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Introduction

The sulfide centers of [Pt2 ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] (1) have a rich his-
tory in metalation chemistry.[1] Recent investigations have
explored the functionalization of the nucleophilic sulfide
with organic electrophiles as a simple way of constructing
binuclear platinum complexes with novel thiolate bridges.[2]

The functionalization of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(P-P)2] (P-P=25mono-
phosphine or diphosphine) complexes with organic electro-
philes has seen a recent surge of interest.[2–3] It also prompt-
ed Gonz7lez-Duarte et al. to carry out a theoretical study on
the reaction mechanism that underlies the reactivity of [Pt2-
(m-S)2 ACHTUNGTRENNUNG(P-P)2] with organic dihalides.[4] The first successful
isolation of binuclear platinum complexes that contain het-
erogeneous thiolate bridges,[5] [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]

2+

(2), marked a milestone in the alkylation chemistry of [Pt2-
(m-S)2 ACHTUNGTRENNUNG(P-P)2] complexes since dialkylation, in particular, het-
erodialkylation, which has proved to be challenging. These
complexes are rare, although a large number of d8 doubly
bridging thiolate complexes of the type [M2ACHTUNGTRENNUNG(m-SR)2L4]

n+ are
known.[6–7] Notably, heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(PPh3)4]

+ (3) has been limited to methylation (to give
SCH3) at the unsubstituted sulfide by using a powerful al-
ACHTUNGTRENNUNGkylating agent (dimethyl sulfate) that is able to overcome
the positive charge of the initially formed monocationic spe-

cies 3. The deactivation of the free sulfide in 3 imposed by
the positive charge makes further alkylation difficult, even
in a large excess of halide.[2]

The methylation of [Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(PPh3)4]
+ (3) repre-

sents the simplest heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-S)2 ACHTUNGTRENNUNG(PPh3)4]
(1). By adopting a sequential alkylation of 1 with monoha-
lides, RX, followed by methylation with dimethyl sulfate,
novel diplatinum complexes with two different thiolate
bridges, [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]

2+ (2), are readily ob-
tained.[5] Related analogues with two chemically identical
SR thiolate bridges are much more commonly found for
Pt,[6] Fe,[8] and so on. Very recently, Ni complexes with two
different thiolate bridges were synthesized from two types
of potassium salt of the thiols, SiPr or StBu and methylthio-
ACHTUNGTRENNUNGethanethiolate (mtet).[9] The hexanuclear cyclo-[{Ni ACHTUNGTRENNUNG(m-SiPr)-
ACHTUNGTRENNUNG(m-mtet)}6] and the decanuclear cyclo-[{Ni ACHTUNGTRENNUNG(m-StBu) ACHTUNGTRENNUNG(m-
mtet)}10] clusters have a flexible core that could be used in
molecular recognition and as magnetic materials.

High pressure in the liquid phase has been successfully
applied to the alkylation of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(P-P)2] (P-P=25PPh3

or Ph2P ACHTUNGTRENNUNG(CH2)3PPh2 (1,3-bis(diphenylphosphanyl)propane or
dppp)) in the synthesis of dithiacyclophanes.[10] We demon-
strate herein that high pressure (15 kbar) can promote the
second alkylation, thus allowing for functionalization of the
unsubstituted sulfide in [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]

+ (3). This is
consistent with the knowledge that bond-forming and/or
ionogenic reactions are accompanied by a decrease in acti-
vation volume and are, hence, accelerated by pressure.[11]

We investigated the heterodialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2} in an
attempt to convert {Pt2ACHTUNGTRENNUNG(m-S)2} into {Pt2(SR) ACHTUNGTRENNUNG(SR’)} (in which
R¼6 R’¼6 CH3) entities in a one-pot manner by using pres-
sure, and to establish that the dialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2} to
{Pt2(SR)2} is accelerated at elevated pressure.

Abstract: Heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-
S)2ACHTUNGTRENNUNG(dppp)2] (dppp=Ph2P ACHTUNGTRENNUNG(CH2)3PPh2)
was achieved under high pressure
(10 kbar). This enabled the synthesis of
rare diplatinum complexes with struc-
turally diverse thiolate bridges, such as
[Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)-
(dppp)2]ACHTUNGTRENNUNG(PF6)2, which was crystallo-
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of [Pt2(m-SC2H4CO2CH2CH3)2ACHTUNGTRENNUNG(dppp)2]-
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otherwise not accessible.
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Results and Discussion

Pressure-Promoted Heterodialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2}

