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Abstract: Oxidative homocoupling of aryl- and al-
kenylboronic acids was achieved with Wilkinson<s
catalyst. Commercially available 2,2,6,6-tetrame-
thylpiperidine-N-oxyl radical (TEMPO) was used
as a stoichiometric oxidant.
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Biaryls are an important class of compounds which
occur in many natural products.[1] Moreover, biaryls
have found widespread application as ligands in cata-
lytic asymmetric synthesis.[2] They are also found as
components in new organic materials.[3,4] The oxida-
tive homocoupling of organoboron compounds repre-
sents a widely used approach to symmetrical biaryls.
This route is particularly useful since many arylboron-
ic acids are commercially available. Various protocols
for Pd-catalyzed homocoupling reactions of arylbor-
onic acids have been developed.[2,5] Recently it has
been reported that other metals such Au,[6a–c] Cu,[6d]

Cr[6e] and V[6f] can be used to mediate biaryl forma-
tion from arylboronic acids. To the best of our knowl-
edge, no reports on Rh-catalyzed oxidative homocou-
plings of organoboron compounds have appeared to
date.[7]

It is well known that transmetallation of arylboron-
ic acids to Rh(I) complexes leads to aryl-Rh(I) deriv-
atives,[8] and that reductive elimination in
ACHTUNGTRENNUNGR1R2RhACHTUNGTRENNUNG(III) compounds provides Rh(I) complexes
along with R1-R2.[9] The formation of RhACHTUNGTRENNUNG(III) com-
plexes in these catalytic processes generally occurs via
oxidative addition of an Rh(I) species, for example,
by using an aryl halide. However, many Rh-catalyzed
reactions do not occur via Rh(I)-Rh ACHTUNGTRENNUNG(III) redox cycles.
Rh(I) is preserved throughout the catalytic cycle. We
believe that many interesting reactions can be accom-
plished via Rh(I)-Rh ACHTUNGTRENNUNG(III) redox processes.[9,10] There-

fore, new entries to RhACHTUNGTRENNUNG(III) complexes in synthesis
are desirable. We envisaged that oxidation of readily
generated aryl-Rh(I) complexes by an electron trans-
fer oxidant may offer an alternative approach to the
corresponding aryl-Rh ACHTUNGTRENNUNG(III) species. Indeed, we recent-
ly developed an oxidative Rh-catalyzed coupling reac-
tion of arenes and heteroarenes with arylboronic
acids via direct C�H arylation by using this ap-
proach.[11] Herein we present our first results on Rh-
mediated homocoupling reactions of various arylbor-
onic acids.

We used the commercially available 2,2,6,6-tetra-
methylpiperidine-1-oxyl radical (TEMPO) as a stoi-
chiometric oxidant.[12] The homocoupling of phenyl-
boronic acid to give biphenyl was studied first. Reac-
tions were performed in a dioxane/water mixture
(10:1)[13] by using various Rh(I) complexes (3.0
mol%) and different phosphines with 1.2 equiv. of
TEMPO at 130 8C for 1 h (Table 1). With
ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 and PPh3 (6.0 mol%) as catalyst the de-
sired biphenyl was formed in a low yield (entry 1).
The yield could be improved to 79% by using
3.0 equiv. of PPh3 with respect to the catalyst
(entry 2). Reaction works without any additional
base. Rh-catalyzed processes with boronic acids as
coupling partners often rely on the activation of the
boronic acid by a base in order to facilitate transme-
tallation. In our case TEMPO or the corresponding
hydroxylamine might serve this purpose. With the
sterically more demanding P ACHTUNGTRENNUNG(o-Tol)3 as a ligand only
traces of biphenyl were formed (entry 3). Moderate
results were obtained with electron-rich (entry 4) and
with electron-poor arylphosphines (entry 5). Next, the
aryl groups of the ligand were gradually replaced by
methyl substituents (entries 6 and 7). However, the
yield could not be improved. Unsatisfactory results
were obtained by using electron-rich alkylphosphines
or with phosphites as ligands (entries 8–10). Other
Rh(I) precursors such as Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(cod)2, Rh-
ACHTUNGTRENNUNG(cod)2OTf and Rh ACHTUNGTRENNUNG(cod)2BF4 delivered worse results
(entries 11–13). The use of Rh(II) and RhACHTUNGTRENNUNG(III) precur-
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sors gave inferior yields (entries 14 and 15). Readily
available Wilkinson<s catalyst gave the best result
(entry 16). The yield could be further improved by
using 2.0 equiv. of TEMPO (86%, entry 17). All at-
tempts to improve the yield by adding an external
base failed.

