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Three ruthenium sulfide clusters with labile CH3CN ligands have been photochemically synthesized. Irradiation
of [(cymene)3Ru3S2](PF6)2 ([1](PF6)2) in CH3CN gives [(cymene)2(CH3CN)3Ru3S2](PF6)2 ([2](PF6)2), which has
been characterized by1H NMR spectroscopy, ESI mass spectrometry, and chemical reactivity. Treatment of [2]-
(PF6)2 with PPh3 gives [(cymene)2(CH3CN)2(PPh3)Ru3S2](PF6)2 ([3](PF6)2) and [(cymene)2(CH3CN)(PPh3)2Ru3S2]-
(PF6)2 ([4](PF6)2), while treatment with 1,4,7-trithiacyclononane (9S3) gives [(cymene)2(9S3)Ru3S2](PF6)2

([5](PF6)2). A crystallographic study demonstrated that the Ru3 core in [3](PF6)2, [4](PF6)2, and [5](PF6)2 is distorted
with a pair of elongated Ru-Ru bonds. Cyclic voltammetry shows that [3](PF6)2 and [4](PF6)2 undergo two
closely spaced reversible one-electron reductions whereas [5](PF6)2 undergoes one irreversible one-electron reduction
and one reversible one-electron reduction. Prolonged irradiation of [1](PF6)2 in CH3CN causes decomposition,
resulting in the pentanuclear cluster [(cymene)4Ru5S4](PF6)2 ([6](PF6)2).

Introduction

In recent years transition metal sulfides have been increasingly
recognized as key industrial1,2 and biological3-5 catalysts. The
hydrodesulfurization (HDS) process in industry uses a molyb-
denum-cobalt-sulfide (Mo/Co/S) catalyst although other metal
sulfides (e.g., RuS2) are superior.6,7 In nature, metal sulfido
clusters are essential components in many fundamental processes
such as electron transfer, reduction of dinitrogen, and reactions
involving CO.8-10 One important characteristic of these metal
sulfido catalysts is the presence of kinetically accessible
coordination sites, i.e., the presence of coordinative unsaturation
or the kinetic labile of ligands.

In general, we are interested in the design of metal sulfide
catalysts inspired by precedents in biology. A prime example
of a catalyst for reducing small, unsaturated (π-acceptor)
molecules under mild conditions is nitrogenase.11 The active
site features an electroactive Fe-Mo-S cluster12 with low-
coordinate iron sulfido centers.13 With nitrogenase as a model,

related cluster-basedcatalysts should exhibit the following
specific features: (1) coordinatively unsaturated or kinetically
labile metal sites to provide a binding site for substrates, (2)
low-valent (0 to 2+) or electron-rich metals to encourage
binding of electrophilic substrates, (3) redox activity to facilitate
heterolytic activation of H2, and (4) kinetically or thermo-
dynamically stable cluster core. Sulfur ligation per se is not
crucial to these requirements, but it does provide a convenient
and proven means of strongly linking metal atoms, pertinent to
item 4. Perhaps the most difficult aspect of the above criteria is
the concomitant need for cluster stability and kinetically
accessible coordination sites.

Previously synthesized ruthenium sulfide compounds exhibit
some, but not all, of these features. For example, virtually all
known ruthenium sulfido clusters are kinetically inert. The CO-
and Cp-containing species are notoriously sluggish to undergo
ligand exchange. The species (MeC5H4)4Ru4S4 is redox-active
but coordinatively saturated.14-16 The trinuclear cluster [(cymene)3-
Ru3S2](PF6)2 is redox-active, features low-valent metals, and
has a robust Ru3S2 core (criteria 2-4);17 however, the cymene
ligands block the metal sites. While such inertness conferred
by the cymene ligands facilitates structural and mechanistic
studies, the cymene ligands would need to be removed in order
to allow for cluster-based catalysis. In this paper we address
this problem.

