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It has been claimed that homogeneous transition-metal
catalysis can be used to make the production of fine chemicals
sustainable,[1] and the amount of unwanted by-products is
already being efficiently reduced in large-scale production. In
particular, some of the recently described new strategies for
generating products with increased functional-group com-
plexity through catalytic organoborane chemistry[2] would
substantially reduce the number of steps required in extended
syntheses.[3] Chemo-, regio-, and stereoselective catalytic C�B
bond formation allows access to highly selective functional-
ized molecules.[4] In this process, the choice of the catalyst in
the metal-mediated B�B addition reaction to unsaturated
molecules is of fundamental importance. Pt and Rh com-
plexes are known to be active catalytic systems;[5] however,
selective transformation was also achieved with gold com-
plexes.[6] Homogeneous catalysis by gold has become a hot
topic in organometallic chemistry,[7] but despite the clean
diboration reaction observed by Marder et al. ,[6] the catalytic
activity and stability are lower than desired.

Inspired by these preliminary results and in an attempt to
achieve clean, efficient diboration of alkenes, we report here
on the enhanced catalytic activity of ligand-protected gold
when it is prepared as very small particles. We first prepared a
gold(I) complex modified with 2,2’-bis(diphenylphosphino)-
1,1’-binaphthyl (binap) from (Me2S)AuCl and 0.5 equiv of
binap.[8] [(binap)Au2Cl2] (1) was converted to [(binap)Au2I2]
(2) by ion exchange with an excess of KI in THF.[9] Crystals of
2 suitable for X-ray diffraction were obtained by precipitation
with hexane, and the crystallographic data confirmed the
dinuclearity of the complex (Figure 1). The bond lengths and
angles are similar to those reported for [(Tolbinap)Au2Cl2],

[10]

except for the Au–halide distance, which is 0.26 ; longer in 2
indicating that the Au�I bond is weak.

When the gold(I) complexes 1 and 2 were used as catalyst
precursors in the diboration of styrene (Scheme 1), they were
inactive even after 72 h at room temperature. The 1,2-
bis(boronate)styrene product was obtained in only 6% yield

even at higher temperatures (THF
at reflux) (Table 1, entry 1). The
addition of a base such as NaOAc
and an excess of the diboron reagent
was critical for total conversion of
the substrate to give the desired
diboron product within 2 h at room
temperature (Table 1, entries 2–4).
No asymmetric induction was
observed when the ligand used was
(R)-binap. While the chemoselectiv-
ity (diborated products versus
hydroborated by-products formed
from previous dehydrogenative bor-

ylation) was not affected, the reaction required 3 equiv of
B2cat2 and 1 equiv of base to reach completion (Table 1,
entries 4–6). The fact that the Au�I bond in 2 is more labile
than the Au�Cl bond in 1 may explain the higher catalytic
activity (Table 1, entry 7). The gold species in presence of
other bases, such as NaOH or CsCO3, proved to be less
chemoselective towards the 1,2-bis(boronate)styrene product
(Table 1, entries 8 and 9).

The unexpected enhanced catalytic activity was related to
the appearance of a reddish solid before the oxidative
workup, the characterization of which concluded with the

Figure 1. X-ray crystal
structure of 2. Selected
distances [�] and angles
[8]: Au–P 2.257, Au–I
2.549; P-Au-I 172.20.

Scheme 1. Diboration of styrene in the presence of a gold catalyst.

Table 1: Gold-mediated catalytic diboration of styrene with B2cat2.
[a]

Entry Catalyst
precursor

Base B2cat2

[equiv]
t [h] Conv. [%][b] Prod.

sel. [%][b]

1[c] 1 – 1.1 72 6 99
2 2 NaOAc 1.1 2 13 99
3 2 NaOAc 2 2 89 99
4 2 NaOAc 3 2 100 99
5 2 NaOAc[d] 3 2 63 99
6 2 – 3 0 2 –
7 1 NaOAc 3 15 75 99
8[e] 2 NaOH 3 2 100 84
9[e] 2 CsCO3 3 2 100 65

[a] Standard conditions: substrate/base/Au complex 1:1:0.0125, THF,
room temperature. [b] Conversion and selectivity calculated by 1H NMR
spectroscopy. [c] Reaction conducted at reflux. [d] Substrate/base 1:0.5
[e] Branched and linear hydroborated by-products were observed.
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formation of binap-stabilized gold nanoparticles in situ. XRD
measurements were made and the X-ray diffractogram
revealed the presence of metallic Au0 (Figure 2a). Using the
fundamental parameters approach convolution algorithm[11]

implemented in the program TOPAS 3.1, we calculated the
crystallite size from the net integral breadth of the peaks.[12]

The gold nanoparticles were estimated to have a mean
crystallite size of 10.5� 0.3 nm. The core size and size
distribution of binap–gold nanoparticles were examined by
transition electron microscopy (TEM), and the image shows
disperse nanoparticles 6.9� 3.0 nm in diameter, (Figur-
e 2b,c). We assume that AuI in [(binap)Au2I2] is reduced to
Au0 by B2cat2, because a previous study reported that PPh3-
stabilized gold nanoparticles can be obtained by reducing
[PPh3AuCl] with diborane B2X4.