After having identified an efficient catalyst, we
studied the influence of various protic cosolvents on
the test reaction. Decreasing the amount of water in
dioxane resulted in lower yields (Table 2, entries 1
and 2). A 75% yield of biphenyl was obtained with
ethanol as cosolvent (entry 3). By using the more
acidic trifluoroethanol as an additive a significantly
lower yield was achieved (entry 4). A similar result
was obtained with tert-butanol as cosolvent (entry 5).
As a result of the solvent screening, the following
studies were performed in dioxane/water (10:1). As
compared to the TEMPO-mediated process, with the
sterically more demanding nitroxide 1 as an oxidant
(Figure 1), biphenyl was formed in a lower yield
(even upon increasing the reaction time to 4 h,
entry 6). Presumably, this nitroxide is a worse ligand
for Rh as compared to TEMPO (see suggested mech-
anism below). The TEMPO-derived N-oxoammonium
salt 2 should act as a two-electron oxidant. However,
only a 34% yield was obtained in the test reaction by
using 0.6 equiv. of 2 (entry 7). We repeated this ex-

periment at 100 8C due to the expected instability of
the N-oxoammonium salt 2 at higher temperatures.
However, an even lower yield (25%) was obtained
under these conditions (entry 8).

Finally, metal salts with decreasing redox potentials
were investigated as stoichiometric oxidants. Howev-
er, by using strong oxidants only traces of biphenyl
were formed (entries 9–11). Probably catalyst decom-
position occurred under these conditions. With Cu-
ACHTUNGTRENNUNG(NO3)2·H2O as an external oxidant the product was
obtained in 17% yield (entry 12). Pleasingly, the cou-
pling could also be achieved at 70 8C with oxygen as
an oxidant. However, a longer reaction time (14 h)
was necessary and a lower yield was obtained under
these conditions (entry 13). Hence, TEMPO seemed
to be the privileged oxidant for this particular homo-
coupling reaction.

Under the optimized conditions various biaryls
were successfully prepared by using TEMPO as an
external oxidant (Figure 2). meta- and para-substitut-
ed electron-rich boronic acids gave the biaryls 3–5,
and 10 in good yields. Lower yields were obtained for

Table 1. Rh-catalyzed homocoupling of phenylboronic acid.

Entry Rh source Phosphine TEMPO
(equiv.)

Yield
[%][a]

1 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 PPh3 1.2 23[b]

2 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 PPh3 1.2 79
3 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 P ACHTUNGTRENNUNG(o-Tol)3 1.2 traces
4 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 P(p-

MeOC6H4)3
1.2 48

5 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 P(p-
CF3C6H4)3

1.2 56

6 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 PMePh2 1.2 38
7 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 PMe2Ph 1.2 58
8 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 P ACHTUNGTRENNUNG(nBu)3 1.2 47
9 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 PCy3 1.2 <5
10 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 P ACHTUNGTRENNUNG(OEt)3 1.2 <5[c]

11 Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(cod)2 PPh3 1.2 39
12 Rh ACHTUNGTRENNUNG(cod)2OTf PPh3 1.2 51
13 Rh ACHTUNGTRENNUNG(cod)2BF4 PPh3 1.2 32
14 Rh2ACHTUNGTRENNUNG(OAc)4 PPh3 1.2 8
15 RhCl3 PPh3 1.2 17
16 RhCl ACHTUNGTRENNUNG(PPh3)3 – 1.2 81
17 RhCl ACHTUNGTRENNUNG(PPh3)3 – 2.0 86

[a] Isolated yield.
[b] 6.0 mol% of PPh3 were used.
[c] Reaction time 2.5 h at 100 8C.

Table 2. Rh-catalyzed homocoupling of phenylboronic acid.

Entry Cosolvent Oxidant Equiv. Yield [%][a]

1 H2O TEMPO 1.2 73[b]

2 H2O TEMPO 1.2 51[c]

3 EtOH TEMPO 1.2 75
4 ACHTUNGTRENNUNG(CF3)2COH TEMPO 1.2 45
5 t-BuOH TEMPO 1.2 48
6 H2O 1 1.2 25[d]

7 H2O 2 0.6 34[d]

8 H2O 2 1.2 25[e]

9 H2O ACHTUNGTRENNUNG(NH4)2[Ce ACHTUNGTRENNUNG(NO3)6] 2.0 traces
10 H2O FeCl3 2.0 traces
11 H2O K3[Fe(CN)6] 2.0 traces
12 H2O CuACHTUNGTRENNUNG(NO3)2·H2O 2.0 17
13 H2O oxygen –- 45[f]

[a] Isolated yield.
[b] Dioxane/H2O (50:1).
[c] Dioxane/H2O (200:1).
[d] Reaction time 4 h.
[e] Reaction time 6 h at 100 8C.
[f] Reaction time 14 h at 70 8C, 1 bar of oxygen was used.

Figure 1. Tested oxidants for the Rh-catalyzed homocou-
pling.
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the coupling of electron-deficient arylboronic acids
(!6, 7). Alkoxy, chloro and vinyl substituents were
tolerated in this reaction. Coupling of sterically more
demanding arylboronic acids occurred in lower yields
(!8, 9). Naphthalene (54%) was isolated along with
the desired binaphthalene 8 (33%) by using 1-naph-
thaleneboronic acid as substrate. As expected, proto-
deboration is a competing side reaction in the cou-
pling of sterically hindered aryl-Rh(I) compounds.
Furthermore, phenol derivatives could be detected as

side products in less efficient homocoupling reactions.
Pleasingly, b-styrylboronic acid could be homocou-
pled in a good yield with perfect diastereoselectivity.
Diene 11 was isolated as a single isomer in 70% yield.
Homocoupling of phenyltrifluoroborate gave biphenyl
in 38% yield under standard conditions. The reaction
did not proceed with phenyltrifluoroborate in the ab-
sence of water. Thus, a protic solvent seemed to be
essential for this reaction.

