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Abstract A rapid, ligand-free, base-accelerated, copper-catalyzed ho-
mocoupling reaction of (het)arylboronic acids is presented. A
Cu(l,-2H,0/Na,CO;-based catalyst enabled the formation of bi(het)aryl
compounds by a homocoupling process in moderate to excellent yields
(72-97%) within 15 minutes. A mechanism for the copper-catalyzed
base-accelerated reaction is proposed.
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Biaryl frameworks have a great significance in nature.!
Natural products containing biaryl motifs have been shown
to possess a wide range of biological activities. Active com-
pounds include biphenomycin B and crisamicin A,> which
exhibit excellent antibacterial activities. Biaryls are also
critical structural scaffolds in many novel functional mate-
rials,* ligands,® and drugs.>?

The Suzuki-Miyaura cross-coupling is a state-of-the-art
method for the synthesis of nonsymmetrical biaryl com-
pounds.® In the synthesis of biaryl compounds, classic Ull-
mann-type coupling reactions require stoichiometric
amounts of copper powder and high reaction tempera-
tures.” These harsh conditions limit the substrate scope of
the Ullmann coupling reaction. Like aryl halides, many aryl-
boronic acids with good air and moisture stabilities are
commercially available, which has contributed to the popu-
larity of the Suzuki-Miyaura cross-coupling reaction.
Moreover, the low toxicity of organoboronic acids has en-
couraged their widespread use in the pharmaceutical in-
dustry.® Because of these practical characteristics, homo-

CuCly*2H,0 (5 mol%)
Na,COj3 (10 mol%)

P MeOH
B —_—l
\OH air, room temp.

15 min

20 examples
up to 97% vyield

coupling reactions involving arylboronic acids have recent-
ly attracted much attention for the preparation of
symmetrical biaryl compounds.

There have been many recent reports of palladium-cat-
alyzed homocoupling reactions of arylboronic acids under
mild conditions.>-"" Other noble metals such as Au,'%-f
Ag,'% and Rh'%" also exhibit excellent catalytic activities in
the homocoupling reaction. However, the requirements of
industrial applications and green chemistry have driven a
search for more economical and more effective methods for
the synthesis of symmetrical biaryls. The use of a copper
catalyst might potentially overcome the shortcomings of
noble metals. Solid-state copper catalysts exhibit good re-
activities and broad substrate tolerance under mild reaction
conditions."'2-¢ However, the complex structures and slow
dispersal of such catalysts limit their industrial applica-
tions.!'2 Moreover, the use of high catalyst loadings,''*" com-
plex ligands,''® or copper nanoparticles!' is necessary in
most copper salt catalyzed homocoupling reactions. Fur-
thermore, reaction times are often long, with only moder-
ate yields (Scheme 1,A). Recently, Cheng and Luo reported a

Previous work

[Cu] (1.0 equiv)
or [Cu)/ligand

high temperature
and/or long time

This work

CuCly*2H,0 (5 mol%)
Na,COj3 (10 mol%)

PH MeOH
E —— ——
OH air, r.t..

15 min

Scheme 1 Copper-catalyzed synthesis of biaryls
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CuCl-catalyzed homocoupling of arylboronic acids in air at
room temperature. By using this method, biaryls could be
prepared in three hours in the absence of additives with an
average yield of less than 80%. Interestingly, bases were
found to inhibit the homocoupling.' Therefore, the devel-
opment of efficient, nontoxic, environmentally friendly,
and operationally simple syntheses of biaryl compounds re-
mains critical.

As part of our ongoing research on green synthesis and
C-C coupling methods,’> we report a ligand-free
CuCl,-2H,0-catalyzed homocoupling reaction of (het)aryl-
boronic acids at room temperature to give the correspond-
ing bi(het)aryls in 81-97% yield in only 15 minutes (Scheme
1,B)]. The reaction employs a catalytic amount of Na,CO; as
an additive to accelerate the coupling reaction.