It is well-known thatη6-arene ligands on Ru(II) species can
be labilized. Heat or ultraviolet irradiation triggers arene
exchange in the compounds (arene)RuCl2PR3 (arene) benzene,
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toluene, p-cymene, etc.).18 Upon exposure to intense UV
radiation, solutions of (C5R5)Ru(arene)+ (R ) H, Me) in
acetonitrile give (C5R5)Ru(CH3CN)3+,19 which has been used
as a source of the (C5R5)Ru+ unit in the synthesis of a wide
variety of complexes.20-22 Arene ligands can also be replaced
by H2O in the photoaquation of (arene)Ru(NH3)3

2+ and (arene)-
Ru(H2O)32+ to give Ru(H2O)3(NH3)3

2+ and Ru(H2O)62+, re-
spectively.23 Related photolytic routes have been used to produce
(arene)Ru(CH3CN)32+ and Ru(CH3CN)62+ from sandwich com-
pounds.24 Both Ru(H2O)62+ and Ru(CH3CN)62+ are active
polymerization catalysts for strained olefins.25 In view of this
prior work, we recognized that the trinuclear cluster [(cymene)3-
Ru3S2](PF6)2 is a promising candidate for modification by
photolytic removal of one or more of its arene ligands.

Results

[(cymene)2(CH3CN)3Ru3S2](PF6)2 ([2](PF6)2). 1H NMR
spectroscopic analysis revealed that photolyses of CD3CN
solutions of [1](PF6)2 resulted in the concomitant formation of
both free cymene and a new cymene-containing species ([2-d9]-
(PF6)2). Complete conversion of [1](PF6)2 to [2-d9](PF6)2

occurred in ca. 2 h for 2 mM solutions:

Arene displacement does not occur thermally; labilization of
cymene ligands was determined to be a purely photochemical
process. Samples of [1](PF6)2 in CD3CN exhibited no free
cymene after being refluxed in darkness for 4 h. Room light
(fluorescent) and sunlight, however, did convert [1](PF6)2 to
[2](PF6)2 over the course of days. Extended exposure of CH3-
CN solutions of [1](PF6)2 to UV light, sunlight, or room light
resulted in decomposition.

On the basis of the NMR integration of the photolysis
products, [2-d9](PF6)2 has the formula [(cymene)2(CD3CN)xRu3S2]-
(PF6)2, and we assumex ) 3 based on electron counting rules
as well as subsequent experiments. ESI-MS of a photolysis
solution revealed a peak atm/z ) 339 corresponding to
[(cymene)2(CD3CN)Ru3S2]2+ as well as weaker peaks atm/z
) 362 and 384 for [(cymene)2(CD3CN)2Ru3S2]2+ and [(cymene)2-
(CD3CN)3Ru3S2]2+, respectively. The1H NMR signals for the
aromatic protons on the cymene ligands in [2-d9](PF6)2 are
shifted by ca. 0.1 ppm upfield with respect to compound [1]-
(PF6)2. Also, the appearance (separations between peaks) of the
AA ′BB′ quartet is different from that of [1](PF6)2, consistent
with lowered symmetry. Signals for the other groups are shifted
more subtly.

The photolysis of [1](PF6)2 in solvents other than CH3CN
was also examined, although with limited success. Photolysis
of [1](PF6)2 in acetone, water, or benzonitrile resulted in no

reaction. The photolysis of [1]Cl2 in H2O also yielded only
starting material. Photolysis of solutions containing small
amounts of CH3CN in acetone or THF did, however, produce
[2](PF6)2, although more slowly than in pure CH3CN.

Attempts to isolate [(cymene)2(CH3CN)3Ru3S2](PF6)2 were
unsuccessful. Elemental analyses of isolated samples always
deviated from the calculated values by several percent. Recrys-
tallization from CH3CN and ether did not improve the analyses.
Mass spectrometry of this recrystallized material indicated the
presence of a mixture of cationic compounds including what
appears to be the main decomposition product [(cymene)4Ru5S4]2+

([6](PF6)2), which is described below. Exposure of [2](PF6)2 to
CH2Cl2 resulted in significant decomposition.

