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Abstract Polysilane/alumina-supported palladium nanoparticle cata-
lyzed carbonylative Suzuki–Miyaura coupling reactions under ligand-
free conditions have been developed to synthesize diaryl ketones. High
yields and selectivities were achieved even with low catalyst loading un-
der atmospheric pressure of CO gas. A variety of aryl iodides and aryl-
boronic acids could be utilized to afford the diaryl ketones in excellent
yields. Moreover, the ligand-free immobilized palladium nanoparticles
could be recovered by simple filtration and the catalytic activity could
be maintained for several runs.

Key words carbonylative Suzuki–Miyaura coupling, heterogeneous
catalyst, palladium catalyst, nanoparticle, diaryl ketones

Diaryl ketones are important building blocks that are

present in a variety of molecules, such as pharmaceuticals,1

bioactive natural products,1,2 and photosensitizers.3 These

compounds are conventionally accessed from acyl halides

via Friedel–Crafts reaction;1,4 however, the low regioselec-

tivity and requirement for a stoichiometric amount of Lew-

is acid are significant drawbacks. Among the known meth-

odologies for the synthesis of diaryl ketones, palladium-cat-

alyzed three-component coupling of aryl halides,

arylboronic acids, and carbon monoxide offers a promising,

potentially ideal, option. Although these reactions have

been well documented since the pioneering work by Suzuki

and co-workers,5 several drawbacks remain, including the

requirement for high loading of expensive palladium cata-

lysts and ligands, and elevated temperature and pressure.6

Heterogeneous catalysts have several advantages over

homogeneous catalysts because they are easy to separate

from products and are generally reusable. In carbonylative

coupling reactions, the presence of an excess amount of

carbon monoxide, which works as a -acidic ligand, tends

to prevent an oxidative addition process and cause metal

leaching and aggregation. To address these issues, electron-

rich ligand moieties, such as amine,7 phosphine,8 thiol,9 and

N-heterocyclic carbene,10 have often been introduced to the

support to activate and stabilize Pd species. However, te-

dious multistep functionalization of the support is neces-

sary for this strategy, and nonfunctionalized carbon-sup-

ported Pd catalysts show lower activity and require high-

pressure conditions.11 Therefore, the development of readi-

ly accessible heterogeneous Pd catalysts with high catalytic

activity and selectivity toward noncarbonylative coupling

remains an important challenge.12

To convert homogeneous catalysis into the correspond-

ing heterogeneous form, immobilization of metal nanopar-

ticles on a solid support is of great interest because of the

reusability, robustness, and high catalytic activity that such

systems can offer.13 Our group developed poly(dimethyl)si-

lane-immobilized metal nanoparticles with alumina as a

second support, and the resulting catalysts have been uti-

lized in several reactions, such as hydrogenation14 and

asymmetric 1,4-addition.15 High catalytic activity, robust-

ness, and reusability were observed in previous reports.

These supports are readily available and this catalyst (PPD-

100) itself is commercially available. Herein, we examined

the use of PPD-100 and readily available polysilane/Al2O3-

immobilized Pd nanoparticles, in carbonylative Suzuki–Mi-

yaura coupling reactions.

To start our investigation, we selected p-iodotoluene

(1a) and phenylboronic acid (2a) as model substrates. The

initial reaction was conducted in the presence of PPh3 using

a CO gas balloon (Table 1, entry 1) under reported reaction
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conditions.16 The desired product could be afforded with

excellent yields and the competitive Suzuki–Miyaura cou-

pling product was only observed in a trace amount. Howev-

er, a significant amount of Pd leached to the solution, which

might be caused by the coordination with PPh3 ligand.

Hence, a ligand-free reaction was examined (entry 2). A de-

creased but acceptable yield was obtained and the amount

of metal leached out was dramatically suppressed. The in-

clusion of organic base, such as Et3N, was detrimental in

terms of both yield and metal leaching (entry 3).

Table 1  Optimization of Reaction Conditions

After intensive screening of the reaction time, tempera-

ture, and equivalents of reagents (see Table S1 in the Sup-

porting Information for the full entries), almost full conver-

sion of 1a could be achieved in larger scale reactions with

decreased catalyst loading and base equivalents (entry 4).