Initially, we investigated the synthesis of 4,4'-di-tert-bu-
tylbiphenyl (2a) by the copper-catalyzed homocoupling of
(4-tert-butylphenyl)boronic acid (1a; 53.4 mg, 0.3 mmol)
(Table 1). Molecular sieves (4 A; 2 grains, ~100 mg) were
added to remove water. The optimization focused on the
screening of copper sources. Methanol was chosen as the
solvent because of its ability to dissolve various copper
sources (5 mol%), which were used at room temperature.
NMR spectroscopy revealed that CuCl,-2H,0, CuBr, and CuCl
showed high activities, giving 2a in yields of 95, 87, and 92%
(Table 1, entries 2, 6, and 7). The other copper salts gave
moderate to low yields. Note that similar yields were ob-
tained with CuCl,-2H,0 (entry 2) and CuCl (entry 7), sug-
gesting that the use of either copper source would have a
minimal effect on the yield. In contrast to CuCl and CuBr,
Cul (entry 8) gave only trace amounts of product 2a. No
product was formed in the presence of 4 A MS and in the
absence of a copper complex. Conversely, when a copper
catalyst was added in the absence of 4 A MS, coupling prod-
uct 2a was obtained in 87% yield after 24 hours (entries 9
and 10).

Surprisingly, we found that hydrated copper sources
were more efficient than anhydrous ones, even when mo-
lecular sieves were used. We therefore investigated the role
of the 4 A MS. On the basis of the components of molecular
sieves, Al,03, SiO,, and Na,CO; were used as additives in the
reaction. Only Na,CO; facilitated the homocoupling reac-
tion, which was complete in 15 minutes with 87% yield (Ta-
ble 1, entry 13). When the loading of Na,CO; was reduced
from 100 mol% to 10 mol%, we were surprised to find that
the yield increased to 97% after only 15 minutes. When wa-
ter or ethanol was used as solvent (entries 15 and 16) or
when the catalyst loading was reduced (entry 17), the reac-
tion did not reach completion after 15 minutes, and longer
reaction times were required.

Next, the substrate scope of the arylboronic acid was in-
vestigated under the optimized reaction conditions [arylbo-
ronic acid (1.0 equiv), CuCl,-2H,0 (5 mol%), Na,CO; (10

Table 1 Optimization of Copper-Catalyzed Homocoupling of 4-(tert-
Butylphenyl)boronic Acid (1a)?

/OH catalyst, solvent
S e Wy
OH additive, time

r.t. in air
1a 2a
Entry  Catalyst Additive Solvent Time Yield® (%)

1 CuS0,-5H,0 4AMs MeOH 30min - 41

2 CuCly2H,0 4AMS MeOH 30 min 95

3 Cu(OAC)H,0  4AMS MeOH 30 min 27

4 Cuo 4AMS MeOH 30 min trace

5 Cu(OH), 4AMS MeOH 30 min trace

6 CuBr 4AMS MeOH 30 min 87

7 Cudl 4AMS MeOH 30 min 92

8 Cul 4AMS MeOH 30 min trace

9 - 4AMS MeOH 24h 0
10 CuCly2H,0 - MeOH 24h 87
11¢ CuCly2H,0 AlLO, MeOH 12h 79
124 CuCl,2H,0 Sio, MeOH 12h 80
13¢ CuCly2H,0 Na,CO, MeOH 15 min 87
14 CuCly2H,0 Na,CO, MeOH 15 min 97
15f CudCl,:2H,0 Na,CO; H,0 1.0h trace
16f CuCl,2H,0 Na,CO, EtOH 1.0h 51
179 CuCly2H,0 Na,CO, MeOH 1.0h 89
18" CuCly2H,0 Na,CO, MeOH 1.5h 85

2 Reaction conditions: 1a (1.0 equiv), copper catalyst (5 mol%), additive [4 A
MS (2 grains, ~100 mg) or other additives], solvent (1.0 mL) (0.3 mmol
scale), r.t., air.

b Isolated yield.

< Al,05 (100 mol%).

45i0, (100 mol%).

¢ Na,COs (100 mol%).

fNa,CO; (10 mol%).