Attempts to modify the substituent on the SCH3 thiolate
ligand of complex 2 failed to give complexes of the type
ACHTUNGTRENNUNG[Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SR’)ACHTUNGTRENNUNG(PPh3)4]

2+ (4 ; R¼6 R’¼6 CH3). This is exem-
plified in the alkylation reaction of 1 with benzyl bromide
followed by diethyl sulphate, which stopped at the first al-
ACHTUNGTRENNUNGkylation stage to give [Pt2(m-SCH2C6H5)ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(PPh3)4]

+ (3a).
An increase in carbon-chain length of just one C atom (i.e. ,
from CH3 to CH2CH3) impeded heterodialkylation signifi-
cantly. A similar observation was made in the reaction of 1
with allyl bromide and diethyl sulphate studied by electro-
spray ionization mass spectrometry (ESI-MS), in which the
predominant monoalkylated species, [Pt2(m-SCH2CHCH2)
ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]

+ (3b ; m/z=1544, 100%), was formed together
with the diethylated [Pt2(m-SCH2CH3)2ACHTUNGTRENNUNG(PPh3)4]

2+ (m/z=

780.5, 58%) and diallylated [Pt2(m-SCH2CHCH2)2ACHTUNGTRENNUNG(PPh3)4]
2+

(m/z=792, 35%) complexes, as well as [Pt2(m-
SCH2CHCH2)2ACHTUNGTRENNUNG(PPh3)4]

2+Br� (m/z=1402, 33%). Elevated
pressure (up to 10 kbar) did not result in the formation of
the expected mixed di-m-thiolato complexes (e.g., [Pt2(m-
SCH2C6H5) ACHTUNGTRENNUNG(m-SC2H5) ACHTUNGTRENNUNG(PPh3)4]

2+ (4a) and [Pt2(m-
SCH2CHCH2) ACHTUNGTRENNUNG(m-SC2H5)ACHTUNGTRENNUNG(PPh3)4]

2+ (4b)).
Therefore, a different method was required to achieve

heterodialkylated {Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SR’)} complexes. The termi-
nal phosphine ligand of 1 was replaced by dppp in [Pt2ACHTUNGTRENNUNG(m-
S)2ACHTUNGTRENNUNG(dppp)2] (5) to increase the nucleophilicity of the sulfido
ligands. It is also important to apply the correct alkylation
sequence to 5. For example, attachment of a substituent
with a long and/or bulky alkyl chain hinders the approach of
a second substituent. Reversal of the order, that is, introduc-
tion of the smaller substituent first, may solve the problem,
but functionalization of both sulfide centers by the first
halide is likely to occur. Thus, in our endeavor to prepare a
diplatinum complex that contains both long-chain ester thio-
late and propyl thiolate ligands, the propyl substituent was
attached first by treating the starting complex 5 with 1-bro-
mopropane to yield [Pt2 ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2]ACHTUNGTRENNUNG(PF6) (6).

The reaction was stopped within 10 min so that 6 was isolat-
ed as the only product. Successful heterodialkylation to give
[Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a)
was then accomplished by pressurizing a suspension of 6
and ethyl 6-bromohexanoate overnight in MeOH at 10 kbar
and 25 8C, followed by the addition of excess NH4PF6

(Scheme 1). Notably, this alkylation sequence is opposite to
that used for the preparation of [Pt2 ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3)-
(PPh3)4]

2+ complexes. When ethyl 6-bromohexanoate was
introduced first to give [Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-S)-
ACHTUNGTRENNUNG(dppp)2]ACHTUNGTRENNUNG(PF6)2 (8), steric hindrance caused by the long ester
chain blocked the approach of 1-bromopropane.

The structural characteristics of 7a (Tables 1 and 2) are
similar to those found in [Pt2ACHTUNGTRENNUNG(m-SR) ACHTUNGTRENNUNG(m-SCH3) ACHTUNGTRENNUNG(PPh3)4]

2+ com-
plexes. The crystal structure of 7a (Figure 1) confirms the
presence of two different bridging thiolate ligands that are
projected away from each other. Both ester thiolate and

Scheme 1. The sequence of alkylation in [Pt2 ACHTUNGTRENNUNG(m-S)2 ACHTUNGTRENNUNG(dppp)2] (5) is important for the selective formation of the heterodi-m-thiolato binuclear platinum
ACHTUNGTRENNUNGcomplex Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a).

Table 1. Selected bond lengths (Q́) and angles (o) for complexes 7a and
8.