However, the selectivity dropped, which might be caused

by the decreased mixing efficiency between gaseous CO

and the liquid phase with the increased reaction scale.

Hence, a needle was connected to a CO gas balloon and

dipped into the reaction mixture to directly introduce CO

gas into the liquid phase by bubbling. With this modified

technique, the desired product was afforded with excellent

yield and selectivity without a significant amount of metal

leaching (entry 5). The desired product could still be afford-

ed with excellent yields with either shorter reaction time

(entry 6) or decreased amounts of catalyst (entries 7 and 8).

To our knowledge, these are the lowest reported catalyst

loadings to achieve high yield and selectivity under atmo-

spheric pressure of CO gas (Table S2 in the Supporting Infor-

mation).

With the optimized conditions in hand, a range of aryl

iodides (1a–f) with different steric and electronic proper-

ties were utilized to study the generality of the developed

method (Scheme 1). When the effect of substituents on the

aryl ring at different positions (1a, 1b, and 1c) was exam-

ined, decreased yields and selectivities towards Suzuki–Mi-

yaura coupling were observed in the case of ortho-substi-

tuted substrate. Both electron-deficient (1d) and electron-

rich (1e) aryl iodides were tolerated, affording the desired

products in excellent yields. Moreover, heteroaryl iodide 1f

was investigated, and an excellent yield could be achieved.

Furthermore, the scope of the reaction with arylboronic ac-

ids 2a–d was also explored under the optimized conditions.

Despite the different electronic properties, the desired

products could be obtained in excellent yields while utiliz-

ing slightly modified reaction conditions.

Scheme 1  Substrate scope. a K2CO3 (1.1 equiv) was reacted for 18 
hours. b K2CO3 (1.1 equiv) was used. c Reacted for 8 hours. d Reacted for 
12 hours.

To examine the robustness of PPD-100 catalyst towards

the carbonylative Suzuki–Miyaura coupling reactions, the

recovery and reuse of catalysts was conducted with the

model reaction (Table 2). Upon reactivation with H2 at

100 °C, the catalytic activity of PPD-100 could be main-

tained with a slight loss in yields within five runs.

In summary, we have developed a carbonylative Suzuki–

Miyaura coupling reaction with readily available PPD-100

catalyst.17 Excellent yields and selectivities could be ob-

served for a variety of substrates under ambient pressure

with low catalyst loading without using any ligands. The

catalysts could be reused for several runs without signifi-

cant loss in catalytic activity.

Entry PPD-100 (mol%) Conv. (%)a 3aa (%)a 3aa′ (%)a Pd leaching (%)b

1c,d 3 96 98 trace 24.7

2c 3 84 78 7 0.3

3c,e 3 58 20 0 15.1

4f 1 95 74 21 0.2

5f,g 1 full 95 7 0.6

6f,g,h 1 full 97 6 –

7f,g,i 0.5 full 93 7 –

8f,g,i 0.25 99 86 15 –

a Determined by gas chromatography (GC) analysis with 1,3,5-trimethoxy-
benzene as internal standard.
b Determined by inductively coupled plasma analysis of the reaction solution 
after filtration (‘–’ not determined).
c Conditions A: PhB(OH)2 (1.1 equiv), K2CO3 (3.0 equiv), 0.167 M concentra-
tion, 80 °C for 5 hours with 0.1 mmol scale.
d With PPh3 (3.3 mol%).
e Et3N was used instead of K2CO3.
f Conditions B: PhB(OH)2 (1.5 equiv), K2CO3 (1.5 equiv), 0.2 M concentration, 
reacted at 100 °C for 18 hours with 0.4 mmol scale.
g CO gas was introduced into the liquid phase by bubbling from a CO balloon.
h Reacted for 5 hours.
i Reacted for 12 hours.
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O

1a (1.5 equiv)
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Filtration

Catalysts
and K2CO3

Wash with H2O, 
MeOH, acetone Dry in vacuo

Recovered
catalysts

Reactivation with H2

100 °C, overnight
under H2
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