As summa-
rized in Table 2, different solvents have obvious influences on the
catalytic performances of Pd/MCM-41. In the solvents of toluene, NMP
and THF, which are usually used in coupling reactions, the Pd/MCM-41
exhibit high selectivity of 80-90% to biphenyl and low phenylboronic
acid conversion of 3.3-33.0% (entries 1-3 in Table 2). In comparison,
when water was used as solvent, the conversion of phenylboronic acid

Table 1
Structural parameters of Pd/MCM-41 and MCM-41.

Samples BET surface area  Pore size  Pd loading  Dispersion degree of
(m*/g) (nm) (%) Pd (%)"

Pd/MCM-41 690 22 1.5 393

MCM-41 880 2.8 - -

2 By ICP analysis.
b By CO-adsorption test.
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Fig. 2. (A) TEM image and (B) Water-droplet contact angle of Pd/MCM-41. Insert: size
distribution of Pd nanoparticles.

could reach as high as 71.0%, but the biphenyl selectivity was extremely
low at only 2.2% (entry 4 in Table 2). This phenomenon is because that
the benzene intermedia could easily react with hydroxyl species in
water to form phenol by-product. When a mono-phase mixture of
water and THF was used as solvent, similar catalytic results to those in
pure water solvent were obtained (entry 5 in Table 2). Interestingly,
when a mixture of water and toluene (weight ratio at 2/3) was used,
the phenylboronic acid conversion could reach as high as 99% with signif-
icantly enhanced biphenyl selectivity at 83.0% (entry 6 in Table 2). These
results indicate the positive effect of the biphase solvent for the
homocoupling of phenylboronic acid to biphenyl.

Furthermore, the influence of water/toluene ratio for the reaction
was studied. As summarized in Fig. 3, the phenylboronic acid conversion
was always very high in the biphase solvent. Notably, the biphenyl se-
lectivity increases with the amount of toluene. Considering both the
phenylboronic acid conversion and the biphenyl selectivity, the bi-
phase water-toluene with weight ratio at 2/3 was employed as the bi-
phase solvent. Moreover, various metals of Au, Pt, and Ru supported
on MCM-41 was also used in the homocoupling reactions in biphase sol-
vent (entries 7-9, Table 2), which exhibit lower activity or selectivity
than the Pd/MCM-41 catalyst. These results indicate the excellent cata-
lytic performances of Pd/MCM-41 in biphase water-toluene for the
homocoupling reactions. Notably, this positive effect of biphase water-
toluene solvent is not only limited to Pd/MCM-41 catalyst, but also
can be extended to the other hydrophilic catalysts of Pd/TiO, and Pd/
MgO. In the biphase solvent, Pd/TiO, and Pd/MgO exhibited high Ph-
B(OH), conversion and biphenyl selectivity, which is unachieved in
the toluene solvent (Table S1).

In order to understand the unique catalytic performances of Pd/
MCM-41 in the biphase solvent, the content of substrate and products

Table 2
Catalytic data in aerobic homocoupling of phenylboronic acid over Pd/MCM-41 in various
solvents.

Entry Solvent Catalyst Conv. of Ph-B(OH), (%) Selectivity (%)
Ph-Ph Ph-OH
1 Toluene Pd/MCM-41 33.0 90.0 10.0
2 NMP Pd/MCM-41 11.0 89.0 11.0
3 THF Pd/MCM-41 33 80.0 20.0
4 H,0 Pd/MCM-41 71.0 2.2 97.8
5 H,0 + THF" Pd/MCM-41 4.4 59 94.1
6 H,0 + Toluene® Pd/MCM-41 99.0 83.0 17.0
7 H,0 + Toluene® Au/MCM-41 34.2 905 9.5
8 H,0 + Toluene® Pt/MCM-41 4.0 102 89.8
9 H,0 + Toluene® Ru/MCM-41 <1.0 - -
10 Hy0 + Toluene®® Pd/MCM-41 92.0 795 205

@ Reaction conditions: 1 mmol of phenylboronic acid, 0.2 mmol of Na,COs, 5 mL of
solvent, 30 mg of Pd/MCM-41 catalyst, 1.5 MPa of Oy, 80 °C, 6 h.

b 2 g of water and 3 g of THF.

¢ 2 g of water and 3 g of toluene.

4 In the fifth run.
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Fig. 3. Catalytic data of Pd/MCM-41 in aerobic coupling of phenylboronic acid in biphase
solvent with different water and toluene ratios. The reaction conditions are the same to
those in Table 2.

in water and toluene phase were analyzed separately. The contents of
phenylboronic acid, biphenyl, and phenol in water and toluene phase
before and after reaction were summarized in Table 3, before the reac-
tion, most of the phenylboronic acids are presented in water phase con-
taining Na,COs due to the high solubility in basic aqueous solution. After
a 6-h conversion, all the phenylboronic acid was converted, and the bi-
phenyl products are presented in toluene, while most of the phenol
products are present in water. During the reaction process, the Pd/
MCM-41 catalyst with superhydrophilicity was always present in the
water phase. Based on these phenomena, it could be reasonably to pro-
pose that the conversion of phenylboronic acid occurred in water phase
via two reaction routes to form biphenyl and phenol. During the reac-
tion, the biphenyl product was immediately transferred into the toluene
phase, while the phenol product was kept in water (Scheme 1). This
biphase system could form high concentration of phenol and low con-
centration of biphenyl around the Pd/MCM-41 catalyst in water phase,
thus shifting the reaction balance to the formation of biphenyl [35].

It is worth noting that the Pd/MCM-41 catalyst is recyclable. After
each reaction run, the catalyst can be easily separated from the reaction
system and reused in the next run. Even after using for five times, the
catalyst still gave phenylboronic acid conversion at 92.0% and biphenyl
selectivity at 79.5% (entry 10 in Table 2), which are comparable to those
of the as-synthesized catalyst. These results indicate the good recycla-
bility of Pd/MCM-41.

4. Conclusion

In summary, we report an efficient bi-phase water-toluene solvent
for the aerobic homocoupling of phenylboronic acid to biphenyl. By
employing superhydrophilic Pd/MCM-41 as catalyst, the selectivity to
biphenyl could reach 83.0% with 99.0% conversion of phenylboronic
acid, which are much higher than those in the conventional monophase
solvent. The good catalytic performances are reasonably attributed to
the synergistic effect of bi-phase water and toluene, which are favorable
for shifting the reaction balance to the formation of biphenyl. This work

Table 3
The content of phenylboronic acid, biphenyl, and phenol in biphase solvent.”

Distribution ~ Contents of various compounds (mmol)

Before reaction After 6-h reaction

Ph-B(OH),  Ph-Ph  Ph-OH  Ph-B(OH), Ph-Ph  Ph-OH
Total 1.00 - - 0.01 0.82 0.17
In toluene 0.05 - - - 0.82 0.02
In water 0.95 - - 0.01 - 0.15

2 Reaction conditions: 1 mmol of phenylboronic acid, 0.2 mmol of Na,COs, 2 g of water
and 3 g of toluene, 30 mg of Pd/MCM-41 catalyst, 1.5 MPa of 0,, 80 °C, 6 h.
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would be helpful for developing more efficient strategies for coupling
reactions in the future.
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