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Abstract—Reported herein is a method for the formation of symmetric biaryls and dienes via oxidative dimerization of aryl and
alkenyl boronic acids. These conditions utilized Pd(II) catalysts under an oxygen atmosphere with water as the solvent. The use
of phase transfer catalysts promoted efficient and mild syntheses of a wide range of materials. © 2002 Elsevier Science Ltd. All

rights reserved.

The synthesis of biaryls has been widely studied begin-
ning with the classic Ullmann coupling.! Many reactions
including Stille and Suzuki couplings allow for the
syntheses of both symmetric and unsymmetrical biaryls
in high yields.? Recent interest in oxidative dimerizations
for the synthesis of symmetric biaryls has resulted in a
number of studies, mostly employing organostannanes.’
Our group has reported improved conditions for the
rapid synthesis of biaryls from stannanes using Cu(II)
salts as Pd(II) catalyst reoxidants.* However, organotin
compounds and their by-products are difficult to remove
and highly toxic.’ To alleviate the problems associated
with organostannanes, alternatives employing less-toxic
analogs such as boronic acids are desirable. Addition-
ally, aryl and vinyl boronic acids are becoming more
readily available from commercial sources.®

There have been several reports utilizing boronic acids
in oxidative dimerizations’ and others using oxygen
conditions.® Jackson et al. reported Pd(II) catalyzed
couplings of arylboronic acids using oxygen conditions.’
However, the reaction conditions gave side products
resulting in low yields of desired products and provided
limited examples. To minimize side reactions, use of
phase transfer catalysts (PTC) was reported for the
couplings of arylboronic acids with olefins in aqueous
media.!”

We report herein the palladium-catalyzed carbon-car-
bon bond formation via the oxidative dimerization of
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boronic acids. By using oxygen as the catalyst reoxidant,
rapid formation of dimerized products can be obtained
in aqueous media under PTC conditions.'" As a distin-
guishing feature, our procedure allows for the synthesis
of dienes in good yields with limited side products.

The role of the catalyst reoxidant in the dimerization of
phenylboronic acid 1 was critical. The reaction was run
under nitrogen, air, and oxygen as oxidants, which were
delivered either by bubbling or via balloon (Table 1).
Very low yields (<10%) of biphenyl 2 were obtained
when the reaction was run under nitrogen conditions,
indicating the need for an oxygen source (entry 1). With
the use of air, only 21% yield of the desired product was
obtained (entry 2). With oxygen, a 95% yield of 2
was achieved in a shorter reaction time (entry 3).
Surprisingly, no other side products were detected in

Table 1. Effect of oxidant choice on oxidative dimeriza-
tion of phenylboronic acid

Or-aom

Pd(OAc),, oxidant

NaOAc, Hy0,23°C

1 2
entry oxidant time (h) yield (%)
1 N, 48 >10
2 Air 24 21
3 0, 3 95
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the reaction mixture. From these results, we inferred
that oxygen was the source of reoxidation and best
applied in the pure oxygen form. We then established
the optimum reaction conditions using NaOAc as the
base in aqueous media. In most cases, water was a
highly effective solvent either with or without PTC.

The PTC employed depended on the substrates being
screened, but we found that PTCs with long chain alkyl
groups were generally effective for this protocol with
few exceptions (Tables 2-4). The exact mechanism of
PTC in this reaction was not investigated. However, we
found that it increased the compatibility of arylboronic
acids with water and palladium catalysts dramatically
and minimized the side reactions using catalytic
amounts.

We began screening a variety of substituted phenyl-
boronic acids as shown in Table 2.'> Electron rich
4-methoxyphenylboronic acid (3) gave 4,4'-dimethoxy
biphenyl in 95% yield after 3 hours without the use of
a PTC (entry 1). Likewise, similar substrate 4,4'-diphen-
oxybiphenyl was prepared in 95% yield after 10 hours
(entry 2). As stated previously, the need for PTC to
facilitate dimerization is dependent on the boronic acid
employed. As such, the dimerization of 3,4-(methylene-
dioxy)phenyl boronic acid (5) required cetyltrimethyl-
ammonium hydrogensulfate (10 mol%, 0.1 M solution)
as a PTC. The reaction was completed after 10 hours
and in 84% yield (entry 3). No de-acetalization prod-
ucts were detected in the reaction mixture.

