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The advent of gold-mediated transformations has led to
significant advances in organic synthesis.[1] The majority of the
synthetic/catalytic uses of gold catalysts rely on the well-
documented ability of monomeric gold complexes to activate
C�C multiple bonds or to form C�Au s bonds which can be
further functionalized. In contrast, the chemistry of dinuclear
gold complexes, recently highlighted,[2] remains relatively
unexplored. Such complexes can activate organic molecules
by the formation of either gem-diaurated or s,p-activated
alkyne complexes (Figure 1). We believe that the reactivity of

such species could pave the way to exciting new gold-
mediated reactions and also greatly increase the mechanistic
understanding of gold catalysis. Thus, a robust and reliable
synthesis of key digold complexes is central to achieve these
goals. Therefore, we sought to develop a straightforward
methodology leading to gem-diaurated and s,p-acetylide
species to permit further synthetic and mechanistic studies.

Geminally diaurated complexes have been known since
the mid 1970s.[3] For a long time they were considered to be
mere curiosities. It was not until Gagn� and co-workers
observed and isolated a dinuclear gold species, more than
30 years after their original observation, that these began to
attract the attention of the scientific community.[4] The
observation of these dinuclear gold complexes as intermedi-
ates in catalytic transformations has led researchers to
question how gold truly interacts with organic molecules.
This paradigm has brilliantly been shown by Hashmi et al. in

their recent contributions disclosing the role of gold acety-
lides and gem-diaurated species in organic transformations.[5]

For example, a change in selectivity between a and b isomers
of a naphthalene derivative was observed depending on
whether one or two gold centers interacted with the
substrate.[5a] Formation of both types of dinuclear gold species
during catalytic transformations is more common than first
thought, especially in reactions involving terminal alkynes.[6]

The number of publications highlighting these species is
increasing as researchers become aware of their existence and
actively attempt to identify them.

Several groups have contributed significantly to our
understanding of the reactivity of both gem-diaurated and
s,p-acetylide species.[4, 7] While access to the latter class is
relatively facile,[6a,b] the formation of gem-diaurated com-
pounds often involves tedious and circuitous procedures.[8] It
was not until Gray and co-workers developed a methodology
to transmetalate arylboronic acids with [Au(PPh3)Br], using
Cs2CO3 in isopropyl alcohol to form mononuclear gold
species, that a door to milder procedures was opened.[9]

Recently, the group of Gray has progressed one step further
and extended this methodology to the synthesis of [{Au-
(PPh3)}2(m-aryl)][NTf2] species using 2 equivalents of the
complex [Au(PPh3)(NTf2)], which was reported by Gagosz
and co-workers,[10] in dry diethyl ether at room temperature
[Eq. (1); Tf = trifluoromethanesulfonyl].[11]

Despite the vast utility of N-heterocyclic carbene (NHC)
ligands in homogenous catalysis in general[12] and in gold
catalysis,[12a,b] in particular, only a handful of examples of gem-
diaurated NHC species are known.[5] Therefore, a mild and
straightforward methodology leading to these species is
needed. We recently reported the synthesis of mononuclear
organogold complexes bearing NHC ligands in a rapid and
efficient manner by transmetalation from boronic acids using
a gold hydroxide species, [Au(IPr)(OH)] (1) (IPr = 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene).[13] We thought
that if we initially formed [Au(IPr)(phenyl)] (2) by reacting
1 with phenyl boronic acid (3), the addition of the complex
[Au(IPr)(NTf2)][14] (4), reported by Gagosz, should form the
gem-diaurated species [{Au(IPr)}2(m-phenyl)][NTf2] (5 ;
Scheme 1). As hypothesized, 5 was obtained in quantitative
yield after 1 hour. Encouraged by this result, we envisioned
a general one-step procedure leading to gem-diaurated

Figure 1. Example of gem-diaurated and s,p-activated molecules.