9 CuCl,-2H,0 (1 mol%), Na,CO; (10 mol%).

" CuCl,-2H,0 (5 mol%), Na,CO5 (10 mol%).

mol%), MeOH, r.t,, in air, 15 min] (Scheme 2). In general, ar-
ylboronic acid possessing various substituents coupled to
give the corresponding biaryls in high yields. Arylboronic
acids (1a-1) with various electron-donating or electron-
withdrawing substituents gave high yields (87-97%) of the
corresponding homocoupling products in 15 minutes under
the optimized conditions (Table 2). In most cases, the posi-
tion of substituents had a significant impact on the cou-
pling. For example, arylboronic acids 2i-1 possessing 4-fluo-
ro, 4-chloro, 4-bromo, or 4-iodo groups, respectively, gave
high yields of the corresponding biphenyl compounds 3i-1
in 15 minutes under the optimized conditions. Functional-
ized {4-[tert-butyl(dimethyl)siloxy]phenyl}boronic acid
(2m) gave biphenyl 3m in 72% yield. Sterically hindered 1-
naphthylboronic acid (1n) and [5-(benzyloxy)-2-methoxy-
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Scheme 2 Scope of arylboronic acid in the homocoupling reaction

phenyl]boronic acid (10) also homocoupled under the opti-
mal conditions to give the corresponding biaryls in 83 and
81% yield, respectively.

Heterocyclic boronic acids are considered to be chal-
lenging substrates for Suzuki homocoupling.53¢ To our sur-
prise, (5-fluoropyridin-3-yl)boronic acid (1p), (6-methoxy-
pyridin-3-yl)boronic acid (1q), and (5-formyl-2-furyl)bo-
ronic acid (1r) gave the corresponding biaryls 2p-r in yields
of 93, 84, and 86%, respectively, when the reaction time was
extended to 25 minutes.

Heterocyclic biaryl compounds are important motifs of
many pharmaceutical products. In our ongoing research on
the virtual screening and synthesis of structurally simpli-
fied natural medicines,'* we required imidazole and mor-
pholine analogues. We therefore examined the homocou-
pling of boronic acids containing N-methylimidazole'> and
morpholine'® moieties to give 2,2'-biphenyl-4,4'-diylbis(1-
methyl-1H-imidazole) (2s) and 4,4’-[biphenyl-3,3'-diyl-
di(carbonyl)]dimorpholine (2t) in yields of 90 and 88%, re-
spectively.

Next, we evaluated the scalability of the reaction by per-
forming the homocoupling of 4-(tert-butylphenyl)boronic
acid (1a; 5.22 g, 30 mmol). As shown in Scheme 3 (upper),
the product was obtained in 84% yield (3.35 g). Given the
importance of heterocycles in medicinal chemistry, we next

C C
-G 00

OSit—Bu(Me)g 0
. (Me),+BuSio O O
— —N Meo—(i>—<i’\>—OMe 2m 72%
7\ ¢ N 7
F

) Me\N 0 O O
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-

Qz] 97%
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e
e

CF3 2i 94%

oM o)
2n 83% 20 81% _@

2t 88%

examined the gram-scale coupling of (6-methoxypyridin-
3-yl)boronic acid (1q; 4.44 g, 30 mmol), which gave the de-
sired product 2q in 78% yield (Scheme 3; lower).

CuCly+2H,0 (5 mol%)

PH NayCOos (10 mol%)
Bu B\ - s fBu Bu
OH

r.t.in air, 15 min
1a 2a

(5.22 g, 30 mmol) (3.35 g, 84%)

CuCly+2H0 (5 mol%)

o= B/OH Na,CO3 (10 mol%) M04(i>—<i'\>—OM

e \ e \ e
AY

\ / oH e \ VARY.

r.t. in air, 25 min
1q

2q
(4.44 g, 30 mmol) (2.52.g, 78%)

Scheme 3 Synthesis of biaryls on multigram scales

We were intrigued by the effect of Na,COs, which accel-
erated the coupling process when present in a catalytic
amount but inhibited it when present in an equivalent
amount. We therefore set out to explore the effects of bases
on the homocoupling reaction. To our surprise, when
Na,CO; was replaced with 10 mol% of an inorganic or or-
ganic base, the reaction went to completion in 15-30 min-
utes (Table 2). This is an unusual example of a case in which
a catalytic amount of a base accelerates a chemical reac-
tion,'” and the mechanism of the acceleration process needs
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to be investigated comprehensively. More interestingly, a
basic copper source [Cu(OH),] did not assist the coupling
process when present as a catalyst, even in high loadings,
but it did accelerate the reaction when present as an addi-
tive (Table 1, entry 5 versus Table 2, entry 5).

