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ARTICLE INFO ABSTRACT

Keywords: (Ph3P)AuCl was discovered to be a powerful catalyst in the homocoupling of arylboronic acids and potassium
Gold aryltrifluoroborates for the synthesis of symmetrical biaryls. The reactions take place under benchtop reaction
Boronic acids conditions in 96% EtOH at temperatures between rt and 50 °C with no exclusion of air or humidity, in the
g;?gﬁ;ll; pling presence of F-TEDA (Selectfluor™) as an oxidant. The procedure is very functional group tolerant, and affords

the corresponding biaryls in high yields with large substrate scope (26 examples).

1. Introduction

Gold-catalyzed reactions show several features that render them
synthetically attractive: The reaction conditions are mild, the catalysts
or precatalysts are readily accessible and oxygen-tolerant, the use of
ancillary ligands is minimal, and the work-up procedures are easy. In
addition, Au-catalysis is orthogonal to other metal-catalyzed reactions,
and present ample functional-group tolerance. As a drawback, Au(I) and
Au(IIl) do not readily cycle between oxidation states. However, the use
of a stoichiometric oxidant together with an Au(I) catalyst allows for Au
(D-Au(III) redox cycles [1].

Biaryl motifs are important structural scaffolds found in a variety of
natural products, functional materials, catalysts, agrochemicals, and
pharmaceutical substances [2]. Although methods for aryl-aryl bond
formation have traditionally been dominated by Pd- and Cu-catalyzed
coupling reactions [3], the use of Au-catalysis for the synthesis of
symmetrical biaryl compounds shows great potential as an alternative
strategy [4].

The synthesis of biaryls by the homocoupling of aryl halides under
Au-catalysis has been performed using a periodic mesoporous organo-
silica supported Au-catalyst [5], Au-nanoparticles [6], and Au-Pt alloy
nanocrystals in hollow silica [7]. These reactions show several im-
provements over other metal-catalyzed Ullmann-type couplings, such as
lower temperatures and stability of the catalysts.

Besides, boronic acids and their ester and trifluoroborate derivatives

are attractive materials in organic synthesis due to their high stability
and low toxicity [8]. These reagents have been used as starting materials
for the synthesis of biaryls by homocoupling reactions using mainly Cu
and Pd catalysts [9,10,11], but also Cr [12], Rh [13], Ru [14], Ni [15],
and Mn [16] catalysts. After the first reports of stoichiometric trans-
metalation of arylboronic acids and aryltrifluoroborates to Au(I) in the
presence of a base [17], arylboronic acids have been used as substrates
for the synthesis of biaryls in Au-catalyzed homocoupling reactions [4,
9]. These Au-catalyzed reactions can be hampered by the formation of
catalytically-inactive gem-diaurated species [18], and the need for
regeneration of a catalytically-active Au-species after the reductive
elimination step [19], which requires the presence of external oxidants
[1].

Despite these difficulties, the Au-catalyzed homocoupling of aryl-
boronic acids has been performed (Scheme 1) using Au supported on
nanocrystalline cerium(IV) oxide [20], homogeneous and heterogenized
Au(IIl) Schiff base-complexes [21], Au(Ill)-complexes supported on
silica-based mesoporous and laminar inorganic solids [22], nPS-PA-
MAM-supported Au-nanoparticles [23], an Au-C nanoparticle composite
[24], Mg-Al mixed-oxides-supported Au nanoparticles [25], and
PEGylated gold nanoparticles in water [26]. In addition, Au(0) nano-
clusters stabilized by poly(N-vinyl-2-pyrrolidone) have been used for the
homocoupling of potassium aryltrifluoroborates [27], and AuCl or
NaAuCly-2H,0 have been applied as catalysts for the homocoupling of
arylboronic acids, phenyl borates, and potassium phenyltrifluoroborate
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Carrettin, 2005
Au/CeO, catalyst (5 mol %), K,CO3 (1.3 equiv), toluene, 60 °C, 15 h
3 examples, R = H (100%), p-CH,=CH (100%), m-COCH3 (97%)