The dimerization of 4-(dimethylamino)phenyl boronic
acid (6) was smooth to provide the biphenyl in 93%
yield after 10 hours (entry 4). No side products result-
ing from direct oxidation of the nitrogen were detected.
Electron withdrawing groups did not appear to have an
effect on the course of the reaction as has been seen in
other cases.!® 3-Cyanophenylboronic acid (7) gave 3,3'-
dicyanobiphenyl in 98% yield after 10 hours (entry 5) in
the presence of PTC. 4,4-Difluorobiphenyl was pre-
pared in nearly quantitative yield after only 3 hours
without the need for PTC (entry 6). The 4-bromo and
4-iodo congeners were also screened, but produced low
yields of desired products (<30%) despite our best
efforts. 3-Acetylphenylboronic acid (9) gave the
biphenyl product in 94% yield in 3 hours (entry 7).

We then turned our focus to determining steric effects
in the reaction. o-Tolylboronic acid (10) was screened
and gave only 61% yield of the biphenyl product (entry
8). Likewise, 2,6-dimethylphenylboronic acid (11) gave
a 58% yield of the corresponding biphenyl in 10 hours
using sodium dodecyl sulfate (entry 9). Interestingly,
this reaction was not effected using cetyltrimethyl-
ammonium hydrogensulfate. From these results, we
inferred that steric effects hindered product formation
of these two substrates as compared with the result of
phenylboronic acid. Additionally, we attribute the
lower yields of these substrates to the low solubility of
the boronic acids in water, even under PTC conditions.
If steric effects were a main factor, the addition of the
extra methyl in entry 9 would have decreased the yield

Table 2. Formation of biphenyls from boronic acids

ropiopy, _PIOADR, Oz NaOA
=l > —
(OH) PTC, H,0, 23 °C Ar—Ar

entry boronic acid PTC time yield

1 MeO—@—B(OH)g 3) None 3h 95%
2 —@—(OH) @) None 10h  95%

r 0
3 OB(OH)z ) A 10h  84%

4 (6) None 10h  93%

B(OH) 10h  98%

(6]
3
[oy)

(8) None 3h 99%

il

9) None 3h 94%
B(OH),

10h 61%

C 10h 58%

@@@

CH3
Phase transfer catalyst (PTC) employed, 10 mol%, 0.1 M HyO solution:
A = CH3(CH3)15N(CH3)3HSO4; B = CH3(CH3)13N(CH3)3Br;
C= CH3(CH2)11OSO3N8

Table 3. Formation of biaryls from boronic acids

Pd(OAc),, O,, NaOAc
R—B(OH), R-R
PTC, H,0, 23 °C

entry boronic acid PTC time yield
B(OH),
1 (12) A 10h 9%
B(OH),
2 (13) None  10h  87%
o
3 (14) B 10h  98%
B(OH),
S_B(OH),
4 ©j/ 5) A 10h  79%
OHC B(OH
O 4 5 1on 2%

Phase transfer catalyst (PTC) employed, 10 mol%, 0.1 M H2O solution:
A =CHjz(CH,) 15N (CH3)3HSO,; B = CH5(CH,) 13N (CH5)5Br
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Table 4. Formation of dienes from boronic acids

Pd(OAc),, Oy, NaOAc
Xx-B(OH), Y Y P
R PTC, H,0,23°C R
entry boronic acid PTC time yield

B(OH),

! ©/\/ a7 A 12h  75%
B(OH),

Q/\/ (18) B 10h  73%

B(OH)
3 /@N 19 B 10h  85%
cl

4 SN BOH), (200 ¢ 10h 7%

5 NSNS~ BOH)2 21) ¢ 10h  65%

Phase transfer catalyst (PT C) employed, 10 mol%, 0.1 M H,O solution:
A = CH3(CH3)13N(CH3)3Br; B = CH3(CH3)15N(CH3)3HSO4; C = BuyNOH

proportionally. As gleaned from the experimental
results, the yields of entries 8 and 9 are virtually the
same, implying that steric effect is not a sole governor
on the reaction.

