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Abstract: An open capsule-type octanuclear heterometallic sulfide cluster without an intramolecular inversion
center [Ru(η6-C6Me6){P(OMe)3}{MoO(µ3-S)3}(CuI)2]2 (5) has been synthesized for the first time by stepwise
connection of three mononuclear building blocks, i.e., (i) [RuCl2(η6-C6Me6){P(OMe)3}] (1a) as an octahedral
terminal building block to control the direction of cluster expansion, (ii) [MoOS3]2- as a tetrahedral polydentate
building block owing to the strong coordination ability of the S atoms, and (iii) a CuI building block to form
a trigonal planar (µ-S)2CuI unit or to form a linkage unit of two incomplete cubane-type octanuclear
frameworks. The stepwise connection was made in the following order: [RuCl2(η6-C6Me6){P(OMe)3}] (1a,
mononuclear) f [Ru(η6-C6Me6){P(OMe)3}{MoOS(µ2-S)2}] (2a, dinuclear) f [Ru(η6-C6Me6){P(OMe)3}{MoO-
(µ2-S)2(µ3-S)}CuI] (3a, butterfly-type trinuclear) f [Ru(η6-C6Me6){P(OMe)3}{MoO(µ3-S)3}(CuI)2]2 (5). When
P(OMe)3 was replaced by P(OEt)3, which is more bulky than P(OMe)3, in the starting ruthenium building
block [RuCl2(η6-C6Me6){P(OEt)3}] (1b, mononuclear), only the tetranuclear incomplete single cubane cluster
[Ru(η6-C6Me6){P(OEt)3}{MoO(µ3-S)3}(CuI)2] (6) was generated, owing to the steric effect of P(OEt)3.

Introduction

Extensive efforts have so far been devoted to synthesize metal
sulfide and oxide clusters with complete cubane or incomplete
cubane frameworks because of the interest in their geometrical
relevance to the active site structures of enzymes with cubane-
like units such as Fe4S4 and Mn4O4 as well as potential
applications in the area of catalysis.1-9

Chart 1 shows different types of metal sulfide and oxide
clusters so far synthesized with complete cubane frameworks
{e.g.,A, single cubane;10,11B, corner-shared double cubane with
an intramolecular inversion center (i);12-14 C, corner-shared
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There is only one example of the synthesis of a closed
capsule-type linked incomplete double cubane sulfide cluster
without i with one vacant coordination site (L in Chart 2),32

which is regarded as a structural model for the catalytically
active site (FeMoco) of Mo-nitrogenase.33 The half-capsule of
L can be slid to one side with the change of linkage ligands to
give an open capsule-type linked incomplete double cubane
sulfide cluster withouti, which has two uncovered vacant
coordination sites (M in Chart 2). However, the synthesis of
such an attractive open capsule-type sulfide clusterM has yet
to be achieved because there has been no systematic strategy
for the synthesis of such open capsule-type sulfide clusters
without an intramolecular inversion center.

We report herein the first example of a rational synthesis of
an open capsule-type octanuclear heterometallic sulfide cluster
(M8S6, where M) metal ions) with a linked incomplete double

cubane framework without an intramolecular inversion center
as shown as typeM in Chart 2: [Ru(η6-C6Me6){P(OMe)3}-
{MoO(µ3-S)3}(CuI)2]2 (5). Scheme 1 summarizes our strategy
to synthesize the open capsule-type M8S6 cluster5 by stepwise
connection of three mononuclear building blocks: [RuCl2(η6-
C6Me6){P(OMe)3}] (1a, mononuclear)f [Ru(η6-C6Me6)-
{P(OMe)3}{MoOS(µ2-S)2}] (2a, dinuclear)f [Ru(η6-C6Me6)-
{P(OMe)3}{MoO(µ2-S)2(µ3-S)}CuI] (3a, butterfly-type trinuclear)
f a mixture of two incomplete double cubane-type octanuclear
sulfide clusters with or without an intramolecular inversion
center [Ru(η6-C6Me6){P(OMe)3}{MoO(µ3-S)3}(CuI)2]2 (4 or 5,
respectively), which were separated by recrystallization. When
P(OMe)3 was replaced by P(OEt)3 in the starting ruthenium
building block [RuCl2(η6-C6Me6){P(OEt)3}] (1b, mononuclear),
only the tetranuclear incomplete single cubane cluster [Ru(η6-
C6Me6){P(OEt)3}{MoO(µ3-S)3}(CuI)2] (6) was formed due to
the steric effect of P(OEt)3, which is more bulky than P(OMe)3

(Scheme 1). The structures of1a, 2a, 3a, 3b, 4, 5, and6 were
determined by X-ray analysis.

