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In this work, we present ligand-free Suzuki cross-coupling reactions in PEG 300 under thermal conditions
at 55 �C with good yields of conversion; better results were obtained with low reaction time. In 1 hour, 1-
iodo-4-nitrobenzene and phenylboronic acid reached 98% of the yield and 9700 of TON. Better results
were obtained with Pd(0) sources. The reaction system was recycled up to three times with good activity.

� 2010 Elsevier Ltd. All rights reserved.
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Palladium-catalyzed carbon–carbon cross-couplings are capa-
ble to generate a wide variety of useful compounds.1 Suzuki–Miya-
ura reaction2 is used in academic research as well as in
pharmaceutical and fine chemical industries in the synthesis of or-
ganic frameworks.3 Ligands such as triphenylphosphines and qua-
ternary ammonium salts may reduce and stabilize palladium by
the formation of Pd(0) species which can accelerate the coupling
reaction.4 Nevertheless, they are toxic, expensive, and usually
unrecoverable. Ligand-free reactions are economically and envi-
ronmentally viable, so an increasing interest in these reactions
has been noticed. Indeed, the replacement of expensive and flam-
mable solvents by water or aqueous systems is highly desirable
due to the cost reduction and greener appeal. Polyethylene glycols
(PEGs)5 are linear hydrosoluble polymers which have been emerg-
ing as effective green solvents in several cross-coupling reactions.

Our group has been studying Suzuki reactions promoted by
ultrasound,6 microwaves,7 and thermal conditions8 using both or-
ganic and aqueous reaction media. Hence, continuing the study of a
new methodology for these reactions, we have performed experi-
ments using varying solvents, palladium sources, bases, and reac-
tion conditions. Our studies started by establishing the best
condition for the Suzuki coupling between phenylboronic acid
and 4-bromoacetophenone, the model reaction9 (Scheme 1). Be-
sides PEG 300, ethanol and water were also investigated as reac-
tion media. To verify the influence of the reaction temperature
along with the activation mode, we have carried out experiments
under conventional heating and ultrasound power at room tem-
perature or 55 �C, the highest temperature achieved by our ultra-
sonic bath.10 As palladium sources, supported and unsupported
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ones, such as Pd2(dba)3, Pd(OAc)2, Pd/C, and Pd/BaSO4, were
screened. Due to the important role of bases in the Suzuki reac-
tion,11 we have investigated inorganic and organic ones. The re-
sults are summarized in Table 1. Gratifyingly, for this model
reaction, one hour was enough to promote the quantitative conver-
sion of 4-bromoacetophenone. However, it was also observed a
small amount of biphenyl as a result of the phenylboronic acid
homocoupling.

Entries 1–3 show that PEG 300 was the best solvent among
those tested. Entry 4 evidences that Pd/C 0.1% was not catalytically
active while Pd2(dba)3, Pd/BaSO4, and Pd(OAc)2 allowed to obtain
highly chemoselective products (Table 1, entries 3, 5, and 6). In face
of these good results, a palladium amount of 0.05% was tested.
With this condition, the aryl halide conversion could not be effec-
tive under heterogeneous catalysis (Table 1, entry 7); by contrast,
good yields could be achieved under homogeneous one (Table 1,
entries 8 and 9). A further decrease of palladium concentration to
0.01% permitted to reach a 93% yield with Pd2(dba)3 (Table 1, entry
10) and a 77% yield with Pd(OAc)2 (Table 1, entry 11). These results
impelled us to apply Pd2(dba)3 0.01% in further catalytic tests. En-
tries 12–14 clearly show that K2CO3 is the best base for this sys-
tem. No reaction was observed using organic bases as also
evidenced by the results of Han et al.5b Concerning the reaction
O

Scheme 1. Suzuki reaction between 4-bromoacetophenone and phenyl boronic
acid.
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Table 1
Study of the best condition for Suzuki reaction between 4-bromoacetophenone and phenyl boronic acid

Entry Catalyst Base Solvent Conversion (%) 4-Phenylacetophenone yielda (%) Biphenyl yielda (%) TONb

1 Pd2(dba)3 0.1% K2CO3 Water 56 55 1 560
2 Pd2(dba)3 0.1% K2CO3 Ethanol 55 54 1 550
3 Pd2(dba)3 0.1% K2CO3 PEG 300 100 90 10 1000
4 Pd/C 0.1% K2CO3 PEG 300 0 — — 0
5 Pd/BaSO4 0.1% K2CO3 PEG 300 100 93 7 1000
6 Pd(OAc)2 0.1% K2CO3 PEG 300 100 92 8 1000
7 Pd/BaSO4 0.05% K2CO3 PEG 300 2 2 - 40
8 Pd2(dba)3 0.05% K2CO3 PEG 300 100 94 6 2000
9 Pd(OAc)2 0.05% K2CO3 PEG 300 100 95 5 2000

10 Pd2(dba)3 0.01% K2CO3 PEG 300 93 89 4 9300
11 Pd(OAc)2 0.01% K2CO3 PEG 300 77 75 2 7700
12 Pd2(dba)3 0.01% K3PO4 PEG 300 63 63 — 6300
13 Pd2(dba)3 0.01% N(et)3 PEG 300 0 — — 0
14 Pd2(dba)3 0.01% DBU PEG 300 0 — — 0

15c Pd2(dba)3 0.01% K2CO3 PEG 300 63 61 2 6300
16d Pd2(dba)3 0.01% K2CO3 PEG 300 75 74 1 7500

a Measured by GC–MS.
b n mols products/n mols catalyst.
c Under room temperature.
d Under ultrasound.