[13] It should be pointed out
that in our case the less reactive B2cat2 was able to reduce AuI

to Au0
. The resulting by-product was identified by 11B NMR

spectroscopy as IBcat (29.9 ppm); two further signals at
13.6 ppm are assumed to be due to the adduct
NaOAc·B2cat2,

[14] and that at 20.5 ppm is attributed to B2cat3.
Interestingly, the recovered reddish solid characterized as

binap-stabilized gold nanoparticles was reused in a new
catalytic diboration reaction of styrene. The conversion and
total chemoselectivity towards the diborated product were
high (Table 2, entry 1). This shows that the catalytic system is
very stable and that it can be recycled. To distinguish between

the catalytic activity of the nanoparticles and that of the
plausible active metal complex leached from the nanoparticle,
we performed a catalytic reaction in which an excess of Hg
was added to the solution of complex 2 ; substantial inhibition
of the catalytic system was observed (Table 2, entry 2).
Despite the ability of Hg0 to poison heterogeneous metal-
particle catalysts, the experiment is not definitive by itself.[15]

Pure binap–gold nanoparticles with a small diameter (1.7�
0.3 nm) were synthesized following the Fujihara protocol,[16]

from HAuCl4 and binap in the presence of NaBH4, and used
in the catalytic diboration reaction. The activity and chemo-
selectivity observed (Table 2, entry 3) were similar to those of
the binap-stabilized gold nanoparticles generated in situ.

The role of the binap ligand is controversial. Chiroptical
activity of (R)-binap–gold nanoparticles has been reported by
Fujihara et al. ,[16] although the nanoparticles were not tested
as catalysts in any asymmetric transformation. The lack of
asymmetric induction by (R)-binap–gold NPs might be
related to the postulated mechanism for the reaction. There-
fore, we decided to perform the catalysis with the analogous
achiral catalytic system [(dppe)Au2Cl2] (3) (dppe= 1,2-bis-
(diphenylphosphino)ethane), which was prepared from
[(Me2S)AuCl] and 0.5 equiv of dppe. The singlet in the
31P NMR spectrum (31.5 ppm in CDCl3) provided evidence
that the dimeric complex formed is the same as that prepared
previously from NaAuCl4/thiodiglycol/dppe.

[17] When com-
plex 3 was used as the catalyst precursor in the diboration of
styrene, the catalytic activity (Table 2, entry 4) was identical
to that of 2. Again the in situ formation of gold NPs stabilized
by dppe was confirmed by XRDmeasurements, and the X-ray
diffractogram revealed the presence of metallic Au0. This
suggests that these bidentate ligands ((R)-binap and dppe)
mainly play a stabilizing role in nanoparticle formation. Gold

Figure 2. Characterization of the binap-stabilized gold nanoparticles
generated in situ. a) X-ray diffractogram (with vertical markers for
standard Au0) , b) TEM micrograph (500000 O enlargement), c) core
size distribution.

Table 2: Catalytic diboration of styrene with gold nanoparticles (NPs)
and B2cat2.

[a]

Entry Catalytic system Conv. [%][b] Prod. sel. [%][b]

1 binap–gold NPs
recovered

82 99

2[c] complex 2 – –
3 binap–gold NPs[d] 90 99
4 dppe–gold NPs

generated in situ
91 99

5 l-glutathione–gold NPs 94 99

[a] Standard conditions: substrate/NaOAc/Au complex 1:1:0.0125,
3 equiv of B2cat2, THF, room temperature, 2 h. [b] Conversion and
selectivity calculated by 1H NMR spectroscopy. [c] Excess Hg added.
[d] NPs were synthesized from HAuCl4 and binap in the presence of
NaBH4 following the Fujihara protocol (see Ref. [16]).
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nanoparticles stabilized by chiral thiol ligands seem to be an
alternative catalytic system.[18] To this end, we chose l-
glutathione to stabilize gold NPs and followed the synthetic
process reported for l-glutathione–M NPs (M=Au, Pt).[19]

Thus HAuCl4 was treated with l-glutathione and the metal
was reduced to Au0 in the presence of NaBH4. Whereas the
1H NMR spectrum indicated that the particles were spectro-
scopically pure, the X-ray diffractogram revealed the pres-
ence of metallic Au0, and the TEM image with particle
size distribution mainly indicated a population of
particles about 2.8� 1.4 nm in diameter. When we
tested the catalytic activity of the l-glutathione–gold
NPs in the diboration of styrene, we observed that the
conversion and chemoselectivity remained very high
(Table 2, entry 5) but that the enantioselectivity was
nil.