Derivatives of [(cymene)2(CH3CN)3Ru3S2](PF6)2. To sup-
port the proposed formation of [2](PF6)2, we explored the
syntheses of stable derivatives.1H NMR spectroscopy indicated
that treatment of a freshly prepared CD3CN solution of [2](PF6)2

with an excess of PPh3 gave a single new cymene-containing
product. From preparative-scale reactions, we obtained good
yields of the salt [(cymene)2(CH3CN)2(PPh3)Ru3S2](PF6)2 ([3]-
(PF6)2) as brown microcrystals. The1H NMR spectrum of [3]-
(PF6)2 indicated equivalent cymene ligands and the presence
of one PPh3 ligand. A signal for bound CH3CN was not observed
in a CD3CN solution of [3](PF6)2; instead, a peak for free CH3-
CN (δ 1.96) was observed, indicating that the CH3CN ligands
in [3](PF6)2 are kinetically labile. In the noncoordinating solvents
acetone-d6 and CD2Cl2, a singlet for the bound CH3CN ligands
was observed atδ 2.38 and 2.41, respectively. The31P NMR
spectrum for [3](PF6)2 consists of a signal atδ 67.1 as well as
a septet atδ -143 for the PF6-. ESI-MS measurements also
indicate that the acetonitrile ligands in [3](PF6)2 are labile:

The ESI-MS analysis of a THF solution of [3](PF6)2 shows
peaks for [(cymene)2(PPh3)Ru3S2]2+ as well as weaker peaks
for [(cymene)2(CH3CN)2(PPh3)Ru3S2]2+ and [(cymene)2(CH3-
CN)(PPh3)Ru3S2]2+, whereas a measurement of a CH3CN
solution gave a similar mass spectrum, but the signal for
[(cymene)2(PPh3)(CH3CN)Ru3S2]2+ was the most intense.

The structure of [3](PF6)2 was established by crystallographic
analysis (Figure 1, Table 1). Like1, the cation features the
familiar trigonal bipyramidalcloso-Ru3S2 core, with two intact
η6-cymene ligands.17 The average Ru-Ru distance is 2.810 Å,
0.056 Å longer than in1 (Figure 5) but consistent with Ru-Ru
bonding. The Ru3 triangle core is distorted fromD3h symmetry
to C2V because the Ru-Ru bonds between the (cymene)Ru and
(CH3CN)2PPh3Ru vertexes are longer (2.850 and 2.817 Å) than
the Ru-Ru bond between the two (cymene)Ru vertexes (2.762
Å). The average Ru-S distance of 2.276 Å does not differ
significantly from Ru-S single bonds in otherµ3-S-Ru3

clusters and is similar to that reported for1 (2.267 Å).26,27 An
analogue of [3](PF6)2 is Cp*2(CO)2(PPh3)Ru3S2, formed by
carbonylation of Cp*2(H)2(PPh3)2Ru3S2.28 Each adopts a closo
structure consistent with a 48-electron count.
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The conversion of CH3CN solutions of [2](PF6)2 to a bis-
(PPh3) derivative was very slow. However, the derivative
[(cymene)2(CH3CN)(PPh3)2Ru3S2](PF6)2 was eventually isolated
by using the more weakly coordinating solvent acetone and a
large excess of PPh3. The structure of [4](PF6)2 was also
established by crystallographic analysis (Figure 2, Table 2).
Again, the Ru-containing cluster may be described as a trigonal
bipyramidal closo-Ru3S2 core, with two η6-cymene ligands.
Relative to [3](PF6)2, the Ru3 triangle core in [4](PF6)2 is further
distorted fromD3h symmetry with an average Ru-Ru distance
of 2.850 Å. The two longer Ru-Ru distances are 2.861 and
2.949 Å, vs 2.77 and 2.81 Å in [1](PF6)2 and [3](PF6)2,
respectively, but are still interpreted as bonding (Figure 5). The
distortion of the Ru3 triangle is attributed to the steric demands
of the seven-coordinate Ru(PPh3)2(CH3CN) center. The average
Ru-S distance (2.274 Å) is comparable to that of [3](PF6)2 and
thus also does not differ significantly from [1](PF6)2.