Experimental Section

Materials and Methods. Compounds1a, 1b, 2a, 2b, 3a, 3b, 4, 5,
and6 are stable to air. All preparative procedures were routinely carried
out under an atmospheric pressure of Ar. Methanol, hexane, acetonitrile,
N,N-dimethylformamide (DMF), diethyl ether, dichloromethane, and
chloroform were purchased from Wako Pure Chemical Industries, Ltd.
and were used without further purification. Trimethyl phosphite, triethyl
phosphite, and CuI were purchased from Wako Pure Chemical
Industries and were used without further purification. [RuCl2(η6-C6-
Me6){P(OMe)3}] (1a) and [NH4]2[MoOS3] were prepared by the
methods described in the literature.34,35[Ph4P]2[MoOS3] was synthesized
from [NH4]2[MoOS3] by a method similar to that for [Ph4P]2[MoS4]
and by the method described in the literature.36 1H NMR spectra were
recorded on a JEOL 300 MHz spectrometer (JNM-AL 300) and reported
in ppm vs tetramethylsilane (TMS). IR spectra of solid compounds as
KBr disks were recorded on a Thermo Nicolet NEXUS 870 FT-IR
instrument using 2 cm-1 standard resolution at ambient temperature.
ESI-MS data were collected on an API 365 triple quadrupole mass
spectrometer (PE-Sciex) in positive detection mode, equipped with an
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ion spray interface. The sprayer was held at a potential of+5.0 kV,
and compressed N2 was employed to assist liquid nebulization.

[RuCl2(η6-C6Me6){P(OEt)3}] (1b). A suspension of [RuCl(η6-C6-
Me6)(µ-Cl)]2 (1.00 g, 2.00 mmol) and triethyl phosphite (5 cm3) in
dichloromethane (150 cm3) was refluxed for 1 h. A dark red solution
was filtered and evaporated to dryness. Recrystallization of the solid
residue from dichloromethane/hexane gave dark red crystals. A product
was collected by filtration and dried in vacuo. Yield: 96% based on
[RuCl(η6-C6Me6)(µ-Cl)]2. Anal. Calcd for C18H33Cl2O3PRu: C, 43.20;
H, 6.65%. Found: C, 43.19; H, 6.37.1H NMR (CDCl3, 23 °C): δ
1.26 (t,3JH,H ) 6.9 Hz, 9H,-CH2CH3), 2.03 (d,4JP,H ) 1.2 Hz, 18H,
-CH3(η6-C6Me6)), 4.14 (dq,3JP,H ) 6.9 Hz, 3JH,H ) 6.9 Hz, 6H,
-CH2-).

[Ru(η6-C6Me6){P(OMe)3}{MoOS(µ2-S)2}] (2a). A methanol solu-
tion (50 cm3) of 1a (0.69 g, 1.51 mmol) was added to a methanol
solution (250 cm3) of [Ph4P]2[MoOS3] (1.37 g, 1.54 mmol) at room
temperature. The mixture was stirred for 12 h to yield purple crystals
of 2a, which were collected by filtration, washed with methanol (3×
30 cm3) and diethyl ether (3× 20 cm3), and dried in vacuo. Crystals
of 2a were further obtained by evaporating the filtrate to ca. 100 cm3

below 30°C. Yield: 87% based on1a. Anal. Calcd for C15H27MoO4-
PRuS3: C, 30.25; H, 4.57%. Found: C, 29.96; H, 4.31%.1H NMR

(CDCl3, 23 °C): δ 1.97 (d,4JP,H ) 1.2 Hz, 18H,-CH3(η6-C6Me6)),
3.68 (d,3JP,H ) 10.5 Hz, 9H,-OCH3).

[Ru(η6-C6Me6){P(OEt)3}{MoOS(µ2-S)2}] (2b). Complex2b was
similarly prepared from1b in 89% yield based on1b. Anal. Calcd for
C18H33MoO4PRuS3: C, 33.90; H, 5.22%. Found: C, 33.61; H, 4.92%.
1H NMR (CDCl3, 23 °C): δ 1.20 (t,3JH,H ) 6.9 Hz, 9H,-CH2CH3),
1.23 (t,3JH,H ) 6.9 Hz, 9H,-CH2CH3), 2.21 (d,4JP,H ) 0.9 Hz, 18H,
-CH3(η6-C6Me6)), 2.28 (d,4JP,H ) 0.9 Hz, 18H,-CH3(η6-C6Me6)),
3.88 (dq,3JP,H ) 6.9 Hz,3JH,H ) 6.9 Hz, 6H,-CH2-), 3.99 (dq,3JP,H

) 6.9 Hz,3JH,H ) 6.9 Hz, 6H,-CH2-).

[Ru(η6-C6Me6){P(OMe)3}{MoO(µ2-S)2(µ3-S)}CuI] (3a). Cluster3a
was obtained from a reaction of2a (0.32 g, 0.54 mmol) with CuI (0.10
g, 0.54 mmol) in acetonitrile (60 cm3). After stirring for 12 h at room
temperature, the mixture was concentrated to ca. 20 cm3 giving a purple
precipitate, which was collected by filtration, washed with a small
amount of diethyl ether, and dried in vacuo (Yield: 93% based on
2a). Anal. Calcd for C15H27CuIMoO4PRuS3: C, 22.92; H, 3.46%.
Found: C, 23.00; H, 3.29%.1H NMR (CD3CN, 23 °C): δ 2.26 (d,
4JP,H ) 1.2 Hz, 18H,-CH3(η6-C6Me6)), 3.23 (d,3JP,H ) 11.1 Hz, 9H,
-OCH3).