ACHTUNGTRENNUNG[Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a)

Pt(1)�P(1) 2.270(2) Pt(2)�S(1) 2.375(2)
Pt(1)�P(1A) 2.270(2) Pt(2)�S(1A) 2.375(2)
Pt(1)�S(1) 2.358(2) S(1)�C(1) 1.854(10)
Pt(1)�S(1A) 2.358(2)

Pt(1)�S(1)�Pt(2) 92.58(8) P(1A)�Pt(1)�S(1) 173.88(8)
S(1)�Pt(1)�S(1A) 83.51(11) P(1A)�Pt(1)�S(1A) 91.04(8)
P(1)�Pt(1)�P(1A) 94.26(12) C(1)�S(1)�Pt(1) 105.0(3)
P(1)�Pt(1)�S(1) 91.04(8) C(1)�S(1)�Pt(2) 107.7(3)
P(1)-Pt(1)-S ACHTUNGTRENNUNG(1 A) 173.88(8) q[a] 150

ACHTUNGTRENNUNG[Pt2(m-SC2H4CO2CH2CH3)2 ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (8)

Pt(1)�P(1) 2.262(4) Pt(1)�S(1A) 2.365(3)
Pt(1)�P(2) 2.287(4) Pt(1A)�S(1) 2.365(3)
Pt(1)�S(1) 2.372(3) S(1)�C(1) 1.94(2)

Pt(1)�S(1)�Pt(1A) 90.14(11) P(1)�Pt(1)�S(1A) 174.04(13)
S(1)�Pt(1)�S(1A) 83.02(12) C(1)�S(1)�Pt(1) 104.2(6)
P(1)�Pt(1)�P(1A) 91.71(14) C(1)�S(1)�Pt(1A) 106.1(6)
P(1)�Pt(1)�S(1) 91.04(13) q[a] 142

[a] q=Dihedral angle between the two PtS2 planes.
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propyl thiolate ligands adopt a syn-exo conformation about
the central {Pt2ACHTUNGTRENNUNG(m-S)2} ring, which is inevitably folded with a
dihedral angle of 1508. X-ray diffraction analysis also re-
vealed the disorder of the two aliphatic chains (C3H7 and
C5H10CO2CH2CH3) of the SR groups, which switch positions
(50:50) between the two sulfur atoms. The 31P NMR chemi-
cal shifts of 7a were indistinguishable (d=0.7 ppm), but the
two sets of Pt–P couplings (1JPt�P=2714, 2736 Hz) were evi-
dent. The phosphine ligand trans to the more strongly elec-
tron-withdrawing m-SC5H10CO2CH2CH3 should have the
slightly larger 1JPt�P value. The introduction of a functional
group with an extended tail structure (such as
C5H10CO2CH2CH3) to the unsubstituted sulfide in 6 was hin-
dered by the crowding of the phenyl rings (of dppp) above
the {Pt2 ACHTUNGTRENNUNG(m-S)2} core at lower and ambient pressures. This
process was, however, achieved
at elevated pressure
(Scheme 1).

Heterodialkylation was also
accomplished with a propyl
residue in conjunction with
either ethyl 3-bromopropio-
nate, an ester with a shorter
alkyl chain, or allyl bromide
(Scheme 2). ESI-MS analysis
of a mixture of [Pt2ACHTUNGTRENNUNG(m-S) ACHTUNGTRENNUNG(m-
SC3H7) ACHTUNGTRENNUNG(dppp)2]ACHTUNGTRENNUNG(PF6) (6) and
either substrate in MeOH after
the application of 10 kbar pres-
sure for 16 h at 25 8C revealed
the formation of [Pt2(m-
SC2H4CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)-
(dppp)2]

2+ (7b ; m/z=711,

45% for [M]2+ and 1503, 46% for [M]2+Br�) and [Pt2(m-
SCH2CHCH2) ACHTUNGTRENNUNG(m-SC3H7)ACHTUNGTRENNUNG(dppp)2]

2+ (7c ; m/z=681, 67% for
[M]2+ and 1442, 25% for [M]2+Br�), respectively. An assort-
ment of different substituents can therefore potentially be
appended to the bridging sulfides of 5 to construct a wide
range of mixed dithiolato ligands. We are currently explor-
ing the prospect of applying such heterofunctionalization to
graft the {Pt2ACHTUNGTRENNUNG(m-S)2} core onto solid surfaces.

Accelerated Dialkylation of {Pt2ACHTUNGTRENNUNG(m-S)2} to {Pt2ACHTUNGTRENNUNG(m-SR)2}
under Pressure

The dimethylated [Pt2ACHTUNGTRENNUNG(m-SCH3)2ACHTUNGTRENNUNG(PPh3)4] ACHTUNGTRENNUNG(PF6)2 is the only
[Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(P-P)2]

2+ complex with two chemically identical
m-SR thiolato bridges that has been prepared by the alkyla-
tion of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(PPh3)4] (1).