Because all three CH3CN ligands in [2](PF6)2 are labile, it
seemed possible to make a derivative with a tridentate ligand.
Thus, a CH3CN solution of [2](PF6)2 was treated with 1,4,7-
trithiacyclononane (hereafter referred to as 9S3) to give a brown
powder, which was purified by recrystallization from CH2Cl2
and ether. Also, photolysis of a solution of [1](PF6)2 and 9S3
in CD3CN resulted in [5](PF6)2 and free cymene:

The 1H NMR spectrum confirmed the ratio of two cymene
ligands per one 9S3 ligand, whose signals appeared as a complex
multiplet atδ 2.51. X-ray crystallography was used to resolve
the structure of [5](PF6)2 (Figure 3, Table 3). The average
Ru-Ru distance of 2.795 Å is shorter than that for [3](PF6)2 or
[4](PF6)2 but still significantly larger than that for [1](PF6)2.
The two longest Ru-Ru distances (2.829 and 2.795 Å) are
within Ru-Ru bond distance limits. The average Ru-S distance
(2.274 Å) is identical to that found in [4](PF6)2. Overall, the
structure is more comparable to that of [3](PF6)2 than of [4]-
(PF6)2 (Figure 5). Ruthenium carbonyl clusters with 9S3 ligands
have been reported.29,30
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Figure 1. Thermal ellipsoid plot of3, [(cymene)2(MeCN)2(PPh3)-
Ru3S2]2+, drawn at 35% probability level.

Table 1. Selected Bond Lengths [Å] and Angles [deg] for the Two
Molecules in the Asymmetric Unit of Compound3,
[(cymene)2(MeCN)2(PPh3)Ru3S2](PF6)2

Molecule 1
Ru(1)-Ru(2) 2.8506(16) Ru(2)-Ru(1)-Ru(3) 58.33(3)
Ru(1)-Ru(3) 2.8175(15) Ru(1)-Ru(2)-Ru(3) 60.24(4)
Ru(2)-Ru(3) 2.7623(16) Ru(1)-Ru(3)-Ru(2) 61.43(4)
Ru(1)-N(1) 2.082(13) N(1)-Ru(1)-N(2) 85.8(4)
Ru(1)-N(2) 2.077(9) N(1)-Ru(1)-P(1) 87.5(3)
Ru(1)-P(1) 2.293(3) N(2)-Ru(1)-P(1) 89.7(3)
Ru(1)-S(1) 2.271(3) S(1)-Ru(1)-S(2) 89.24(11)
Ru(1)-S(2) 2.272(3)
Ru(2)-S(1) 2.301(3)
Ru(2)-S(2) 2.277(3)
Ru(3)-S(1) 2.263(3)
Ru(3)-S(2) 2.272(3)

Molecule 2
Ru(4)-Ru(5) 2.8498(17) Ru(5)-Ru(4)-Ru(6) 58.21(4)
Ru(4)-Ru(6) 2.8274(16) Ru(4)-Ru(5)-Ru(6) 60.49(4)
Ru(5)-Ru(6) 2.7614(15) Ru(4)-Ru(6)-Ru(5) 61.30(4)
Ru(4)-N(3) 2.076(12) N(3)-Ru(4)-N(4) 83.9(5)
Ru(4)-N(4) 2.095(11) N(3)-Ru(4)-P(2) 86.3(3)
Ru(4)-P(2) 2.296(3) N(4)-Ru(4)-P(2) 91.1(3)
Ru(4)-S(3) 2.264(3) S(3)-Ru(4)-S(4) 89.33(11)
Ru(4)-S(4) 2.264(3)
Ru(5)-S(3) 2.289(3)
Ru(5)-S(4) 2.289(3)
Ru(6)-S(3) 2.267(3)
Ru(6)-S(4) 2.272(3)

Figure 2. Thermal ellipsoid plot of4, [(cymene)2(MeCN)(PPh3)2-
Ru3S2]2+, drawn at 35% probability level. Hydrogen atoms are omitted
for clarity.