[Ru(η6-C6Me6){P(OEt)3}{MoO(µ2-S)2(µ3-S)}CuI] (3b). Complex
3b was similarly prepared from2b in 87% yield based on2b. Anal.

Scheme 1
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Calcd for C18H33MoO4PRuS3: C, 26.11; H, 4.02%. Found: C, 25.93;
H, 4.25%.1H NMR (CD3CN, 23 °C): δ 1.16 (t,3JH,H ) 6.9 Hz, 9H,
-CH2CH3), 2.24 (d,4JP,H ) 1.2 Hz, 18H,-CH3(η6-C6Me6)), 3.78 (dq,
3JP,H ) 6.9 Hz,3JH,H ) 6.9 Hz, 6H,-CH2-).

[Ru(η6-C6Me6){P(OMe)3}{MoO(µ3-S)3}(CuI) 2]2 (4, with an In-
version Center). Method A.CuI (0.053 g, 0.30 mmol) was added to
an acetonitrile solution (100 cm3) of 3a (0.20 g, 0.25 mmol) at room
temperature. After stirring for 12 h at room temperature, the mixture
was concentrated to ca. 50 cm3 giving a purple precipitate, which was
collected by filtration, washed with a small amount of diethyl ether,
and dried in vacuo. Dark red block crystals of4 were obtained from a
DMF/diethyl ether solution of the purple precipitate. Yield: 40% based
on3a. Anal. Calcd for C30H54Cu4I4Mo2O8P2Ru2S6: C, 18.45; H, 2.79%.
Found: C, 18.71; H, 2.61%.1H NMR (CD3CN, 23 °C): δ 2.31 (d,
4JP,H ) 1.2 Hz, 18H,-CH3(η6-C6Me6)), 3.43 (d, 3JP,H ) 11.7 Hz
-OCH3). Method B. Cluster4 was obtained from a reaction of2a
(0.30 g, 0.50 mmol) with CuI (0.20 g, 1.05 mmol) in acetonitrile (100
cm3). After stirring for 12 h at room temperature, the mixture was
concentrated to 50 cm3 to give a purple precipitate, which was collected
by filtration, washed with a small amount of diethyl ether, and dried
in vacuo. Dark red block crystals of4 were obtained from a DMF/
diethyl ether solution of the purple precipitate. Yield: 44% based on
2a.

[Ru(η6-C6Me6){P(OMe)3}{MoO(µ3-S)3}(CuI) 2]2 (5, without an
Inversion Center). Cluster5 was prepared in the same manner as4.
Dark red platelet crystals of5 were obtained from a DMF solution of
the purple precipitate. Yield: 40% based on3a. Anal. Calcd for C30H54-
Cu4I4Mo2O8P2Ru2S6: C, 18.45; H, 2.79%. Found: C, 18.71; H, 2.61%.
1H NMR (CD3CN, 23°C): δ 2.31 (d,4JP,H ) 1.2 Hz, 18H,-CH3(η6-
C6Me6)), 3.43 (d,3JP,H ) 11.7 Hz-OCH3).

[Ru(η6-C6Me6){P(OEt)3}{MoO(µ3-S)3}(CuI) 2] (6). Cluster6 was
obtained from a reaction of3b (0.20 g, 0.25 mmol) with CuI (0.053 g,
0.30 mmol) in acetonitrile (100 cm3). After stirring for 12 h at room
temperature, the mixture was concentrated to ca. 50 cm3 giving a purple
precipitate, which was collected by filtration, washed with a small
amount of diethyl ether, and dried in vacuo (Yield: 94% based on
3b). Anal. Calcd for C18H33I2Cu2MoO4PRuS3: C, 21.22; H, 3.27%.
Found: C, 20.95; H, 3.05%.1H NMR (CD3CN, 23 °C): δ 1.19 (t,
3JH,H ) 6.9 Hz, 9H,-CH2CH3), 2.29 (d,4JP,H ) 1.2 Hz, 18H,-CH3(η6-
C6Me6)), 3.75 (dq,3JP,H ) 6.9 Hz,3JH,H ) 6.9 Hz, 6H,-CH2-).

X-ray Crystallographic Analysis. Crystallographic data for1a,37

2a,38 3a,39 3b,40 4,41 5,42 and643 have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication No. CCDC-
266125, 266126, 240914, 266127, 266128, 240913, and 266129,

respectively. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
{Fax: (+44)1223-336-033. E-mail: deposit@ccdc.cam.ac.uk}. Mea-
surements were made on a Rigaku/MSC Mercury CCD diffractometer
with graphite monochromated Mo KR radiation (λ ) 0.7107 Å). Data
were collected and processed using the CrystalClear program (Rigaku).
All calculations were performed using the teXsan crystallographic
software package of Molecular Structure Corporation. An ORTEP
drawing of3b is shown in Figure S1 (in the Supporting Information).

