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ABSTRACT

Disulfides bearing (R)-1,1′-bi-2-naphthol ((R)-BINOL) moieties at each terminal position have been successfully introduced on the surface of
Au cluster. Ti−BINOLate complex generated from the obtained monolayer-protected Au cluster (MPC) promoted catalytic asymmetric alkylation
of benzaldehyde with Et2Zn to afford the adduct in up to 98% yield with 86% ee. After completion of the reaction, the BINOL-functionalized
MPC was easily recovered.

Monolayer-protected metal clusters (MPCs)1 of nanometer-
size have attracted much attention due to their diverse
applications in diagnostic,2 electronic,3 and photonic devices.4

In particular, since the design and synthesis of structurally
well-defined Au clusters are relatively simple and easy, a
large number of functionalized Au clusters have been
reported.5 However, chemical transformation and/or chiral
recognition on the surface of MPC has remained a challenge
in fine chemical technology.6

In many cases, polymer-supported catalysts7 have exhibited
lower catalyst activity than that of the parent homogeneous
catalysts. A possible reason for the low activity of polymer-
supported catalysts could be the limited access to the catalytic
sites, most of which are present deep inside the polymer
backbone. When the MPC is prepared with thiols and/or
disulfides containing a chiral ligand moiety, the ligands are
readily exposed on the surface of metal clusters. Therefore,
the catalysts generated from MPC-supported ligands are
expected to show high catalyst activity, which would be
comparable to the parent homogeneous catalysts, due to the
easy access to active sites on the surface of MPC.8 Herein,
we report the first synthesis of MPCs bearing chiral 1,1′-
bi-2-naphthol (BINOL) moieties on the Au surface (Scheme
1) and their application to asymmetric reactions.9

Toward the development of new asymmetric catalysts
installed on Au cluster, disulfides bearing (R)-1,1′-bi-2-
naphthol ((R)-BINOL) moieties at terminal positions were
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selected because BINOL has tremendous applications in
enantioselective catalysis.10 The syntheses of BINOL-
terminated disulfides are outlined in Scheme 2. Alkyl chains

with varying chain lengths were smoothly introduced at the
6-position of the known 2,2′-dimethoxy-1,1′-binaphthalene
(1) by Friedel-Crafts acylation reaction11 to afford com-
pound2. After reduction of ketone and ester moieties in2,
the bromination of the alcohol with PPh3-CBr4 gave the
corresponding bromide3. The bromide3 was reacted with
thiourea to yield the mixture of the disulfide4 and corre-
sponding thiol. To obtain disulfide4 as a sole product, the
mixture was subsequently treated with iodine in aqueous
NaOH. Finally, removal of Me groups on the BINOL moiety
was performed with BBr3 to afford the desired BINOL-
terminated disulfide5. Preparation of disulfides5 with
various lengths of alkyl chains as spacers (n ) 4, 5, and 6)
has been achieved in 31∼34% overall yield in seven steps
starting from (R)-1.

With a range of disulfide5 in hand, BINOL-functionalized
MPCs were subsequently synthesized. To a toluene solution
of AuCl4-(n-C8H17)4N+ generated in situ by the treatment
of aqueous solution of HAuCl4 with tetraoctylammonium
bromide12 was added the disulfide5 consisting of two (R)-
BINOL moieties. Subsequently, the reaction mixture was
treated with NaBH4 to obtain the BINOL-functionalized
MPCs 6a, 6b, and 6c (n ) 4, 5, and 6, respectively)
quantitatively (Scheme 3). The amount of disulfide5
immobilized onto MPC6 was determined by elemental
analysis.13

To demonstrate the catalytic activity of BINOL-function-
alized MPC 6, the catalytic asymmetric alkylation14 of
benzaldehyde (7) with Et2Zn was examined (Table 1).15

In all cases, addition of Ti(O-i-Pr)4 to MPC6 resulted in
heterogeneous Ti-BINOLate complexes.16 The alkylation
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Scheme 1. Introduction of Disulfide Having Two BINOL
Units.