[2] The intermediate [Pt2ACHTUNGTRENNUNG(m-SR)-
ACHTUNGTRENNUNG(m-S)ACHTUNGTRENNUNG(PPh3)4]

+ (3) contains a deactivated sulfide, which re-
sists substitution, and a monocationic charge, which disfa-
vors electrophilic attack. There is also an increased likeli-
hood of bridge cleavage when the dicationic [Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(P-

Table 2. Crystallographic data for complexes 7a and 8.

Complex 7a·2CH2Cl2·CH3CH2OH 8

Formula C69H84Cl4F12O3P6Pt2S2 C64H70F12O4P6Pt2S2

Mr 1971.28 1771.32
Crystal system monoclinic monoclinic
Space group P21m C2/c
a [Q] 13.0749(10) 19.8783(14)
b [Q] 14.9897(12) 19.2771(14)
c [Q] 20.3330(14) 17.3441(12)
a [8] 90 90
b [8] 105.842(2) 92.678(2)
g [8] 90 90
V [Q3] 3833.7(5) 6638.9(8)
Z 2 4
1calcd [gcm

�3] 1.708 1.772
m [mm�1] 4.038 4.498
T [K] 233(2) 243(2)
Reflections measured 20685 27063
Independent reflections 6994 5321
Rint 0.0658 0.1368
Parameters 457 408
R (F, F2>2s) 0.0505 0.0677
Rw (F2, all data) 0.1386 0.1617
Goodness of fit on F2 0.957 0.963
Max., min. electron
density [eQ�3]

1.549, �1.359 2.443, �2.264

Figure 1. ORTEP diagram of the cation of [Pt2(m-SC5H10CO2CH2CH3) ACHTUNGTRENNUNG(m-
SC3H7) ACHTUNGTRENNUNG(dppp)2] ACHTUNGTRENNUNG(PF6)2 (7a) with thermal ellipsoids at 50% probability.
Phenyl rings of dppp and hydrogen atoms are omitted for clarity.

Scheme 2. Formation of the heterodialkylation complexes [Pt2(m-SC2H4CO2CH2CH3) ACHTUNGTRENNUNG(m-SC3H7)ACHTUNGTRENNUNG(dppp)2]
2+ (7b)

and [Pt2(m-SCH2CHCH2) ACHTUNGTRENNUNG(m-SC3H7) ACHTUNGTRENNUNG(dppp)2]
2+ (7c).
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P)2]
2+ is formed. This is parti-

ally alleviated if the PPh3 li-
gands are replaced by the che-
lating dppp. The strong elec-
tron-donating capacity of dppp
in [Pt2 ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2] (5) also
results in a more electron-rich
sulfide and greater basicity.[12]

We have already established[13]

the identities of a number of
dialkylated complexes of the
type [Pt2ACHTUNGTRENNUNG(m-SR)2ACHTUNGTRENNUNG(dppp)2]

2+

(R=CH2C6H5, CH2CHCH2,
CH2CN, C2H4CO2CH2CH3 and
C5H10CO2CH2CH3) by using
ESI-MS. This method can be
applied to most monohalides
and gives rise to a greater vari-
ety of bridging dithiolate li-
gands. The rate of dialkylation
of 5, however, can be sluggish
with some long-chain halides
and/or those that contain additional functionalities.

The reaction of 5 with ethyl 3-bromopropionate at 6 kbar
and 25 8C for 16 h resulted in complete dialkylation to form
the doubly bridging ester thiolate complex [Pt2(m-
SC2H4CO2CH2CH3)2ACHTUNGTRENNUNG(dppp)2]

2+ (8 ; m/z=740, 100% for
[M]2+ and 1560, 35% for [M]2+Br�) (Scheme 3). The same
reaction at ambient pressure resulted in incomplete dialkyla-
tion and required more than 4 days at room temperature or
2 days at 60 8C to reach completion. Complex 8 can be iso-
lated as the PF6 salt. The

31P{1H} NMR spectrum of 8 is typi-
cal of a symmetrical structure and displays a singlet at d=

0.1 ppm with associated satellites for Pt�P coupling (1JPt�P=

2741 Hz) for the chemically equivalent phosphine groups.
Confirmation of its identity was accomplished by X-ray dif-
fraction (Figure 2 and Tables 1 and 2), which shows the two
ester thiolate ligands in a syn-exo conformation, which is
consistent with complex 7a. The geometry of the central
ACHTUNGTRENNUNG{Pt2ACHTUNGTRENNUNG(m-S)2} ring is hinged with a dihedral angle of 1428.