Table 2. Selected Bond Lengths [Å] and Angles [deg] for
Compound4, [(cymene)2(MeCN)(PPh3)2Ru3S2](PF6)2

Ru(1)-Ru(2) 2.8604(19) Ru(2)-Ru(1)-Ru(3) 56.26(5)
Ru(1)-Ru(3) 2.9488(15) Ru(3)-Ru(2)-Ru(1) 63.50(5)
Ru(2)-Ru(3) 2.740(2) Ru(2)-Ru(3)-Ru(1) 60.24(4)
Ru(1)-N(1) 2.078(7) N(1)-Ru(1)-P(1) 86.54(18)
Ru(1)-P(1) 2.317(2) N(1)-Ru(1)-P(2) 87.5(2)
Ru(1)-P(2) 2.412(3) P(1)-Ru(1)-P(2) 101.09(9)
Ru(1)-S(1) 2.276(2) S(1)-Ru(1)-S(2) 86.87(8)
Ru(2)-S(1) 2.272(3)
Ru(3)-S(1) 2.275(2)
Ru(1)-S(2) 2.290(2)
Ru(2)-S(2) 2.264(3)
Ru(3)-S(2) 2.274(2)

[(cymene)3Ru3S2]
2+

1
+ 9S398

hν

CD3CN
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Attempted Synthesis of [Ru3S2L9]2+. Prolonged irradiation
of CD3CN solutions of [1](PF6)2 for 6-12 h resulted in ratios
of free cymene to bound cymene greater than 1:2, consistent
with formation of species of the formulas [(cymene)(CD3-
CN)6Ru3S2]2+ and possibly [(CD3CN)9Ru3S2]2+. Compound [6]-
(PF6)2 was detected in these solutions by ESI-MS and1H NMR
spectroscopy. Attempts to isolate the postulated [(cymene)3-x-
(CD3CN)3xRu3S2]2+ compounds (x ) 2, 3) were unsuccessful,
including the use of PPh3 or 9S3 as trapping ligands. Com-
pounds [3](PF6)2 and [4](PF6)2 proved relatively unreactive
toward photolysis, whereas photolysis of [5](PF6)2 in CD3CN
resulted in the slow formation of free cymene.

[(cymene)4Ru5S4](PF6)2. Extensive handling or photolysis
of [2](PF6)2 for more than 4 h resulted in decomposition, and
two of the decomposition products were characterized crystal-
lographically. The first is [(cymene)4Ru5S4](PF6)2 ([6](PF6)2),
which is formed in up to 15% yield during the prolonged
irradiation experiments as measured by1H NMR spectroscopy.
Crystallographic analysis confirmed that the dication in [6](PF6)2

consists of a Ru5S4 core (Figure 4, Table 4). The Ru atoms
form a “bow-tie” structure with two trigonal bipyramids sharing
a common Ru vertex. The Ru3 planes are related by an angle
of 54.8°. Four Ru atoms are bound toη6-cymene ligands, while
the fifth Ru atom is situated at the knot of the bow tie, bound
to four S and four Ru atoms. The average Ru-Ru distance in
6 (2.755 Å) is shorter than the averages for [1](PF6)2, [3](PF6)2,
[4](PF6)2, and [5](PF6)2 (Figure 5). However, the average Ru-S
distance of 2.279 Å is longer than that for [1](PF6)2, [3](PF6)2,
[4](PF6)2, or [5](PF6)2 but is still within the range for Ru-S
single bonds forµ3-S-Ru3 complexes.

After isolation of [6](PF6)2, the remaining solution was treated
with excess PPh3 to generate crystals of [Ru(PPh3)2(CH3CN)4]-
(PF6)2 ([7](PF6)2), which were identified by single-crystal X-ray

diffraction and is not further described here. This finding
demonstrates that Ru(CH3CN)62+ may be formed as either a
thermal or photolytic product in the decomposition of [(cymene)2-
(CH3CN)3Ru3S2](PF6)2.