Table 2 Effect of Various Bases on the Copper-Catalyzed Homocou-
pling of 4-(tert-Butylphenyl)boronic Acid (1a)?

CuClz*2H,0 (5 mol%)

PH base (10 mol%), MeOH
o e
OH time

r.t. in air

1a 2a
Entry Additive Time Yield® (%)
1 — 24h 87
2 Na,CO, 15 min 97
3 K,CO4 15 min 97
4 K,PO5-7H,0 15 min 91
5 Cu(OH), 30 min 85
6 Et,NH 15 min 95
7 Et;N 15 min 95
8 pyridine 15 min 96
9 DMAP 30 min 90

3 Reaction conditions: 1a (1.0 equiv), CuCl,-2H,0 (5 mol%), additive (10
mol%), MeOH (1.0 mL) ( 0.3 mmol scale), r.t., air.
b Isolated yield.

Possible mechanisms of copper(I)-catalyzed homocou-
pling of arylboronic acids have already been report-
ed.!<d11 These studies suggested a catalytic cycle induced
by redox changes in various forms of copper under aerobic
conditions.!"™ However, the mechanism of copper(Il)-cata-
lyzed homocoupling remains unclear. Moreover, in the cur-
rent case, the presence of a catalytic amount of a Lewis base
in the copper(II)-catalyzed homocoupling reaction brought
additional complexity to the mechanism.

To gain a little insight into the possible mechanism of
the base-accelerated copper-catalyzed homocoupling of ar-
ylboronic acid, several control experiments were conduct-
ed. When CuCl,-2H,0 (5 mol%) was added to a mixture of
(4-tert-butylphenyl)boronic acid (1a) and Na,CO5 (10 mol%)
in methanol, the coupling process was complete in 15 min-
utes, whereas when Na,CO; (10 mol%) was added to a mix-
ture of (4-tert-butylphenyl)boronic acid (1a) and
CuCl,-2H,0 (5 mol%), the coupling time was extended to
about 25 minutes. When a reaction mixture of the boronic
acid, copper catalyst, and base was stirred for one minute
and then hydrochloric acid was added to neutralize the
Na,CO;, the homocoupling was complete within 20 min-
utes. Na,CO5 (10 mol%) also accelerated the coupling when
CuCl (5 mol%) was used as catalyst, giving complete reac-
tion within 20 minutes, but the reaction was slower than

when CuCl,-2H,0 was used. These results suggested that
the base is not involved in the catalytic cycle, but does acti-
vate the arylboronic acid.

X-ray photoelectron spectroscopy (XPS) experiments
were also conducted to examine changes in the valence
state of copper during the homocoupling process. These
showed that Cu" was detected at the beginning of the reac-
tion, whereas a mixture of Cu" and Cu' was present at the
end. Although no Cu ion was detected by XPS, owing to its
instability, we speculate that it might be involved in the cat-
alytic cycle, because the participation of Cu" in critical
steps has been proposed for almost all copper-catalyzed
coupling reaction mechanisms.!8