Gonzalez-Arellano, 2005

Au(lll) Schiff base-complex (3 mol %), K,CO3 (2 equiv), xylene, 130 °C, 24 h
4 examples, R = H (99%), p-Me (97%), p-MeO (97%), p-Br (95%)

Corma, 2007

Au(lll)-catalyst (20 mol %), K3PO4 (1.3 equiv), xylene, 130 °C, 24 h
3 examples, R = H (99%), p-MeO (97%), m-Br (95%)

Zheng, 2012

AuNP (1.4 mol %), K,CO3 (3 equiv), H,0, rt, air, 24 h
5 examples, R = H (99%), p-MeO (98%), m-MeO (94%), p-Me (98%), m-Me (96%)

Sk, 2013

AuCNP (0.66 mol %), toluene-H,O (2:1), 70 °C, air, 7 h

1 example, R = H (68%)
Wang, 2013

Mg-Al mixed-oxides-supported AuNP (30 % weight), EtOH, 100 °C, O, (1.5 MPa), 12 h

1 example, R =H (92.5%)
Rahme, 2013

PEG-AuUNP (2 mol %), NaOH (4 equiv), H,0, 80 °C, 48 h

2 examples, R = H (44%), p-MeO (60%)
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Au:PVP (1 mol %), K,COj3 (3 equiv), H,0, 60 °C, air, 24 h
8 examples, R = H (99%), p-Me (99%), m-Me (95%), o-Me (14%), p-MeO (89%),

p-F (99%), p-CF3 (99%), p-Br (98%)
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Matsuda, 2011

R

NaAuCl, (5 mol %), K,COj (1.1 equiv), EtOH, 50 °C, air, 24 h

[B] = B(OH),

13 examples, R = H (73%), p-Me (79%), m-Me (79%), o-Me (39%),

p-'Bu (72%), p-MeO (49%

m-MeO (75%), p-CF3 (50%), p-F (56%), m-Br (24%), p-l (13%), p-CN (23%), m-COCH3 (11%)

[B] = BF3K
2 examples, R = H (64%), p-'Bu (28%)

O
[B] = B4>
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Scheme 1. Previous work: Au-catalyzed homocoupling reactions of arylboronic acids and their derivatives.

[28] using air as the oxidant to regenerate the Au(IIl) species. These
Au-catalyzed reactions have only been reported for monosubstituted
aryls, and suffered from a reduced scope and little functional-group
tolerance.

On the other hand, (Ph3P)AuCl is a stable commercially available
user-friendly complex frequently used in Au-catalyzed organic synthesis
[29]. It can also be readily prepared from elemental gold [30]. We
envisioned that this popular catalyst could be advantageous over other
previously reported Au-catalysts in the homocoupling of arylboronic

acids for the synthesis of symmetrical biaryl compounds (Scheme 2).
Given the fact that the catalytic cycle would require cycling between Au
(I) and Au(lIlI) species [1], we selected F-TEDA (Selectfluor™) as a
convenient oxidant to perform this task. F-TEDA is a mild, air- and
moisture-stable, non-volatile reagent used in electrophilic fluorinations.
The use of F-TEDA has been reported to allow for the in situ formation of
XoAu(III)-F species [31], which exhibit high reactivity in the C-B bond
activation of arylboronic acids [32].
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mono-, di-, tri-, and tetrasubstituted

PhzPAuCI
(8 mol%) /
F-TEDA (2 equiv) R — \RY
K,CO3 (1.2 equiv)
EtOH 96% 26 examples

rt-50°C, 16 h Wide scope

Halogen-containing
Functional-group tolerant

Scheme 2. This work.