Electrochemistry Cyclic voltammetry established that, like
[1](PF6)2, compounds [3](PF6)2, [4](PF6)2, and [5](PF6)2 are all
electroactive. These results are summarized in Table 5. For
comparison, the cyclic voltammogram of [1](PF6)2 was obtained
using the same experimental conditions and was found to have
two very closely spaced reductions at-1.09 and-1.21 V.
Compound [3](PF6)2 underwent two closely spaced reductions,
at -1.21 and-1.36 V relative to Fc+/0. Compound [4](PF6)2

underwent two quasireversible reductions, centered at-1.10
and-1.25 V. Because the CV patterns for [3](PF6)2 and [4]-
(PF6)2 so closely resemble that of1, these reductions are
assumed to each consist of a pair of one-electron reductions.
The reductions are reversible based on peak separation (ipa-
ipc) and theia/ic ratios vs an internal Fe+/0 standard. Compound
[5](PF6)2, however, was found to undergo one irreversible
reduction centered at-1.37 V and one reversible reduction
centered at-2.00 V, also relative to ferrocene. No oxidative
activity was observed in any of these compounds.

Discussion

It is known that Ru(II)-arene compounds are susceptible to
photolysis in acetonitrile to give the corresponding LRu(CH3-
CN)3n+ derivatives. The corresponding photolyses of CH3CN
solutions of [(cymene)3Ru3S2]2+ were therefore expected to give
[(cymene)2(CH3CN)3Ru3S2]2+, and our experiments show that
this is the case. It was also established that CH3CN participates
in the labilization process, in agreement with previous studies
that have shown the rate-determining step of arene displacement
by CH3CN is the nucleophilic attack on Ru by a solvent
molecule.24 However, we were only able to prepare CH3CN

Figure 3. Thermal ellipsoid plot of5, [(cymene)2(9S3)Ru3S2]2+, drawn
at 35% probability level.

Table 3. Selected Bond Lengths [Å] and Angles [deg] for
Compound5, [(cymene)2(9S3)Ru3S2](PF6)2

Ru(1)-Ru(2) 2.8287(8) Ru(2)-Ru(1)-Ru(3) 58.83(2)
Ru(1)-Ru(3) 2.7951(10) Ru(1)-Ru(2)-Ru(3) 59.98(2)
Ru(2)-Ru(3) 2.7621(8) Ru(1)-Ru(3)-Ru(2) 61.19(2)
Ru(1)-S(1) 2.2763(12) S(1)-Ru(1)-S(2) 89.73(4)
Ru(1)-S(2) 2.2663(13) S(3)-Ru(1)-S(4) 87.25(4)
Ru(1)-S(3) 2.3586(13) S(4)-Ru(1)-S(5) 87.82(5)
Ru(1)-S(4) 2.2854(11) S(3)-Ru(1)-S(5) 86.78(5)
Ru(1)-S(5) 2.3310(15)

Figure 4. Thermal ellipsoid plot of6, [(cymene)4Ru5S4]2+, drawn at
35% probability level.

Table 4. Unique Bond Lengths [Å] and Angles [deg] for
Compound6, [(cymene)4Ru5S4](PF6)2

a

Ru(1)-Ru(2) 2.7413(2) Ru(2)-Ru(1)-Ru(1)#1 59.532(4)
Ru(1)-Ru(1)#1 2.7800(4) Ru(1)#1-Ru(2)-Ru(1) 60.936(8)
Ru(1)-S(1) 2.2848(7)
Ru(1)-S(1)#1 2.2825(7)
Ru(2)-S(1) 2.2633(6)

a Symmetry transformations used to generate equivalent atoms: (#1)
-y + 1/4, -x + 1/4, -z + 1/4; (#2) y - 1/4, x + 1/4, -z + 1/4; (#3) -x
+ 0, -y + 1/2, z + 0; (#4) -x + 1/2, y, -z.
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derivatives, but not acetone or aqua complexes, although
preparation of [CpRu(acetone)3]+ via photolysis has been
reported.31 A wide variety of Ru(arene) carbonyl clusters have
been synthesized,32 but the photolyses of these clusters have
not been explored although it is known that CH3CN substitution
of inert Ru carbonyl clusters gives catalytically active species.33