Results and Discussion

Synthesis and Structures of [RuCl2(η6-C6Me6){P(OR)3}]
{R ) Me (1a), Et (1b)}. Complexes1a and1b were prepared
from the reaction of [RuCl(η6-C6Me6)(µ-Cl)]2 with P(OR)3 {R
) Me(1a), Et(1b)} in dichloromethane.34 Red crystals of1a
used in X-ray analysis (Figure 1) were obtained from mixed
solvents of dichloromethane/diethyl ether. The Ru atom has an
octahedral coordination geometry with bonding parameters
similar to [RuCl2(η6-C6Me6)(PMe3)].44 The distances between
Ru atom and carbons of theη6-C6Me6 ring of complex1a in
the solid state are not equivalent: the distances of Ru-C5 and
Ru-C6 {2.288(3) and 2.284(3) Å, respectively} trans to the
P(OMe)3 ligand are longer than those of Ru-C1, Ru-C2, Ru-
C3, and Ru-C4 {2.207(3), 2.227(3), 2.248(3), and 2.216(3) Å,
respectively} trans to the Cl ligands. This indicates that the
P(OMe)3 ligand has a greater trans influence than the Cl ligands.
Thus, the bond distance of C5-C6 {1.402(5) Å} of theη6-C6-
Me6 ring is shorter than those of C1-C6 and C4-C5 {1.433-
(5) and 1.437(5) Å, respectively}.

Synthesis and Structures of [Ru(η6-C6Me6){P(OR)3}-
{MoOS(µ2-S)2}] {R ) Me (2a), Et (2b)}. The molecular
structure of the dinuclear sulfide complex2a determined by
X-ray analysis is shown in Figure 2. Red crystals of2a used in
the X-ray analysis were obtained from mixed solvents of
chloroform/diethyl ether. Ru and Mo atoms have octahedral and

(37) Crystal data for1a‚0.5CH2Cl2: C15.50H28Cl3O3PRu, MW 500.79, mono-
clinic, space groupC2/c (No. 15),a ) 15.536(2) Å,b ) 9.1070(8) Å,c )
28.617(3) Å,â ) 95.150(4)°, V ) 4032.4(7) Å3, Z ) 8, DC ) 1.650 g
cm-3, µ(Mo KR) ) 12.65 cm-1, T ) 173 K,R1 ) 0.036, andRw ) 0.095.

(38) Crystal data for2a: C15H27MoO4PRuS3, MW 595.54, orthorhombic, space
groupCmc21 (No. 36),a ) 9.449(6) Å,b ) 16.93(1) Å,c ) 13.252(8) Å,
V ) 2119(2) Å3, Z ) 4, DC ) 1.866 g cm-3, µ(Mo KR) ) 16.91 cm-1, T
) 223 K, R1 ) 0.040, andRw ) 0.088.

(39) Crystal data for3a‚0.7CH3CN: C16.40H29.10CuIN0.7MoO4PRuS3, MW
814.73, monoclinic, space groupP21/n (No. 14), a ) 8.934(4) Å,b )
23.350(9) Å,c ) 13.258(7) Å,â ) 96.171(7)°, V ) 2749(2) Å3, Z ) 4,
DC ) 1.968 g cm-3, µ(Mo KR) ) 31.87 cm-1, T ) 173 K, R1 ) 0.058,
andRw ) 0.160.

(40) Crystal data for3b: C18H33CuIMoO4PRuS3, MW 828.07, monoclinic, space
groupP21/a (No. 14),a ) 16.036(9) Å,b ) 11.237(6) Å,c ) 15.621(9)
Å, â ) 93.755(9)°, V ) 2808(2) Å3, Z ) 4, DC ) 1.958 g cm-3, µ(Mo
KR) ) 31.21 cm-1, T ) 223 K, R1 ) 0.057, andRw ) 0.145.

(41) Crystal data for4‚DMF: C18H34Cu2I2MoNO5PRuS3, MW 1049.54, mono-
clinic, space groupC2/c (No. 15),a ) 37.63(2) Å,b ) 9.293(4) Å,c )
19.393(9) Å,â ) 110.535(5)°, V ) 6350(4) Å3, Z ) 8, DC ) 2.195 g
cm-3, µ(Mo KR) ) 43.94 cm-1, T ) 173 K,R1 ) 0.053, andRw ) 0.165.

(42) Crystal data for5: C15H27Cu2I2MoO4PRuS3, MW 976.44, monoclinic, space
groupC2/c (No. 15),a ) 9.545(2) Å,b ) 18.288(3) Å,c ) 31.466(6) Å,
â ) 97.5020(7)°, V ) 5445.0(9) Å3, Z ) 8, DC ) 2.382 g cm-3, µ(Mo
KR) ) 51.11 cm-1, T ) 173 K, R1 ) 0.042, andRw ) 0.085.

(43) Crystal data for6: C18H33Cu2I2MoO4PRuS3, MW 1018.52, monoclinic,
space groupP21/n (No. 14),a ) 9.395(4) Å,b ) 16.327(7) Å,c ) 19.521-
(9) Å, â ) 95.777(5)°, V ) 2979(2) Å3, Z ) 4, DC ) 2.271 g cm-3, µ(Mo
KR) ) 46.76 cm-1, T ) 223 K, R1 ) 0.046, andRw ) 0.119. (44) Hansen, H. D.; Nelson, J. H.Organometallics2000, 19, 4740-4755.