The suggested mechanism is depicted in Scheme 1.
Transmetallation of Rh(I) complex 12 with arylboron-
ic acid will generate aryl-Rh(I) complex 13. We be-
lieve that oxidation with 2.0 equiv. of TEMPO leads
to Rh ACHTUNGTRENNUNG(III) complex 14. Such oxidatively generated
mono-aryl-Rh ACHTUNGTRENNUNG(III) complexes likely act as coupling
partners in our recently developed Rh-catalyzed C�H
arylation.[11] Therefore, we assume that the second
transmetallation occurs at the Rh ACHTUNGTRENNUNG(III) oxidation state,
since the conditions for the herein described homo-
coupling and the C�H arylation are similar. Transme-
tallation should then lead to 15 and subsequent reduc-
tive elimination eventually provides the homocou-
pling product and regenerates complex 12. However,
since transmetallations of arylboronoc acids to Rh(II)
have been recently described,[14] transmetallation to a
Ln ACHTUNGTRENNUNG(TEMPO)Rh(II)aryl complex prior to oxidation
with the second equivalent TEMPO to 15 can cur-
rently not be excluded.

In conclusion, we have presented the first Rh-cata-
lyzed oxidative homocoupling reactions of various
aryl- or alkenylboronic acids. All starting materials
used (catalyst, oxidant and arylboronic acids) are
commercially available and can be used as received.

Experimental Section

General

All reactions involving air- or moisture-sensitive reagents or
intermediates were carried out in heat-gun-dried glassware
under an argon atmosphere and were performed by using

Figure 2. Rh-catalyzed homocoupling of various boronic
acids [3.0 mol% RhCl ACHTUNGTRENNUNG(PPh3)3, 2.0 equiv TEMPO in dioxane/
H2O (10:1) for 2 h at 130 8C].

Scheme 1. Suggested mechanism.
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standard Schlenk techniques. All solvents for filtration and
flash chromatography were distilled before use. Ethanol
(Acros, 99%) was distilled from Na and was stored under an
argon atmosphere. 1,4-Dioxane (Acros, extra dry, water
<50 ppm), tert-butanol (Fluka, >99.7%) was used as re-
ceived was used without further purification.

1H NMR (300 MHz) and 13C NMR (75 MHz) spectra
were recorded on a Bruker DPX 300 spectrometer. Chemi-
cal shifts d in ppm are referenced to the solvent residual
peak as an internal standard. TLC was carried out on Merck
silica gel 60 F254 plates; detection by UV or dipping into a
solution of Ce ACHTUNGTRENNUNG(SO4)2·H2O (10 g), phosphormolybdic acid hy-
drate (25 g), concentrated H2SO4 (60 mL) and H2O (0.94 L)
or NaHCO3 (5.0 g), KMnO4 (1.5 g) and H2O (0.40 L) fol-
lowed by heating. Flash chromatography (FC) was carried
out on Merck or Fluka silica gel 60 (40–63 mm) with an
argon pressure of about 0.1–0.5 bar. GC spectra were ac-
quired on a Hewlett–Packard HP 6890 Series GC system
equipped with a HP 5 column (30 mP0.32 mm, film thick-
ness 0.25 mm) by using hydrogen as carrier gas. IR spectra
were recorded on a Digilab FTS 4000 equipped with a
MKII Golden Gate Single Reflection ATR System. Melting
points were determined with a Stuart SMP10 and are uncor-
rected. GC-MS (EI) and HR-MS were performed on a
Waters-Micromass GC TOF.

General Procedure for the Rhodium-Catalyzed
Homocoupling

A solution of the corresponding boronic acid (1.00 mmol),
TEMPO (313 mg, 2.00 mmol) and tris(triphenylphosphine)-
ACHTUNGTRENNUNGrhodium(I) chloride (28 mg, 30 mmol) in dioxane (1.0 mL)
and H2O (0.1 mL) was heated in a sealed tube at 130 8C for
2 h. The reaction mixture was filtered through a plug of
silica gel (MTBE as eluent). The filtrate was concentrated
under vacuum, and the residue was purified by FC.

Rhodium-Catalyzed Homocoupling by using Oxygen

A flask containing a solution of phenylboronic acid (122 mg,
1.00 mmol) and tris(triphenylphosphine)rhodium(I) chloride
(28 mg, 30 mmol) in dioxane (1.0 mL) and H2O (0.1 mL) was
equipped with a balloon filled with O2. The reaction mixture
was stirred at 70 8C for 14 h and filtered through a plug of
silica gel (MTBE as eluent). The filtrate was concentrated
under vacuum, purification of the residue by FC (pentane/
MTBE=100:1) afforded biphenyl as a white solid; yield:
35 mg (0.23 mmol, 45%).

Supporting Information

Further experimental procedures and compound characteri-
zation data are available as Supporting Information.
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