We were able to establish the formation of [(cymene)2(CH3-
CN)3Ru3S2](PF6)2 by trapping it with PPh3 to form [(cymene)2-
(CH3CN)3-x(PPh3)xRu3S2]2+, wherex ) 1, 2. The behavior of
these compounds closely resembles that of [CpRu(CH3CN)3]+

in which one CH3CN is easily replaced by P(OR)3 to give
[CpRu(CH3CN)2(P(OR)3)]+, but a noncoordinating solvent and
more extreme conditions are needed to replace the second and
third CH3CN ligands.19

The redox activity of compounds [3](PF6)2 and [4](PF6)2

closely resembles that of the starting material [1](PF6)2, with
each compound undergoing two closely spaced one-electron
reductions at similar potentials. We assume that these reductions
involve the breaking of one Ru-Ru bond as the two-electron
reduction of [1](PF6)2, which yields nido-[(cymene)3Ru3S2]0

with two Ru-Ru bonds.17 That the compounds [3](PF6)2, [4]-

(PF6)2, and [5](PF6)2 are electroactive suggests that the reduced
forms of these compounds may be chemically generated and
isolated. These neutral compounds would be even more electron-
rich and thus possibly more reactive toward small molecules.
The photolability of the arene ligands in reduced derivatives of
[1](PF6)2 is the subject of continuing studies.

Attempts to isolate the [(cymene)2(CH3CN)3Ru3S2](PF6)2

using traditional recrystallization methods proved unsuccessful;
instead we obtained the bow-tie cluster6, [(cymene)4Ru5S4]-
(PF6)2. Several similar compounds have been previously char-
acterized electrochemically.34-36 Cluster6 may be viewed as a
derivative of a [(cymene)3Ru3S2] cluster wherein one cymene
ligand has been replaced by a [(cymene)2Ru2S2] “ligand”. This
view of the cluster suggests a mechanism for its formation:

Solvolysis of [(cymene)2(CH3CN)3Ru3S2]2+ would give [Ru-
(CH3CN)6]2+, detected as its PPh3 adduct7, and [(cymene)2-
Ru2S2], which could then displace CH3CN from [(cymene)2-
(CH3CN)3Ru3S2](PF6)2. The ready formation of6 limits the
versatility of 2.37

Experimental Section

Materials. Photolysis employed an immersion reactor (volume)
150 mL) with a nitrogen inlet and a water-cooled quartz sheath. The

(31) Schrenk, J. L.; Mann, K. R.Inorg. Chem.1986, 25, 1906-1908.
(32) Braga, D.; Dyson, P. J.; Grepioni, F.; Johnson, B. F. G.Chem. ReV.

1994, 94, 1585-1620.
(33) Foulds, G.; Johnson, B. F. G.; Lewis, J.J. Organomet. Chem.1985,

296, 147-153.

(34) Bolinger, C. M.; Weatherill, T. D.; Rauchfuss, T. B.; Rheingold, A.
L.; Day, C. S.; Wilson, S. R.Inorg. Chem.1986, 25, 634-643.

(35) Tang, Z.; Nomura, Y.; Kuwata, S.; Ishii, Y.; Mizobe, Y.; Hidai, M.
Inorg. Chem.1998, 37, 4909-4920.

(36) Eremenko, I. L.; Pasynskii, A. A.; Gasanov, G. S.; Orazsakhatov, B.;
Struchkov, Y. T.; Shklover, V. E.J. Organomet. Chem.1984, 275,
183-189.

(37) Subsequent to submission of this paper, Hidai et al. have described
(cymene)4Ru4S4: Seino, H.; Mizobe, Y.; Hidai, M.New J. Chem.
2000, 24, 907-911.

Figure 5. Schematic representations of the Ru3S2 cores of1 and 3-6 are shown with the substituted Ru in bold and the pair ofµ3-S atoms
eclipsed. In6, the Ru3 “halves” are related by symmetry.

Table 5. Reduction Potentials in Volts (V) for1 and Its Derivatives
with Respect to Fc+/Fca

C2+ C2+/1+ C1+/0

[(cymene)3Ru3S2]2+ -1.09 -1.21
[(cymene)2(PPh3)(MeCN)2Ru3S2]2+ -1.21 -1.36
[(cymene)2(PPh3)2(MeCN)Ru3S2]2+ -1.10 -1.25
[(cymene)2(9S3)Ru3S2]2+ -1.37b -2.00

a All couples are reversible or quasireversible unless otherwise noted,
based on peak separation andia/ic ≈ 1. Further details are given in the
Experimental Section.b Irreversible.