Figure 1. ORTEP drawing of1a. Selected bond lengths (l/Å) and angles
(φ/deg): Ru1-C1 ) 2.207(3), Ru1-C2 ) 2.227(3), Ru1-C3 ) 2.248(3),
Ru1-C4 ) 2.216(3), Ru1-C5 ) 2.288(3), Ru1-C6 ) 2.284(3), C1-C6
) 1.433(5), C4-C5 ) 1.437(5), C5-C6 ) 1.402(5), Ru1-Cl1 ) 2.4138-
(9), Ru1-Cl2 ) 2.4042(9), Ru1-P1) 2.2678(9), P1-Ru1-Cl1 ) 86.51-
(3), P1-Ru1-Cl2 ) 86.17(4), Cl1-Ru1-Cl2 ) 88.84(3).
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tetrahedral coordination geometries, respectively. The Ru‚‚‚Mo
distance, 2.924(1) Å, is similar to that of the trinuclear sulfide
cluster [Ru{(CO)(PhNCHS)(PPh3)(µ-S)2}2Mo] {2.8646(8) Å}.45

The Mo-S (bridge) bond distances (av. 2.247 Å) are consider-
ably longer than the Mo-S3 (terminal) bond distance in2a
{2.121(5) Å} and in Cs2[MoOS3] (2.178 Å) with some double
bond character.46a The Mo-O bond distance{1.80(1) Å} is in
the normal double bond distances range. An infrared spectrum
of complex2a, therefore, exhibits twoνMo-S bands, one for
Mo-S (bridge) (450 cm-1) and the other for Mo-S (terminal)
(494 cm-1), and oneνMo-O band (899 cm-1).46 The Ru-Mo-
O1 angle{115.4(3)°} of 2a is smaller than Ru-Mo-S2{136.1-
(2)°} owing to the steric effect of the trimethyl phosphite group.
An infrared spectrum of complex2b also exhibits twoνMo-S

bands, one for Mo-S (bridge) (457 cm-1) and the other for
Mo-S (terminal) (497 cm-1), and oneνMo-O band (897 cm-1).

Synthesis and Structures of [Ru(η6-C6Me6){P(OR)3}-
{MoO(µ2-S)2(µ3-S)}CuI] {R ) Me (3a), Et (3b)}. An ORTEP
drawing of3a is shown in Figure 3. Red crystals of3a used in
the X-ray analysis were obtained from mixed solvents of
acetonitrile/diethyl ether. The trinuclear cluster3a has a
butterfly-type framework, in which the Ru, Mo, and Cu atoms
are arranged in a right-angled fashion{Ru1-Mo1-Cu1 )
91.89(5)°}, and the S2 atom has aµ3-coordination mode. There
are a few reports on such M3S3 butterfly-type mixed metal
clusters.23f,31e The Ru, Mo, and Cu atoms have octahedral,
tetrahedral, and trigonal planar coordination geometries, re-
spectively. The Mo-S2 (µ3) bond distance{2.277(3) Å} is
longer than the Mo-S1 (µ2) and Mo-S3 (µ2) bond distances
{2.233(3) Å and 2.208(4) Å, respectively}. Thus, the IR

spectrum as a KBr disk of3a shows threeνMo-S bands at 467,
471, and 474 cm-1 and oneνMo-O band at 914 cm-1. The
trinuclear butterfly-type cluster3b was also synthesized from
a reaction of2b with CuI. Red crystals of3b used in the X-ray
analysis were similarly obtained from a DMF solution of3b
(Figure S1 in the Supporting Information). The IR spectrum as
a KBr disk of 3b shows threeνMo-S bands at 446, 457, and
465 cm-1 and oneνMo-O band at 915 cm-1.

Synthesis and Structure of [Ru(η6-C6Me6){P(OMe)3}-
{MoO(µ3-S)3}(CuI)2]2 (4 with an Inversion Center). The
butterfly-type trinuclear sulfide cluster3awas transformed into
a mixture of two incomplete double cubane-type octanuclear
sulfide clusters [Ru(η6-C6Me6){P(OMe)3}{MoO(µ3-S)3}(CuI)2]2

(45) Kato, M.; Kawano, M.; Taniguchi, H.; Funaki, M.; Moriyama, H.; Sato,
T.; Matsumoto, K.Inorg. Chem.1992, 31, 26-35.

(46) (a) Müller, A.; Diemann, E.; Jostes, R.; Bo¨gge, H.Angew. Chem., Int. Ed.
Engl. 1981, 20, 934-955. (b) Schmidt, K. H.; Mu¨ller, A. Coord. Chem.
ReV. 1974, 14, 115-179. (c) Diemann, E.; Mu¨ller, A. Coord. Chem. ReV.
1973, 10, 79-122. (d) Zhang, C. Z.; Jin, G.-C.; Chen, J.-X.; Xin, X.-Q.;
Qian, K.-P. Coord. Chem. ReV. 2001, 213, 51-77. (e) Nakamoto, K.
Infrared and Raman Spectra of Inorganic and Coordination Compounds,
5th ed.; John Wiley & Sons: New York, 1997.