Having obtained satisfactory results in the dimerization
of phenylboronic acids, we then turned our focus to the
synthesis of biaryls as shown in Table 3. Thus, 2-naph-
thaleneboronic acid was dimerized in 10 hours and in
95% vyield (entry 1). Likewise, 1-naphthaleneboronic
acid (13) reacted to give an 87% yield, albeit without
the need of PTC (entry 2). Next, 4-dibenzofuranboronic
acid (14) reacted under PTC conditions in very high
yield (entry 3). Without the use of PTC conditions, we
found numerous side products occurred. Phenol forma-
tion was the major side product, resulting from the
addition of water to the palladium complex. Addition-
ally, proton exchange also occurred with the boron
moiety to generate the unfunctionalized aromatic.'*

We were also interested in the dimerization of hetero-
cyclic boronic acids. The dimerization of thianaph-
thene-2-boronic acid (15) was efficient, but gave only
79% yield after 10 hours (entry 4). Furthermore, 5-for-
myl-2-thiopheneboronic acid (16) reacted to give the
biaryl in only 62% yield (entry 5). In both cases, the
starting material was completely consumed and only
phenol and unfunctionalized aromatic products were
isolated. The dimerizations of other furan and thio-
phene-based boronic acids were attempted, but with
limited success. Thus, we concluded that most het-
eroatom-containing substrates were ineffective for
dimerization using this protocol.

The synthesis of dienes through the oxidative dimeriza-
tion of vinylboronic acids was efficient as shown in
Table 4. trans-2-Phenylvinylboronic acid (17) gave
good yield of the (E,E)-diene product under PTC con-
ditions (entry 1). Only one isomer was isolated with no

side products detected, and the remainder of the reac-
tion mixture was unreacted starting material. The 4-
fluoro congener (18) reacted to give the (FE,E)-diene
exclusively in 73% yield after 10 hours (entry 2). Addi-
tionally, the 4-chloro compound (19) gave 85% yield of
the desired diene under similar conditions (entry 3).

The synthesis of long chain dienes was also effective
using our protocol. For example, the dimerization of
trans-1-hexen-1-ylboronic acid (20) gave (5E,7E)-5,7-
dodecadiene exclusively in 79% yield after 10 hours
(entry 4). Additionally, trans-1-octen-1-ylboronic acid
(21) gave (7E,9F)-7,9-hexadecadiene in 65% yield (entry
5). The remainder of the reaction mixture in entries 4
and 5 was unreacted starting material. With the long
chain alkenyl boronic acids, we screened the standard
PTCs that had been used with previous examples in
Tables 2-4. However, these catalysts were ineffective
and gave mostly unidentified side products instead of
the desired dimerized materials. Fortunately, the use of
tetrabutylammonium hydroxide facilitated the dimer-
ization of long chain alkenyl boronic acids.

In conclusion, we have developed a method for the
formation of symmetric biaryls and dienes via the oxi-
dative dimerization of boronic acids. These conditions
utilize Pd(II) catalysts under an oxygen environment
with water as the solvent. The use of PTCs allows for
the efficient and mild synthesis of a wide range of
products in a rapid fashion. Our reaction allows for a
more environmentally benign and cost-effective alterna-
tive to standard oxidative dimerization conditions with
organostannanes. Additionally, our protocol enhances
previous examples of boronic acid dimerization by
increasing utility of the reaction. We have achieved this
by broadening the range of substrates employed to
include substituted phenyls, biaryls, heterocycles, and
dienes.
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