[*] A. G�mez-Su�rez, S. Dupuy, Prof. Dr. A. M. Z. Slawin,
Prof. Dr. S. P. Nolan
EaStCHEM School of Chemistry, University of St Andrews
St Andrews, KY16 9ST (UK)
E-mail: snolan@st-andrews.ac.uk
Homepage: http://chemistry.st-and.ac.uk/staff/spn/group/SP_No-

lan/Home.html

[**] The ERC (Advanced Investigator Award-FUNCAT) and the EPSRC
are gratefully acknowledged for support of this work. Umicore AG is
acknowledged for their generous gift of auric acid. We thank Dr.
Ruben S. Ram�n for preliminary synthetic contributions. S.P.N. is
a Royal Society Wolfson Research Merit Award holder.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201208234.

.Angewandte
Communications

938 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 938 –942

http://dx.doi.org/10.1002/anie.201208234


complexes using a digold hydroxide complex, such as [{Au-
(IPr)}2(m-OH)][BF4] (6) as a synthon.[15,16]

Initial reaction of 6 (1 equiv) with 3 (1 equiv) in CD2Cl2 at
room temperature resulted in complete conversion of the
starting materials and disappearance of the characteristic m-
OH signal (ca. d = 0.4 ppm)[15a] of 6 within 30 minutes. The
product was precipitated by the addition of pentane, collected
by filtration, and dried under vacuum, thus affording a white
powder in 96% yield. Further characterization of the product
by 13C NMR spectroscopy, elemental analysis, and single-
crystal X-ray diffraction studies confirmed the formation of
[{Au(IPr)}2(m-phenyl)][BF4] (3a ; Figure 2 a). In contrast to
the monoaurated complex [Au(IPr)(phenyl)] (2; Figure 2b),

the diaurated species 3 a does not adopt the classical linear
conformation for gold(I) complexes and presents Ccarb-Au-
Cphenyl angles of 155.6(3)8 and 160.6(3)8. Most likely, this
nonlinearity is due to the strong aurophilic interaction
between the two gold centers and the steric hindrance of
the carbene ligands. The Au-Au distance, 2.7697(8) �, falls in
the range of those reported in the literature (2.727–
2.846 �).[5a] While the Ccarb-Au bond lengths are almost the
same in 2 and 3a, the Cphenyl-Au bond lengths are slightly
longer in 3a. This is in agreement with the more cationic
nature of 3a and the three-center-two-electron system in the
Au-Ccarb-Au bond. If 3a is compared to its phosphane
congener [{Au(PPh3)}2(m-phenyl)][NTf2] significant differen-
ces can be noted. The latter presents the typical linear
conformation for gold(I) complexes with a P-Au-Cphenyl angle
of 175.70(8)8 and a shorter Au-Au distance of 2.7112(6) �. As
expected, the P-Au bond (2.2617(10) �) is longer than the
Ccarb-Au bond length. In contrast, the Cphenyl-Au bond length is

slightly longer for the phosphane complex (2.153(4) �) than
for 3a.[11]

To compare the methodology of Gray and co-workers[11]

to the present route, the reaction between 2 equivalents of
complex 4 with 3 under both sets of reaction conditions was
carried out. No conversion to the desired product was
observed when 4 was used, but the use of 6 under our initial
conditions appears a very general protocol (Scheme 2).

Encouraged by these results, we proceeded to optimize
the initial reaction conditions. Six different solvents were
tested. No dramatic effect was observed and all reactions
reached completion after 30 minutes. To further examine the
scope of the method and for practical reasons, CH2Cl2 was
selected as the operational solvent.[17]

Different organometallic partners were also screened.
The use of phenylboronic acid pinacol ester resulted in
significantly slower transmetalation and 3 days were neces-
sary to reach full conversion. Following our recent contribu-
tion on the transmetalation between RSi(OMe)3 and 1,[18] we
attempted to employ siloxanes to access gem-diaurated
species. Unfortunately, under these reaction conditions, the
monoaurated complex 2 was the main product. This may be
due to the high temperature required for the transmetalation.
Other transfer reagents are presently being explored.