Figure 2. ORTEP drawing of2a. Selected interatomic distances (l/Å) and
angles (φ/deg): Ru1-Mo1 ) 2.924(1), Ru1-S1 ) 2.388(2), Mo1-S1 )
2.247(2), Mo1-S2 ) 2.121(5), Mo1-O1 ) 1.80(1), Ru1-S1-Mo1 )
78.16(8), Ru1-Mo1-S2 ) 136.1(2), Ru1-Mo1-O1 ) 115.4(3), S1-
Mo1-O1 ) 110.0(2), S2-Mo1-O1 ) 108.6(4).

Figure 3. ORTEP drawing of3a. Selected interatomic distances (l/Å) and
angles (φ/deg): Ru1-Mo1 ) 2.885(2), Mo1-Cu1 ) 2.655(2), Ru1-S1
) 2.372(3), Ru1-S2) 2.382(3), Mo1-S1) 2.233(3), Mo1-S2) 2.277-
(3), Mo1-S3) 2.208(4), Mo1-O4) 1.714(9), Cu1-I1 ) 2.453(2), Ru1-
S1-Mo1 ) 77.49(9), Ru1-S2-Mo1 ) 76.48(9), Ru1-S2-Cu1 )
117.9(1), S1-Mo1-O4) 111.0(3), S2-Mo1-O4) 111.9(4), S3-Mo1-
O4) 110.5(3), Mo1-S2-Cu1) 71.48(9), Mo1-S3-Cu1) 73.5(1), S2-
Cu1-S3 ) 107.1(1).

Figure 4. ORTEP drawing of4. Selected interatomic distances (l/Å) and
angles (φ/deg): Ru1-Mo1 ) 2.883(1), Mo1-Cu1) 2.672(2), Mo1-Cu2
) 2.687(2), Ru1-S1) 2.376(3), Ru1-S3) 2.383(2), Mo1-S1) 2.272-
(3), Mo1-S2 ) 2.283(3), Mo1-S3 ) 2.265(3), Mo1-O4 ) 1.693(7),
Cu1-I1 ) 2.459(2), Cu2-I2 ) 2.514(2), Cu2-I2* ) 2.972(2), Ru1-
S1-Mo1 ) 76.64(8), Ru1-S3-Mo1 ) 76.30(8), Ru1-S1-Cu1) 117.9-
(1), Ru1-S3-Cu2 ) 124.3(1), S1-Mo1-O4 ) 111.3(3), S2-Mo1-O4
) 111.1(3), S3-Mo1-O4 ) 113.5(3), Mo1-S1-Cu1) 72.18(8), Mo1-
S3-Cu2 ) 71.66(8), S1-Cu1-S2 ) 108.0(1), S2-Cu2-S3 ) 106.8(1),
I2-Cu2-I2* ) 100.44(5).
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with an intramolecular inversion center (4) and without an
intramolecular inversion center (5), which were separated by
recrystallization as shown in Scheme 1. Red crystals used in
the X-ray analysis of4 were obtained from a DMF/diethyl ether
solution of the mixture of4 and 5. As depicted in Figure 4,
cluster4 has a linked incomplete double cubane-type octanuclear
framework with a crystallographic inversion center (typeK in
Chart 1), in which two incomplete cuboidal subunits, M4(µ3-
S)3 (M ) Ru, Mo, and Cu), are linked by two Cu-(µ2-I)‚‚‚Cu
bridges. Although both Cu1 and Cu2 have a trigonal planar
coordination geometry, Cu2 has an interaction with the neigh-
boring I2* atom to reflect a dimerization in cluster4 {the
distances of Cu2-I2 and Cu2-I2* are 2.514(2) and 2.972(2)
Å, respectively}. Such an octanuclear framework with the weak
bridging I interactions has also been observed in [NEt4]4[Cu6-
Mo2S6O2I6] {the distances of Cu-I are 2.517(2) and 2.984(3)
Å} and [NEt4]4[Cu6Mo2S6O2Br2I4] {the distances of Cu-I are
2.502(2) and 2.972(3) Å} previously determined by X-ray
analysis.47 The Mo atom has a distorted tetrahedral coordination
geometry with one Mo-O bond{1.693(7) Å} and three Mo-
(µ3-S) bonds (approximately same as one another: av. 2.273
Å) reflecting one strongνMo-S band at 445 cm-1 of an IR
spectrum as a KBr disk of4.

Synthesis and Structure of [Ru(η6-C6Me6){P(OMe)3}-
{MoO(µ3-S)3}(CuI)2]2 (5 without an Inversion Center). Red

crystals used in the X-ray analysis of5 were obtained from a
DMF solution of the mixture of4 and5. As depicted in Figure
5, cluster5 has an open capsule-type octanuclear framework
(type M in Chart 2), in which two incomplete cubane units,
M4(µ3-S)3 (M ) Ru, Mo, and Cu), are linked by twoµ2-I
bridges. To the best of our knowledge, this is the first example
of such an open capsule-type cluster without an intramolecular
inversion center. The Ru atom is octahedrally coordinated, and
the Mo atom has a distorted tetrahedral coordination with one
terminal O and threeµ3-S atoms. The Cu1 and Cu2 have a
trigonal planar geometry with two S and one Cl atoms, but Cu2
has a weak interaction with the neighboring I2* atom{the
distances of Cu2-I2 and Cu2-I2* are 2.497(1) and 3.046(1)
Å, respectively}.