Conclusions

Elevated pressures in the liquid phase facilitates homo- and
heterodialkylation of [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2] (5) to provide binu-
clear platinum bis(m-thiolato) complexes, which are other-
wise difficult to obtain. It also avoids the use of obnoxious
thiols as substrates. The method is potentially applicable to
a range of functional alkyls and aryls, thus permitting the
design of different functionalities for specific uses such as in
catalysis, optics, molecular electronics, or as therapeutic
agents.[14]

Experimental Section

Methods and Materials

All manipulations were carried out at room temperature, unless other-
wise stated, under an atmosphere of dinitrogen. Solvents were generally
of analytical grade (Tedia) and were dried and deoxygenated before
used. Complex 5 was synthesized according to published methods.[12] The
following chemicals were used as supplied from Aldrich: benzyl bromide,
allyl bromide, diethyl sulfate, and NH4PF6. Ethyl 6-bromohexanoate and
ethyl 3-bromopropionate were obtained from TCI, and 1-bromopropane
was obtained from Fluka.

Reactions were carried out in teflon vessels, which were placed in the
chamber of a PSIKA dual-piston cylinder (20 kbar) ultrahigh-pressure re-
actor with castor oil/MeOH (85:15) as the pressure-transmitting medium
and subjected to pressure. ESI mass spectra were obtained in the posi-
tive-ion mode with a Finnigan/MAT LCQ mass spectrometer coupled
with a TSP4000 HPLC system and the crystal 310 CE system. The mobile

Scheme 3. Application of pressure (6 kbar) accelerates dialkylation to form the complex [Pt2(m-
SC2H4CO2CH2CH3)2 ACHTUNGTRENNUNG(dppp)2]

2+ (8). The same reaction conducted at ambient pressure resulted in a mixture of
mono- and dialkylated products.

Figure 2. ORTEP diagram of the cation of [Pt2(m-SC2H4CO2CH2CH3)2-
(dppp)2] ACHTUNGTRENNUNG(PF6)2 (8) with thermal ellipsoids at 50% probability. Phenyl
rings of dppp and hydrogen atoms are omitted for clarity.
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phase was methanol (80%)/H2O (20%) (flow rate: 0.4 mLmin�1). The
capillary temperature was 150 8C. Peaks were assigned from the m/z
values and from the isotope-distribution patterns. The charge(s) of the
species were confirmed by comparing the experimental and calculated
isotope-distribution patterns. Elemental analysis was performed on a
Perkin–Elmer PE 2400 CHNS elemental analyzer. 1H and 13C NMR spec-
tra were recorded at 25 8C on a Bruker ACF300 spectrometer (300 and
75.47 MHz, respectively) with Me4Si as internal standard.

31P NMR spec-
tra were recorded at 25 8C at 121.50 MHz with 85% H3PO4 as external
reference.

Syntheses

6 : 1-Bromopropane (0.01 mL, 13.5 mg, 0.110 mmol, 3 equiv) and 5
(50.1 mg, 0.039 mmol) were mixed in methanol (20 mL) and gave a
yellow solution instantaneously. After the mixture was stirred for 10 min,
excess NH4PF6 (15.0 mg, 0.092 mmol) was added. Deionized water
(40 mL) was used to complete precipitation. The yellow precipitate was
washed with deionized water (100 mL) and diethyl ether (100 mL) by
using vacuum suction filtration to yield a yellow powder of 6 (41.9 mg,
73%). 1H NMR (300 MHz, CD2Cl2): d =0.34 (t, J=7.0 Hz, 3H;
CH2CH3), 0.42 (t, J=7.0 Hz, 2H; SCH2), 0.56–0.64 (m, 2H; SCH2CH2),
2.29–2.92 (br m, 12H; PC3H6P), 7.15–7.74 ppm (m, 40H; 8C6H5);
31P{1H} NMR (121.5 MHz, CDCl3): d=0.4–1.6 ppm (m, 1JPt�P(1)=3012 Hz,
1JPt�P(2)=2425 Hz); MS (ESI, MeOH/H2O): m/z (%)=1321 (100) [M]+ .