With these results in hand, we proceeded to explore the
substrate scope and limitations of the method (Table 1).
Generally 1.1 equivalents of the boronic acid was sufficient to
reach completion within a few hours. Most reactions afforded
the desired product in excellent yields and various function-
alities were tolerated, for example, methoxy, fluoro, and nitro
groups. Phenylboronic acids with either electron-withdrawing
(EWG) or electron-donating (EDG) groups at the para po-
sition required increased reaction times compared to those
for 3 (Table 1, entries 1–5). Interestingly, reaction with para-
isopropoxyphenylboronic acid (9) afforded the desired prod-
uct 9a in excellent yield, although 2 equivalents of the boronic
acid were necessary for the reaction to go to completion
(Table 1, entry 4). This result is a great improvement from
previous literature reports which disclosed a 45% yield.[11]

Surprisingly, a dramatic electronic effect was observed when
EWGs or EDGs occupied the position ortho to the reactive
center. While the use of EDGs resulted in the need for longer
reaction times, the ortho-nitro substituent reduced this time to
45 minutes (Table 1, entries 6 and 7).[19] The dramatically
longer reaction times observed for 2,6-dimethoxyphenylbor-
onic acid (13) could be explained by the electron-donating
ability of the methoxy groups and the high steric congestion
about the substrate reactive site (Table 1, entry 8). More

Scheme 1. Synthesis of gem-diaurated species 5 using the gold hydrox-
ide 1 and the complex 4.

Figure 2. Molecular structures of a) 3a and b) 2. H atoms are omitted
for clarity. Selected bond distances [�] and angles [8] for 3a : Au1-C1
2.017(8), Au1-C61 2.141(8), Au1-Au31 2.7697(8), Au31-C31 2.007(8),
Au31-C61 2.122(8), Au31-Au1-C1 154.8(2), Au31-Au1-C61 49.2(2), C1-
Au1-C61 155.6(3), Au1-Au31-C31 148.9(3) and C31-Au31-C61 160.6(3)
and for 2 (range between three independent molecules): Au-C1
2.00(3)–2.06(3), Au-C2 2.01(3)–2.09(3) and C1-Au-C2 172.9(13)–
178.1(11) and .

Scheme 2. Comparison between the methodology from Gray and co-
workers and the one developed in this work.
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challenging architectures were then targeted. The use of 2-
furanboronic acid (16) afforded the expected product in
excellent yield after 2 hours (Table 1, entry 11). Access to
vinyl gem-diaurated species was also investigated. Reactions
with the trans-styreneboronic acid (17) needed 1.5 equiva-
lents of the boronic acid to reach completion, but afforded the
desired product in 97 % yield (Table 1, entry 12). As observed
by F�rstner and co-workers, this type of gem-diaurated
species easily undergoes decomposition in CD2Cl2.

[7b]

Unfortunately, attempts to extend this methodology to
other vinylboronic acids, such as 18, were unsuccessful,
irrespective of the number of equivalents of starting material
used (Table 1, entry 13). In contrast, reaction of 2 equivalents
of the ferrocene derivative 19 with 6 afforded only the

mononuclear gold complex, while reaction with only 1 equiv-
alent resulted in no conversion (Table 1, entry 14). The
synthesis of bis(gem-diaurated) species was also attempted.
While the reaction with the bis(boronic acid) 20 did not afford
any product, regardless of the reaction time or number of
equivalents of boronic acid used, reaction with 21 showed
a 87% conversion into the desired product within 1 hour.
Unfortunately, attempts to force the reaction to completion
or to separate 21 a from 6 were unsuccessful. One last
example was attempted using cyclopentylboronic acid (22),
and, as expected, no reaction was observed (Table 1,
entry 17).