ESI-MS has rapidly been becoming one technique to probe
the structure of metal complexes in solution.48 On the basis of
our background of ESI-MS studies,26a,48bwe have used ESI-
MS to probe the structure of5 and6 in solution. The positive
ion mass spectrum of the same crystal used in the X-ray analysis
of 5 in CH3CN shows signals atm/z 1826.4{relative intensity
(I) ) 30% in the range ofm/z 1300 to 2000}, m/z 1636.4 (I )
100%), andm/z 1445.4 (I ) 70%) (Figure 6a). The envelope at
m/z 1826.4 has a characteristic distribution of isotopomers that
matches well with the calculated isotopic distribution for [5 -
I]+ (Figure 6b and 6c). In the spectrum each envelope gives a

(47) (a) Hou, H.; Long, D.; Xin, X.; Huang, X.; Kang, B.; Ge, P.; Ji, W.; Shi,
S. Inorg. Chem.1996, 35, 5363-5367. (b) Hou, H.-W.; Xin, X.-Q.; Liu,
J.; Chen, M.-Q.; Shu, S.J. Chem. Soc., Dalton Trans.1994, 3211-3214.

(48) (a) Chen, P.Angew. Chem., Int. Ed.2003, 42, 2832-2847. (b) Ogo, S.;
Makihara, N.; Watanabe, Y.Organometallics1999, 18, 5470-5474.

Scheme 2
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wide distribution of isotopomers due to isotopes of Mo (95Mo,
15.9%;96Mo, 16.7%; and98Mo, 24.1%) and Cu (63Cu, 69.2%
and 65Cu, 30.8%). MS/MS measurements indicate that the
signals atm/z 1636.4 ([5 - I - CuI]+) and 1445.4 ([5 - I -
2CuI]+) are product ions of [5 - I]+. The IR spectrum as a
KBr disk of 5 exhibits theνMo-S andνMo-O bands at 442 and
926 cm-1, respectively.

Synthesis and Structure of [Ru(η6-C6Me6){P(OEt)3}-
{MoO(µ3-S)3}(CuI)2] (6). An incomplete single cubane-type
tetranuclear sulfide cluster6 (typeH in Chart 1) was prepared
from a reaction of butterfly-type trinuclear sulfide cluster3b

with an equimolar CuI. Red crystals of6 used in the X-ray
analysis (Figure 7) were obtained from a DMF/diethyl ether
solution of6. Figure 7 shows that a very bulky ligand of triethyl
phosphite prevents dimerization of6. Thus, the IR spectrum of
6 measured in DMF exhibits oneνMo-S band (442 cm-1) and
oneνMo-O band (927 cm-1); these values agree well with those
obtained in the solid state (as a KBr disk) at 442 cm-1 (νMo-S)
and 927 cm-1 (νMo-O).

The positive ion ESI mass spectrum of6 in CH3CN in Figure
8 shows a prominent signal atm/z 1041.4 (I ) 100% in the
range ofm/z 500 to 1500), which corresponds to [6 + Na]+.

Thermal Stability of [Ru( η6-C6Me6){P(OMe)3}{MoO(µ3-
S)3}(CuI)2]2 (5) and [Ru(η6-C6Me6){P(OEt)3}{MoO(µ3-S)3}-
(CuI)2] (6). We have performed1H NMR measurements of5
and6 dissolved in acetonitrile in order to compare the thermal
stability in solution. Figure 9a-c show the time-dependent
C6Me6 signals in1H NMR spectra of5 in CD3CN, indicating
that the structure of the octanuclear cluster5 is preserved in

Figure 5. (a) ORTEP drawing of5. Selected interatomic distances (l/Å)
and angles (φ/deg): Ru1-Mo1 ) 2.8979(7), Mo1-Cu1) 2.665(1), Mo1-
Cu2 ) 2.674(1), Ru1-S1 ) 2.381(2), Ru1-S2 ) 2.388(2), Mo1-S1 )
2.275(2), Mo1-S2 ) 2.281(2), Mo1-S3 ) 2.272(2), Mo1-O4 ) 1.694-
(4), Cu1-I1 ) 2.450(1), Cu2-I2 ) 2.497(1), Cu2-I2* ) 3.046(1), Ru1-
S1-Mo1 ) 76.95(5), Ru1-S2-Mo1 ) 76.69(5), Ru1-S1-Cu1 )
117.85(7), Ru1-S2-Cu2 ) 124.00(7), S1-Mo1-O4 ) 110.9(2), S2-
Mo1-O4 ) 114.0(2), S3-Mo1-O4 ) 111.3(2), Mo1-S1-Cu1) 71.86-
(5), Mo1-S2-Cu2 ) 71.49(5), S1-Cu1-S3 ) 108.62(7), S2-Cu2-S3
) 107.49(7), I2-Cu2-I2* ) 103.49(4). (b) The open capsule-type linked
incomplete double cubane framework of5 {C6Me6, P(OMe)3, and the
terminal iodide ligands (I1 and I1*) are omitted for clarity}.