By taking into consideration the effect of base on the
Suzuki coupling mechanism,'® the report of Cheng and
Luo,'! the control experiments, the reaction phenomenon,
and an analysis of the optimization results, we hypothe-
sized a mechanism for the copper-catalyzed homocoupling
that accounts for the following observations: (1) Air and the
solvent have significant effects on the reaction; in other
words, oxygen is involved in the catalytic cycle. (2) No for-
mation of elemental copper or bronze-mirror phenomenon
was observed during the experimental process, whereas
Cu" and Cu' can both catalyze the reaction (Table 1, entries
1-12). (3) CuBr and CuBr, showed significant differences in
yields, whereas the yields given by CuCl,-2H,0 and CuCl
were close to one another; this might be attributed to the
presence of Br-, which inhibits the formation of Cu' from
Cu'. (4) The electronegativity of cations had a significant ef-
fect on the reaction, with Cl- giving a better yield than Br-
or [~ (Table 1, entries 2 and 6-8). (5) "B NMR spectroscopy
indicated the presence of B(OH); in the reaction residue. (6)
The survival of C-I bonds in the coupling suggests that oxi-
dative addition is not the first step of the reaction. (7) Cu'
and Cu" ions were detected by XPS experiments. (8) More
importantly, we found that a base accelerated the homo-
coupling in the early stages of the reaction and that the
base is not involved in the catalytic cycle. In his research on
the mechanism of the Suzuki coupling, Miyaura reported
that bases assist organoboron compounds to form active
boric anions.?® Our observations and Miyaura’s results indi-
cated that the base accelerated the homocoupling reaction
through activation of the arylboronic acid. Taking all this
evidence into account, we propose a possible mechanism
for the copper-catalyzed homocoupling of arylboronic acid
through a Cu'/Cu"/Cu™ cycle, as shown in Scheme 4.

Transmetalation of the base-activated arylboronic acid
with the CuX, catalyst affords an ArCu"X species, according
to the commonly accepted process in the Chan-Lam reac-
tion.! Then, oxidation and further transmetalation be-
tween the ArCu'X species and another arylboronic acid
molecule gives a trivalent copper species ArCu"ArX, which
undergoes reductive elimination to give the desired Ar-Ar
product and Cu'X. The latter is oxidized by O, to regenerate
the Cu"X, catalyst and close the catalytic cycle. Of course,
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Scheme 4 Plausible mechanism for the base-accelerated, copper-cata-
lyzed homocoupling of arylboronic acids

unlike palladium catalytic cycles in coupling reactions, cop-
per cycles are enormously complex and no information is
currently available on the active intermediate species; con-
sequently, it is very difficult to identify the true reaction
pathway.

In summary, we have developed a ligand-free copper-
catalyzed homocoupling of (het)arylboronic acids to afford
a wide range of bi(het)aryl compounds at room tempera-
ture in the presence of air. Importantly, we found that
Na,CO; or other bases can be used in catalytic amounts to
accelerate the reaction. The coupling proceeds in high
yields in only 15 minutes. This simple method is widely ap-
plicable to a variety of (het)arylboronic acids and exhibits
good tolerance toward electron- donating or electron-with-
drawing substituents. 2
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(22) Bi(het)aryls 2a-t; General Procedure
A vial was charged with the appropriate (het)arylboronic acid
(0.3 mmol), CuCl,-2H,0 (2.5 mg, 5 mol%), Na,CO; (10 mol%), and
MeOH (1 mL), and the mixture was stirred at 25 °C in the air for
5-15 min while the reaction was monitored by TLC. The reac-
tion was then quenched with two drops of H,0. The mixture
was then diluted with EtOAc (2 mL) and filtered through a pad
of MgS0, and silica. The pad was rinsed with additional EtOAc,
and the solution was concentrated in vacuum. The crude mate-
rial was purified by flash chromatography (silica gel).
4,4'-Di-tert-butylbiphenyl (2a)
Prepared by following the general procedure with (4-tert-butyl-
phenyl)boronic acid (53.4 mg, 0.3 mmol) for 15 min at r.t. Puri-
fication by flash chromatography (silica gel, PE) gave a white
solid; yield: 37.9 mg (95%); mp 126-127 °C. 'H NMR (400 MHz,
CDCly): 8 =7.57 (d,] = 8.4 Hz, 4 H), 7.49 (d, ] = 8.4 Hz, 4 H), 1.40
(s, 18 H). 13C{'H} NMR (100 MHz, CDCl;): § = 149.9, 138.2,
126.6, 125.6, 34.5, 31.4.
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