2. Results and discussion

We started our study by exploring the reaction of phenylboronic acid
as a starting material to perform the optimization of the catalyst loading,
and solvent (Table 1), in the presence of F-TEDA (2 equiv). All reactions
were carried out at rt for 16 h. Since we wanted to develop mild
benchtop conditions, all experiments were investigated with no exclu-
sion of air or ambient humidity, using commercial-grade solvents.

First, the effect of the base was investigated. It is known that the base
may have the role to activate the arylboronic acid for transmetalation, as
well as neutralizing the XB(OH); by-product produced in the reaction,
thus preventing the deterioration of the catalyst [20]. Using CH2Cl; as
the solvent and 5 mol% of the catalyst, we found that no homocoupling
took place in the absence of a base (entry 1). In the presence of a base
(1.2 equiv), low yields of the homocoupling product 1 were observed
with KHCOj3 or K3POy (entries 2, 3). The use of K;COj3 instead rendered 1
in 84% yield (entry 4). Lowering the amount of K2CO3 (0.6 equiv) had a
negative effect on the yield (entry 5). Next, we investigated other sol-
vents, looking for greener alternatives to CH2Cly. No yield improvement
was found when using toluene, 2-Me-THF, acetonitrile, or acetone (en-
tries 6-9). The use of EtOH provoked a significant increase in the yield
(entry 10), which was further improved when using commercial 96%
EtOH (entry 11). This suggested the participation of water in the aryl-
boronic acid hydrolysis step or the solubilization of the base and
F-TEDA. However, increasing the amount of water in the solvent had a
negative effect on yield (entry 12). Finally, the catalyst loading was
optimized (entries 13, 14). The use of 10 mol% of the catalyst (entry 14)
was found to be optimum in terms of economy, since a further increase
to 10 mol% did not improve the yield. Thus, the optimal condition for
this homocoupling reaction was established by using 8 mol% of
Ph3PAuCl in 96% EtOH at rt (entry 13).
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Using these optimized reaction conditions, we explored the scope
and limitations of the procedure with regard to the arylboronic acids
(Scheme 3). We found that the reaction took place smoothly at rt in the
case of monosubstituted alkyl- or halogen-containing arylboronic acids
(3-8), even tolerating o-substitution (6-8). On the other hand, func-
tional group-containing substrates required heating at 50 °C (9-15),
regardless of the electron-donor or electron-acceptor characteristics of
the substituent. Lower yields were observed in the case of arylboronic
acids functionalized at their o-positions with polar groups such as OMe
(9) or CHO (10) in comparison to their halogen counterparts (6-8).
Excellent yields were obtained for compounds containing aldehyde,
cyano, and nitro groups at their m- or p-positions (11-14). However,
lower yields were obtained in the case of p-CO2Me (15). For disubsti-
tuted arylboronic acids (16-25), we observed that the reaction was
highly sensitive to steric hindrance, since we were not able to obtain
compounds 16 or 17 even upon heating, although the presence of a
single o-substituent was well tolerated (18-24). Similar observations
were made when dealing with tri- (26, 27) or tetrasubstituted (28)
arylboronic acids. Again, the coupling of arylboronic acids containing
two (20-25) or three halogens (26, 27) was performed at rt, but the
synthesis of 28 required heating at 50 °C. In general, the ability to couple
halogen-containing substrates was remarkable. The coupling of Br- and
Cl-containing materials supplies a practical handle for additional func-
tionalization by hydrogenation or cross-coupling reactions. The reaction
was also extended to 29, as an example of the coupling of hetero-
arylboronic acids.

Finally, we checked the possibility of replacing arylboronic acids
with potassium aryltrifluoroborates (Scheme 4). We observed that the
reaction did not proceed either in the absence of a base, or when using
K2COs. This result was rather disappointing, as ate species should be
more prone to transmetalation than boronic acids. However, in the
presence of LiOH, the synthesis of 18, 20, 27, and 29 took place readily
at rt, but yields were lower than when using the corresponding aryl-
boronic acids as starting materials. Presumably, the role of the base is to
convert the aryltrifluoroborate into the corresponding arylboronic acid
prior to transmetalation [33]. An essay performed in EtOH—H,0 (8:2)
to increase the solubility of the potassium aryltrifluoroborate in the
reaction medium gave 18 in 58% yield.