Figure 6. (a) Positive-ion ESI mass spectrum of5 in CH3CN. The signal
at m/z 1826.4 corresponds to [5 - I]+. The signals atm/z 1636.4 ([5 - I -
CuI]+) and 1445.4 ([5 - I - 2CuI]+) are product ions of [5 - I]+. (b) The
signal atm/z 1826.4. (c) Calculated isotopic distribution for [5 - I]+.

Figure 7. ORTEP drawing of6. Selected interatomic distances (l/Å) and
angles (φ/deg): Ru1-Mo1 ) 2.878(1), Mo1-Cu1) 2.669(1), Mo1-Cu2
) 2.655(1), Ru1-S1) 2.390(2), Ru1-S2) 2.385(2), Mo1-S1) 2.279-
(2), Mo1-S2 ) 2.277(2), Mo1-S3 ) 2.270(2), Mo1-O4 ) 1.716(5),
Cu1-I1 ) 2.452(1), Cu2-I2 ) 2.452(1), Ru1-S1-Mo1 ) 76.07(6), Ru1-
S2-Mo1 ) 76.21(6), Ru1-S1-Cu1) 121.99(7), Ru1-S2-Cu2) 117.41-
(8), S1-Mo1-O4 ) 114.7(2), S2-Mo1-O4 ) 110.7(2), S3-Mo1-O4
) 111.1(2), Mo1-S1-Cu1 ) 72.13(6), Mo1-S2-Cu2 ) 71.43(6), S1-
Cu1-S3 ) 108.62(8), S2-Cu2-S3 ) 108.69(7).

Figure 8. Positive-ion ESI mass spectrum of6 in CH3CN. The signal at
m/z 1041.4 corresponds to [6 + Na]+.
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CH3CN for 1 h but that it slowly decomposes to the trinuclear
cluster3a and the dinuclear cluster2a.49 On the other hand,
the structure of tetranuclear cluster6 is stable for 36 h in
acetonitrile (Figure 9d-f). Thus, the thermal stability of the
octanuclear cluster5 dissolved in solution is quite different from
that of the tetranuclear cluster6 in the same solvent.

Methodology for the Building Block Construction of
Heterometallic Sulfide Clusters.The successful methodology
for the building block construction of heterometallic sulfide
clusters in this study is summarized in Scheme 2 as polyhedron
figures of 1a, 1b, 2a, 2b, 3a, 3b, 4, 5, and6. The butterfly-
type trinuclear sulfide clusters3a and3b as key precursors for
the synthesis of4, 5, and6 were prepared stepwise in methanol
and acetonitrile from the mononuclear building blocks with
different coordination abilities (vide infra). The mononuclear
ruthenium complexes1a and1b have been used as a starting
material in which1a and 1b with bulky C6Me6 and P(OR)3
ligands are employed as an octahedral terminal building block

to control the direction of the cluster expansion. The Cl ligands
of 1aand1b are readily replaced by the S atoms of [MoOS3]2-,
which functions as a tetrahedral polydentate building block
owing to the strong coordination ability of the S atoms. The
dinuclear complexes2a and2b were generated from a reaction
of 1a and1b with [MoOS3]2-. The CuI building block binds to
the S atoms of [MoOS3]2- to form a trigonal planar (µ-S)2CuI
unit of the butterfly-type trinuclear sulfide clusters3a and3b.

In the case of trimethyl phosphite{P(OMe)3} used as a
supporting ligand of the ruthenium complex, octanuclear
incomplete double cubane clusters4 and5 were generated by
a reaction of the butterfly-type trinuclear sulfide clusters3awith
the CuI building block. When trimethyl phosphite{P(OMe)3}
was replaced by triethyl phosphite{P(OEt)3} as a supporting
ligand of the ruthenium complex, however, only the tetranuclear
incomplete single cubane-type cluster6 was generated due to
the steric effect of the triethyl phosphite{P(OEt)3} group, which
is more bulky than trimethyl phosphite{P(OMe)3}. This
indicates that open capsule-type octanuclear sulfide clusters5
and6 are attained by controlling the bulkiness of a supporting
ligand.

Conclusions

A building block approach in Schemes 1 and 2 has been
successfully employed to stepwise construct the target cluster
5, which is an open capsule-type octanuclear heterometallic
sulfide cluster with the linked incomplete double cubane
framework without an intramolecular inversion center. Such a
building block approach provides a valuable strategy in devel-
oping new structural models for the defective surface of
heterogeneous sulfide or oxide catalysts and for the molecular
recognition sites in enzymes with cubane-type units.
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(49) The C6Me6 signals due to the corresponding tetranuclear cluster cannot be
distinguished from those of the octanuclear cluster5 because of the weak
bridging interaction as indicated by the X-ray structure of5 in Figure 5.
Although the ESI mass spectrum of5 in Figure 6 clearly indicates the
existence of the octanuclear cluster5 in solution, the coexistence of the
corresponding tetranuclear cluster in solution cannot be ruled out.

Figure 9. Time-dependent C6Me6 signals in1H NMR spectra of5 in CH3-
CN for 1 h (a), 24 h (b), and 36 h (c). Time-dependent1H NMR spectra of
6 in CH3CN for 1 h (d), 24 h (e), and 36 h (f).
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