7a : Ethyl 6-bromohexanoate (60.7 mg, 0.272 mmol, 10 equiv) was added
to a yellow solution of 6 (39.9 mg, 0.027 mmol) in methanol (15 mL). The
mixture was pressurized to 10 kbar at 30 8C for 16 h. Excess NH4PF6

(20.0 mg, 0.123 mmol) was added to the resultant pale-yellow solution.
Deionized water (40 mL) was used to complete precipitation. The off-
white powder of 7a (40.8 mg, 85%) was obtained by washing with deion-
ized water (100 mL) and diethyl ether (100 mL). 1H NMR (300 MHz,
CD2Cl2): d =0.16 (br s, 3H; SCH2CH2CH3), 0.41 (t, J=7.0 Hz, 3H;
OCH2CH3), 0.79–0.84 (br m, 2H; CH2CH2CO), 1.11–1.29 (m, 4H;
SCH2CH2CH2), 1.83–2.09 (m, 8H; PC3H6P), 2.28–2.33 (m, 4H; PC3H6P),
2.91 (br s, 4H; SCH2), 2.91 (br s, 2H; SCH2CH2CH3), 2.91 (br s, 2H;
CH2CO), 3.39–3.46 (m, J=7.0 Hz, 2H; OCH2), 7.37–7.46 ppm (m, 60H;
12C6H5);

31P{1H} NMR (121.5 MHz, CD2Cl2): d=0.7 ppm (s, 1JPt�P(1)=
2714 Hz, 1JPt�P(2)=2736 Hz); MS (ESI, MeOH/H2O): m/z (%)=733 (100)
[M]+ , 1611 (26) [M]2+

ACHTUNGTRENNUNG[PF6]
� ; elemental analysis: calcd (%) for

Pt2S2C65H74P6F12O2 (1755.40): C 44.47, H 4.25, S 3.65; found: C 45.25, H
4.06, S 3.46. Pale-yellow crystals of 7a suitable for X-ray crystallographic
analysis were obtained from dichloromethane/ethanol (1:1).

8 : Ethyl 3-bromopropionate (0.08 mL, 100.8 mg, 0.557 mmol, 10 equiv)
was added to a bright-yellow solution of 5 (74.5 mg, 0.058 mmol) in meth-
anol (20 mL). The mixture was pressurized to 6 kbar at 258C for 16 h.
Excess NH4PF6 (25.0 mg, 0.153 mmol) was then added to the resultant
yellow solution. Deionized water (40 mL) was used to complete the pre-
cipitation. The pale-yellow powder of 8 (78.5 mg, 76%) was obtained by
washing with deionized water (100 mL) and diethyl ether (100 mL) by
using vacuum suction filtration. 1H NMR (300 MHz, CD2Cl2): d =0.94 (t,
J=8.5 Hz, 4H; 2CH2CO), 1.21 (t, J=7.1 Hz, 6H; OCH2CH3), 1.98 (br s,
4H; SCH2), 2.70 (br s, 4H; PC3H6P), 2.93 (br s, 8H; PC3H6P), 3.97–4.04
(q, J=7.1 Hz, 4H; OCH2), 7.24–7.48 ppm (m, 40H; 8C6H5);

13C NMR
(75.47 MHz, CD2Cl2): d=14.2, 18.2, 23.9, 29.7, 35.3, 61.1, 129.6, 132.6,
133.7, 170.1 ppm; 31P{1H} NMR (121.5 MHz, CD2Cl2): d =0.07 ppm (s,
1JPt�P=2741 Hz); MS (ESI, MeOH/H2O): m/z (%)=740 (100) [M]+ ,
1625 (48) [M]2+

ACHTUNGTRENNUNG[PF6]
� ; elemental analysis: calcd (%) for

Pt2S2C64H70P6F12O4 (1771.35): C 43.40, H 3.98, S 3.62; found: C 45.05, H
4.04, S 3.74. Pale-yellow crystals of 8 suitable for X-ray crystallographic
analysis were obtained from dichloromethane/ethanol (1:1).

X-ray Crystal-Structure Determination and Refinement

Selected bond lengths and angles for 7a and 8 are given in Table 1. All
measurements were made on a Bruker AXS SMARTAPEX diffractome-
ter equipped with a CCD area detector by using MoKa radiation (l=

0.71073 Q). The software SMART[15] was used for the collection of data
frames, for indexing reflections, and to determine the lattice parameters;
SAINT[15] was used for the integration of the intensity of the reflections

and for scaling; SADABS[16] was used for empirical absorption correc-
tion; and SHELXTL[17] was used for space-group and structure determi-
nation, refinements, graphics, and structure reporting. The structure was
refined by full-matrix least squares on F2 with anisotropic thermal param-
eters for non-hydrogen atoms. A summary of crystallographic parameters
for data collection and refinement is given in Table 2.