All compounds shown in Table 1 were isolated and
characterized by 1H and 13C NMR spectroscopy, and yielded
correct elemental analyses. It is worthwhile noting that
previous phosphane analogues were reported without
13C NMR spectra of the complexes because attempts to
identify the bridging ipso-carbon atom were unsuccessful.[11]

Very careful investigation of the carbene system using long
delays and a large number of scans allowed us to identify the
ipso-carbon atom by NMR spectroscopy for almost all
products. To confidently assign structural features, HSQC
and HMBC experiments were necessary. The chemical shifts
for these ipso-carbon atoms appear between d = 106.5 (13 a)
and 148.4 (15 a) ppm for the phenyl derivatives, d = 158.2 for
16a and d = 122.6 for the vinyl species 17 a. It was possible to
grow suitable crystals for single-crystal X-ray diffraction
(XRD) studies for compounds 7 a, 9a, 10a, 13a, 15 a, and 17 a
by slow diffusion of pentane into a saturated solution of the
product in THF at 4 8C.[20]

Once the effectiveness of our method for the synthesis of
gem-diaurated species was demonstrated, we wondered if the
methodology could be extended to the synthesis of s,p-
acetylide species, thereby extending the use of 6 as a synthon.
Initial reaction of phenylacetylene (23) with 6 in CH2Cl2 at
room temperature afforded the desired s,p-acetylide species
23a in excellent yield within 3 hours (Table 2, entry 1). The
diaurated nature of compound 23a was confirmed by XRD
(Figure 3) as well as by comparison of the 1H and 13C NMR
data with that reported by Widenhoefer.[6a, 20] The reaction
was then attempted with two additional substrates. These

Table 1: Synthesis of gem-diaurated species.[a]

Boronic acid t
[h]

Product[b] Yield
[%]

1 3 0.5 3a 96

2 7 3 7a 89

3 8 3 8a 86

4 9 3 9a 96

5 10 3 10a 86

6 11 3 11a 89

7 12 0.75 12a 91[c]

8 13 20 13a 91

9 14 2 14a 88

10 15 3 15a 88

11 16 2 16a 85

12 17 3 17a 97

13 18 20 18a 6[c]

14 19 20 19a 0

15 20 20 20a 0

16 21 1 21a 87[c]

17 22 20 22a 0

[a] Reaction conditions: [Au] (20 mg, 15.7 mmol, 1 equiv), boronic acid
(1–2 equiv), CH2Cl2 (0.5 mL), RT. [b] Product isolated with BF4

� as the
counterion. [c] Conversion as determined by 1H NMR spectroscopy.

Table 2: Synthesis of s,p-acetylide species.[a]

Alkyne t
[h]

Product[b] Yield
[%]

1 23 3 23a 92

2 24 18[c] 24a 88

3 25 18[c] 25a 89

[a] Reaction conditions: [Au] (20 mg, 15.7 mmol, 1 equiv), alkyne
(1 equiv), CH2Cl2 (0.5 mL), RT. [b] Product isolated with BF4

� as the
counterion. [c] Reaction times are not optimized.
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results are summarized in Table 2. All three complexes were
obtained in excellent yields and both para- and meta-electron-
donating substituents were tolerated (Table 2, entries 2 and
3).

In conclusion we have developed a new, mild, and
straightforward methodology for the synthesis of gem-diau-
rated NHC species in excellent yields using [{Au(IPr)}2(m-
OH)][BF4] (6). This new synthetic protocol proves highly
efficient for a wide range of phenyl derivatives bearing EWG,
EDG, and sterically demanding substituents, as well as for
vinyl and heteroaromatic species. This procedure fulfills the
need for highly efficient methodologies for the synthesis of
gem-diaurated NHC complexes. In addition, 6 could also be
used to gain access to s,p-acetylide species. We hope that this
methodology will help in mechanistic studies to elucidate the
role of dinuclear gold species in the ongoing “Gold Rush”.
Ongoing work in our laboratories is aimed at addressing some
of these fascinating questions.
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