3884 A. d. C. Silva et al. / Tetrahedron Letters 51 (2010) 3883–3885
temperature, entries 10 and 15 show that heating was needed to
give better results. Finally, comparing entries 10 and 16 it is clear
that ultrasound was not as effective as the thermal method. Hence,
the best set of conditions for the model reaction is presented in en-
try 10, which has a great TON (9300). The corresponding reaction
Table 2
Catalyst recycle of the Suzuki reaction between 4-bromoacetophenone and phenyl boronic

Entry Run Conversion (%)

1 1st 99
2c 2nd 91
3c 3rd 84
4c 4th 55

a The time was increased by 30 min here to give a higher yield in the first run in ord
b Measured by GC–MS.
c Run without adding base, solvent, and catalyst.

Table 3
Suzuki reaction between different aryl halides and boronic acids using PEG 300, K2CO3, an

Entry Aryl halide Boronic a

1c 4-Iodonitrobenzene Phenyl bo
2d 4-Iodotoluene Phenyl bo
3d 4-Iodoanisol Phenyl bo
4e Iodobenzene Phenyl bo
5f Iodobenzene Phenyl bo
6g Bromobenzene Phenyl bo
7g Chlorobenzene Phenyl bo
8i Chlorobenzene Phenyl bo
9i 2-Bromopyridine Phenyl bo
10j 4-Bromoacetophenone 4-Fluorop
11i 4-Iodonitrobenzene 2-Furanb
12i 4-Iodoanisol 2-Furanb
13i 4-Bromoanisol 2-Furanb
14i 4-Bromoanisol 2-Thioph
15i 5-Bromopyrimidine Phenyl bo

a n mols products/n mols catalyst.
b Isolated yield (procedure in Ref. 9).
c 1 h of reaction, Pd2(dba)3 0.01%.
d 2 h of reaction, Pd2(dba)3 0.01%.
e 5 h of reaction, Pd2(dba)3 0.01%.
f 3 h of reaction, Pd2(dba)3 0.1%.
g 24 h of reaction, Pd2(dba)3 0.01%.
h Yield measured by GC–MS.
i 24 h of reaction, Pd2(dba)3 1%.
j 3 h of reaction.
was then reproduced three times with minimal differences among
them.

The capacity of recycling the catalyst was also investigated.
Good yields were obtained up to three runs. The results are sum-
marized in Table 2.12
acid using PEG 300, K2CO3, Pd2(dba)3 0.01% at thermal condition at 55 �C for 90 mina

4-Phenylacetophenone yieldb (%) Biphenyl yieldb (%)

95 4
88 3
82 2
55 —

er to do the recycle.

d thermal condition at 55 �C

cid Yield (%) TONa

ronic acid 98b 9700
ronic acid 95b 9500
ronic acid 84b 8400
ronic acid 78h 7800
ronic acid 98b 980
ronic acid 74h 7400
ronic acid 17h 3100
ronic acid 31h 31
ronic acid 30h 30
henylboronic acid 96b 9600

oronic acid 13h 13
oronic acid 10h 10
oronic acid — —
eneboronic acid — —
ronic acid 98b 98
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To generalize our methodology, other substrates were used. The
results are shown in Table 3.

Entry 1 (Table 3) presents the highest TON (9700) since it cor-
responds to the most activated aryl halide among those tested;
for less activated aryl iodides, reaction time (Table 3, entries 2
and 3) or Pd load (Table 3, entries 4 and 5) enhancements were
needed to improve yields of the corresponding reactions. Aryl bro-
mide (Table 3, entry 6) and chloride (Table 3, entry 7) needed 24 h
to react and gave yields of 74% and 17%, respectively, correspond-
ing to the order of reactivity of aryl halides. Even when a greater Pd
amount was supplied using chlorobenzene as substrate (Table 3,
entry 8), a yield of only 31% was obtained, which led to a dramatic
decrease of TON value. Entry 9 (Table 3) evidences low conversion,
so the GC–MS yield was used, and the corresponding product was
not isolated. On the other hand, as in entries 1 and 2 (Table 3), en-
try 10 shows an excellent result. Heteroarylboronic acids were also
tested, showing low reactivity toward aryl halides, whichever be
the substituent, electron-withdrawing and electron-donating (en-
tries 11 and 12). These results are not appealing as those observed
when couplings with phenyl boronic acid were accomplished (Ta-
ble 3, entries 1 and 3). Such results allowed us to infer that the
transmetallation is a slow step of the Suzuki–Miyaura catalytic cy-
cle. For entries 13 and 14, the occurrence of reaction is not ob-
served. By contrast, entry 15 shows that 5-bromopyrimidine is as
reactive as 4-iodonitrobezene (Table 3, entry 1), resulting in 98%
of isolated yield. All the compounds were characterized and ana-
lyzed by GC–MS, 1H NMR and 13C NMR.13

We can conclude that the set with Pd2(dba)3 0.01%, PEG 300,
K2CO3 at thermal conditions with a temperature of 55 �C works
better for aryl–aryl than heteroaryl–aryl couplings in Suzuki reac-
tions. The use of small Pd amounts resulting in good yields of iso-
lated products after a simple workup must be underlined as the
main advantage of the proposed system.
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