These reactions can be understood by a catalytic cycle that begins
with transmetalation of the aryl moiety from B to Au (D), followed by
oxidation to Aull (I1), second transmetalation (III), and reductive
coupling (Scheme 5).

Table 1
PhsPAuCI
F-TEDA (2 equiv)
- y . | .. B(OH), -
Optimization of conditions for the homocoupling of PhB(OH), with PhsPAuCL. Base .
1a Solvent 2
rt, 16 h

entry Ph3PAuCl (mol%) Solvent Base 2 (mol%)
1 5 CH4Cl, — 0
2 5 CH,Cl, KHCO3 44
3 5 CH,Cl, K3PO, 62
4 5 CH,Cl, K3CO3 84
5 5 CH,Cl, K>CO3 32
6 5 Toluene K»CO3 78
7 5 2-Me-THF K,COs3 63
8 5 Acetonitrile KoCO3 51
9 5 Acetone K,CO3 48
10 5 EtOH K2CO3 89
11 5 EtOH 96% K,COs3 91
12 5 EtOH:H,0, 10:1 K»CO3 78
13 8 EtOH 96% K2COg3 93
14 10 EtOH 96% K»CO3 97

@ Conditions: 1a (0.123 mmol), F-TEDA (2 equiv), Base (1.2 equiv), Solvent (1.0 mL), rt, 16 h.

b Reaction with 0.6 equiv of K,COs.
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Scheme 3. PhsPAuCl-catalyzed synthesis of biaryls.®
“Conditions: PhzPAuCl (8 mol%), arylboronic acid (0.123 mmol), F-TEDA (2 equiv), K2CO3 (1.2 equiv), EtOH 96% (1.0 mL), rt, 16 h (isolated yields). bReaction at
50 °C.
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Ph3PAuUCI (8 mol %)
LiOH (1.2 equiv)
F-TEDA (2 equiv)

EtOH 96%, rt, 16 h

R-BF3K
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F F F F
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Scheme 4. PhsPAuCl-catalyzed coupling of potassium aryltrifluoroborates.®

27

29 (79%)
(69%)

“Conditions: Ph3PAuCl (8 mol%), potassium aryltrifluoroborate (0.123 mmol), F-TEDA (2 equiv), LiOH (1.2 equiv), EtOH 96% (1.0 mL), rt, 16 h (isolated yields).

Ar—B(OH),
PhsP-Au'—F —B58%¢ __ ppp.ayl—a
PhsPAuUCl —— 3 “BX(OH), 3 Iu r
F-TEDA ﬁ(\
N >Cl
A VARV
F F-TEDA
Ar—B(OH)
n_ 2 n_
Ph;;PAX A B O Ph3PAE Ar
r

Scheme 5. Mechanistic proposal.

3. Conclusion

In summary, we have demonstrated a new use of (Ph3gP)AuCl in
application-driven catalysis. (PhsP)AuCl is more efficient than previ-
ously reported Au-catalysts for the homocoupling of arylboronic acids.
The reaction does not require any extra ligands for Au, and proceeds
efficiently under benchtop conditions (no exclusion of air or humidity,
96% EtOH, rt-50 °C) using F-TEDA as the oxidant and KoCO3 to ensure
transmetalation. A range of mono-, di-, tri-, and tetrasubstituted aryl-
boronic acids (26 examples) could undergo the homocoupling reaction
to afford the corresponding biphenyls in good to excellent yields, with
high functional-group tolerance, including halogen-containing sub-
strates. The scope of this procedure is wider than using previously re-
ported Au-catalysts. The reaction was also extended to the coupling of
potassium aryltrifluoroborates (4 examples).
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