For complex 7a, one half of the cation is in the asymmetric unit together
with two halves of the PF6

� anions as well as two halves of dichloro-
ACHTUNGTRENNUNGmethane and half of ethanol solvent molecules. The two aliphatic chains
(C3H7 and C5H10CO2CH2CH3) of the SR groups are disordered and
switch positions (50:50) between the two sulfur atoms. The whole cation
can be obtained by the crystal symmetry. The C5H10CO2CH2CH3 atoms
were located from difference maps and were refined with restraints in
bond lengths and fixed thermal parameters. For 8, the asymmetric unit
contains one half of the cation and two halves of the PF6

� anions. The
whole cation can be generated by the twofold symmetry. The aliphatic
ester chain showed large thermal parameters, which explains the poor
Rint value. Restraints in bond lengths and thermal parameters were there-
fore applied. CCDC-647873 (7a) and -647874 (8) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail : mail-
to:deposit@ccdc.cam.ac.uk) or at www.ccdc.cam.ac.uk/conts/retrieving.
html.

Acknowledgements

We acknowledge the National University of Singapore for financial sup-
port, and S.H.C. thanks the NUS for a Kiang Ai Kim Graduate Research
Scholarship. We are grateful to L. L. Koh and G. K. Tan for assistance in
the single-crystal X-ray crystallographic data collection and analysis.

[1] a) S. W. A. Fong, T. S. A. Hor, J. Chem. Soc. Dalton Trans. 1999,
639; b) Z. Li, S.-W. A. Fong, J. S. L. Yeo, W. Henderson, K. F. Mok,
T. S. A. Hor in Modern Coordination Chemistry: The Legacy of
Joseph Chatt (Eds: G. J. Leigh, N. Winterton), Royal Society of
Chemistry, Cambridge, 2002, p. 355.

[2] W. Henderson, S. H. Chong, T. S. A. Hor, Inorg. Chim. Acta 2006,
359, 3440.

[3] P. Gonz7lez-Duarte, A. LledUs, R. Mas-BallestV, Eur. J. Inorg.
Chem. 2004, 3585.

[4] A. Nova, P. Gonz7lez-Duarte, A. LledUs, R. Mas- BallestV, G.
Ujaque, Inorg. Chim. Acta 2006, 359, 3736.

[5] S. H. Chong, L. L. Koh, W. Henderson, T. S. A. Hor, Chem. Asian J.
2006, 1, 264.

[6] a) P. J. Blower, J. R. Dilworth, Coord. Chem. Rev. 1987, 76, 121;
b) M. Capdevila, W. Clegg, P. Gonz7lez-Duarte, B. Harris, I. Mira, J.
Sola, I. C. Taylor, J. Chem. Soc. Dalton Trans. 1992, 2817; c) J. J.
Garcia, A. Arevalo. V. Montiel, F. D. Rio, B. Quiroz, H. Adams,
P. M. Maitlis, Organometallics 1997, 16, 3216; d) K. A. Mitchell,
K. C. Streveler, C. M. Jensen, Inorg. Chem. 1993, 32, 2608; e) K. A.
Mitchell, C. M. Jensen, Inorg. Chem. 1995, 34, 4441; f) K. A. Mitch-
ell, C. M. Jensen, Inorg. Chim. Acta 1997, 265, 103; g) S. Fakih, V. P.
Munk, M. A. Shipman, P. D. S. Murdoch, J. A. Parkinson, P. J.
Sadler, Eur. J. Inorg. Chem. 2003, 6, 1206; h) P. Papadia, N. Margiot-
ta, A. Bergamo, G. Sava, G. Natile, J. Med. Chem. 2005, 48, 3364;
i) R. H. Fenn, G. R. Segrott, J. Chem. Soc. A 1970, 3197; j) L. Villa-
nueva, M. Arroyo, S. BernWs, H. Torrens, Chem. Commun. 2004,
1942; k) M. C. Hall, J. A. J. Jarvis, B. T. Kilbourn, P. G. Owston, J.
Chem. Soc. Dalton Trans. 1972, 1544; l) S. Dey, V. K. Jain, S. Chaud-
hury, A. Knoedler, F. Lissner, W. Kaim, J. Chem. Soc. Dalton Trans.
2001, 723; m) A. Singhal, V. K. Jain, A. Klein, M. Niemeyer, W.
Kaim, Inorg. Chim. Acta 2004, 357, 2134; n) H. C. Clark, V. K. Jain,
G. S. Rao, J. Organomet. Chem. 1985, 279, 181; o) J. Ruiz, C. Vi-
ACHTUNGTRENNUNGcente, V. RodrXguez, G. LUpez, Polyhedron 1998, 17, 1503; p) S. M.
Aucott, D. Duerden, Y. Li, A. M. Z. Slawin, J. D. Woollins, Chem.