We also found that gold nanoparticles were better
than other nanoparticles in the same group (Ag and Cu
nanoparticles) for the catalytic diboration of alkenes.
In fact when silver nanoparticles were synthesized
following the Yang method[20] and used to add B2cat2
catalytically to alkenes, conversions were moderate
(51% for styrene, 47% for indene, and 54% for trans-
b-methylstyrene) although the total chemoselectivity
towards the desired product remained the same.
Catalytic activity was lowest (26% for styrene) for
the copper nanoparticles synthesized following the
Zhong method.[21] This shows that the gold catalyst has
the advantages of higher activity, higher selectivity, and
milder reaction conditions.[22]

The scope of the diboration catalyzed by system 2
was extended to aliphatic alkenes such as vinylcyclo-
hexene and 3,3-dimethylbutene; the conversion was
complete and the chemoselectivity quantitative
(Figure 3), but no enantioselectivity was observed. The
diboration of internal alkenes led to the quantitative cis B�
B addition to trans-b-methylstyrene and the selective forma-
tion of cis-bis(boryl)cyclic moieties for endocyclic alkenes
such as indene and norbornene (Figure 3). The diboration of
norbornene has been reported using base-free Pt0[23] and RhI

complexes,[24] which provided good yields and chemoselectiv-
ities but required long reaction times and higher temper-
atures. Only one report has described the diboration of indene
but with lower chemoselectivity (68%).[25] These approaches
open up new perspectives for synthethic pathways to 2-exo-3-

exo-norbornanediol and 1,2-indanediol[26] through the oxida-
tive workup of the bis(boronate)ester intermediates.

The high chemoselectivity described with the binap-
stabilized gold nanoparticles suggests that the catalytic
system could be involved in a base-mediated diboration,
and therefore transmetalation becomes the key step in the
mechanism instead of oxidative addition (Scheme 2). The
observation of the resulting by-product, IBcat, which is

similar to the ClBcat observed by Baker et al. ,[27] supports
the B�B heterolytic cleavage. A similar mechanism based on
a transmetalation sequence has been postulated for the first
catalytic diboration of alkenes with palladium complexes.[14]

The mechanism suggested for the gold nanoparticle mediated
diboration reaction gains strong support from the crossed-
addition experiment, in which B2cat2 and B2((4-Me)cat)2

[28]

were simultaneously added to styrene (Scheme 3). Although
the reactivity of B2((4-Me)cat)2 is lower than that of B2cat2
(23% of styrene converted to 1,2-bis(boronate)styrene), the
formation of crossdiborated product B (about 10%, detected
by GC–MS) in conjunction with A (about 60%) and C (about
30%) supported this hypothesis. It should be noted that if
diboration occurs by the oxidative addition of diborons to
Au0, product B should not be observed. In agreement with
this transmetalation pathway, similar trends were found by
Cheng et al. for the Pd0-mediated diboration of allenes[29] and
by Oshima et al. for the b-boration of esters and amides.[30]

Morken et al.[31] on the other hand, described some crossover
experiments that suggested that allene diboration could be
initiated by the oxidative addition of diboron to Pd0.

In summary, we have reported a new gold-mediated
diboration reaction, in which binap-stabilized gold(0) nano-
particles are responsible for the conversion of alkenes with
complete chemoselectivity to the 1,2-bis(boronate)esters. The

Figure 3. Scope of the diboration reaction catalyzed by binap-stabilized
gold nanoparticles generated in situ.

Scheme 2. Proposed mechanism for the reaction of an alkene with B2Cat2

catalyzed by binap–gold nanoparticles generated in situ.
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formation of by-products, therefore, is significantly mini-
mized. Of particular importance are the moderate reaction
conditions (2 h and room temperature) and the substrate
scope. The reaction mechanism can involve the base-assisted
heterolytic cleavage of the diboron reagent and further
alkene insertion and transmetalation on the catalytic
system. Studies are now being made into applying chiral
phosphine-stabilized gold(0) nanoparticles to the asymmetric
addition of B�B to alkenes.
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Scheme 3. Crossed-addition experiment for the diboration of styrene.
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