Scheme 2a

a Reagents and conditions: (a) AlCl3, EtO2C(CH2)n-2COCl,
CH2Cl2; (b) TFA, Et3SiH, CH2Cl2; (c) LAH, THF; (d) PPh3, CBr4,
THF; (e) (NH2)2CdS, DMSO; (f) I2, aq NaOH; (g) BBr3, CH2Cl2.

Scheme 3. Preparation of MPCs Bearing BINOL Moietiesa

a (a) HAuCl4‚4H2O (2 equiv), (n-C8H17)4N+Br- (4 equiv); (b)
aq NaBH4 (20 equiv).
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of 7 with 2 equiv of Et2Zn in the presence of 1 equiv of
Ti(O-i-Pr)4 was promoted by 10 mol %6a to give the adduct
(R)-8 in 92% yield with 80% ee. The use of6b improved
the enantioselectivity of (R)-8to 86% ee (entry 2). The
amount of6b could also be reduced to 5 mol % (entry 4).
Among several chain lengths we examined,6b induced the
best enantiomeric excess on (R)-8 (entries 1-3). Interest-
ingly, the reaction using 3 equiv of Et2Zn proceeded
smoothly keeping the high enantiomeric excess of (R)-8,
while the reaction using 1 equiv of Et2Zn resulted in reduced

enantiomeric excess (entries 5 and 6). The activity of
heterogeneous MPC catalyst was close to the soluble parent
Ti-BINOLate complex.17 The high catalyst activity of MPC-
supported BINOL catalysts would reflect the naked character
of BINOL moieties on the surface of MPC.

The size of6b was analyzed by transmission electron
microscopy (TEM) and dynamic light scattering (DLS).18

The TEM image, depicted in Figure 1, confirmed the

formation of MPC with a diameter less than 5 nm for the
Au core. The distribution of6b by DLS exhibited the
existence of swollen BINOLate MPC with the following
sizes: 85% of 7.6 nm diameter with ca. 15% of 9.0 nm
diameter. The size obtained by DLS is significantly larger
than that analyzed by TEM. This can be expected because
DLS is more sensitive to larger species than smaller ones in
a MPC-disperse aggregate sample.

As a preliminary result of reuse of6b, after termination
of the reaction using 1 N HCl,6b was easily recovered by
precipitation from EtOH and the use of recovered6b with
Ti(O-i-Pr)4 resulted in the adduct in 92% yield with 68%
ee. Moreover, after immersing6b in 1 N HCl for 3 days,
the recovered6b still promoted the alkylation reaction to
give (R)-8 in 75% yield with 62% ee. During the examination
of reuse of the catalysts, no flaked BINOL derivative was
observed in the reaction mixture by1H NMR and HPLC
analysis. These results suggest that the newly prepared
BINOL-functionalized MPC is stable and reusable.

In conclusion, BINOL-functionalized MPCs were synthe-
sized and applied in the catalytic asymmetric alkylation of
benzaldehyde by forming the Ti-BINOLate complex on the
MPC. The MPC used as the ligand was readily recovered
from the reaction mixture and showed stability under acidic
conditions.
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Table 1. Catalytic Asymmetric Alkylation Using MPCs

entry
MPC

(mol %)a nb

Et2Zn
(equiv)

time
(h)

yieldc

(%)
ee
(%)

1 6a (10) 4 2 7 92 80
2 6b (10) 5 2 7 98d 86
3 6c (10) 6 2 7 >95 72
4 6b (5) 5 2 7 >95 80
5 6b (10) 5 1 16 31 73
6 6b (10) 5 3 3 >95 84
7 BINOL (10) 2 7 >95 90

a As a monomeric ligand.b Lengths of alkyl chains as spacers.c Deter-
mined by1H NMR. d Isolated yield.

Figure 1. TEM image of6b.
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