Chem. Asian J. 2007, 2, 1356 – 1362 � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1361

Dialkylation of Sulfide in [Pt2ACHTUNGTRENNUNG(m-S)2ACHTUNGTRENNUNG(dppp)2]



Eur. J. 2006, 12, 5495; q) M. R. Plutino, L. M. Scolaro, A. Albinati,
R. Romeo, J. Am. Chem. Soc. 2004, 126, 6470.

[7] a) P. Serp, M. Hernandez, B. Richard, P. Kalck, D. Chong, M. Y.
Darensbourg, Inorg. Synth. 2004, 34, 121; b) H. Seino, T. Yoshikawa,
M. Hidai, Y. Mizobe, Dalton Trans. 2004, 21, 3593; c) S. E. Apple-
ton, G. G. Briand, A. Decken, A. S. Smith, Dalton Trans. 2004, 21,
3515; d) J. A. Tovilla, R. Vilar, A. J. P. White, Chem. Commun. 2005,
38, 4839; e) J. R. Bleeke, M. Shokeen, E. S. Wise, N. P. Rath, Orga-
nometallics 2006, 25, 2486.

[8] a) D. Seyferth, L.-C. Song, R. S. Henderson, J. Am. Chem. Soc.
1981, 103, 5103; b) D. Seyferth, G. B. Womack, J. Am. Chem. Soc.
1982, 104, 6839.

[9] C. Zhang, S. Takada, M. Kçlzer, T. Matsumoto, K. Tatsumi, Angew.
Chem. 2006, 118, 3852; Angew. Chem. Int. Ed. 2006, 45, 3768.

[10] S. H. Chong, D. J. Young, T. S. A. Hor, J. Organomet. Chem. 2006,
691, 349.

[11] a) N. S. Isaacs, Tetrahedron 1991, 47, 8463; b) G. H. Posner in Stereo-
controlled Organic Synthesis (Ed.: B. M. Trost), Blackwell Scientific
Publications, Oxford, 1994, p. 177; c) G. Jenner, Tetrahedron Lett.
1994, 35, 1189; d) L. Minuti, A. Taticchi, A. Marrocchi, A. Broggi,
E. Gacs-Baitz, Tetrahedron: Asymmetry 2004, 15, 1187; e) M. Mali-
nowska, P. Kwiatkowski, J. Jurczak, Tetrahedron Lett. 2004, 45, 7696;
f) C. Menard-Moyon, F. Dumas, E. Doris, C. Mioskowski, J. Am.
Chem. Soc. 2006, 128, 14764.

[12] R. Mas-BallestV, M. Capdevila, P. A. Champkin, W. Clegg, R. A.
Coxall, A. LledUs, C. MVgret, P. Gonz7lez-Duarte, Inorg. Chem.
2002, 41, 3218.

[13] S. H. Chong, W. Henderson, T. S. A. Hor, Dalton Trans. 2007,
DOI:10.1039/b707526j.

[14] a) A. MendXa, E. Cerrada, F. J. Arn7iz, M. Laguna, Dalton Trans.
2006, 609; b) R. Miao, G. Yang, Y. Miao, Y. Mei, J. Hong, C. Zhao,
L. Zhu, Rapid Commun. Mass Spectrom. 2005, 19, 1031; c) H. Wei,
Q. Liu, J. Lin, P. Jiang, Z. Guo, Inorg. Chem. Commun. 2004, 7, 792;
d) U. Bierbach, T. W. Hambley, N. Farrell, Inorg. Chem. 1998, 37,
708; e) L. R. Kelland, S. J. Clarke, M. J. Mckeage, Platinum Met.
Rev. 1992, 36, 178; f) I. H. Krakoff, Cancer Treat. Rep. 1979, 63,
1523; g) M. Dentro, F. C. Luft, N. M. Yum, S. D. Williams, L. H. Ein-
horn, Cancer 1978, 41, 1274.

[15] SMART & SAINT Software Reference Manuals, Version 4.0, Sie-
mens Energy & Automation, Inc., Madison, WI (USA), 1996.

[16] G. M. Sheldrick, SADABS, software for empirical adsorption correc-
tion, University of Gçttingen, Gçttingen (Germany), 1993.

[17] G. M. Sheldrick, SHELXTL, Version 5.03, Siemens Energy & Auto-
mation, Inc., Madison, WI (USA), 1996.

Received: June 22, 2007
Published online: September 24, 2007

1362 www.chemasianj.org � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1356 – 1362

FULL PAPERS
T. S. A. Hor et al.