2[(cymene)2(CH3CN)Ru3S2]
2+

2
f

[(cymene)4Ru5S4]
2+

6
+ [Ru(CH3CN)6]

2+ (4)

Syntheses of Ru-S Clusters Inorganic Chemistry, Vol. 40, No. 7, 20011463



UV light source was either a high-pressure mercury-vapor lamp (25
W) made by Original Hanau or a similar lamp (200 W) made by
Hanovia, which was used with a 250 mL reactor. Solvents used, unless
otherwise specified, were distilled under nitrogen over drying agents
(CH3CN over CaH2, THF over K/benzophenone, and ether over Na/
K/benzophenone). Deuterated solvents were used as received. The
starting material [(cymene)3Ru3S2](PF6)2 (1) was prepared as previously
described.17 The ligands PPh3 and 1,4,7-trithiacyclononane were used
as received.

Methods.Elemental analyses were done by the University of Illinois
Microanalytical Laboratory.1H NMR spectra were acquired on a Bruker
AC 250, AMX 300, a Unity Varian 400, or a Unity Varian 500
spectrometer.31P{1H} NMR spectra were acquired on either a Unity
Varian 400 or a Unity Varian 500 spectrometer. All31P{1H} spectra
were referenced to an external 85% H3PO4 standard. Electrochemical
experiments were done on a BAS-100 electrochemical analyzer. Cyclic
voltammograms were measured at a scan rate of 50 mV/s on 10-3 M
CH3CN solutions using 0.01 M Bu4NPF6 as supporting electrolyte and
referenced to Fc+/0. A platinum wire counter electrode, a glassy carbon
working electrode, and a Ag/AgPF6(CH3CN) reference electrode were
used. All operations were carried out using standard Schlenk techniques.

[(cymene)2(CD3CN)3Ru3S2](PF6)2 ([2-d9](PF6)2). A solution of 5
mg (0.0047 mmol) of1 in 1 mL of CD3CN was irradiated for 6 h
during which time the color of the solution darkened from red-brown
to dark-brown. The1H NMR spectra of the reaction solution showed
the formation of free cymene and a new set of signals assigned to2-d9

2+.
Resonances for1 disappeared within 1 h. The compound [(cymene)2-
(CH3CN)3Ru3S2](PF6)2 ([2](PF6)2) was prepared similarly. Irradiation
of a 10:1 acetone-d6/CD3CN solution of [1](PF6)2 also gave [2-d9](PF6)2,
requiring>4 h for the resonances of1 to disappear.1H NMR (CD3-
CN): δ 5.65 (q,J ) 6, 18 Hz, 4H), 2.42 (sept,J ) 7 Hz, 1 H), 2.19
(s, 3 H), 1.19 (d,J ) 7 Hz, 6 H). ESI-MS: m/z ) 339 ([(cymene)2-
(CD3CN)Ru3S2]2+), 359 ([(cymene)2(CD3CN)2Ru3S2]2+), 823 ([(cymene)2-
(CD3CN)Ru3S2](PF6)1+), and 864 ([(cymene)2(CD3CN)2Ru3S2](PF6)1+).

[(cymene)2(CH3CN)2(PPh3)Ru3S2](PF6)2 ([3](PF6)2). A solution of
[2](PF6)2 was generated by photolysis of a solution of 0.195 g (0.184
mmol) of [(cymene)3Ru3S2](PF6)2 in 75 mL of CH3CN for 1.75 h. The
dark-brown solution was treated with a solution of PPh3 (0.65 g, 0.57
mmol) in 5 mL of CH3CN. The mixture was stirred for 15 min and
then was evaporated over the course of 60 min. The brown residue
was redissolved in 4 mL of THF. Immediate addition of 25 mL of
ether gave dark-brown microcrystals. Yield: 0.142 g (67%).1H NMR
(CD3CN): δ 5.13 (q,J ) 6, 35 Hz, 4H), 2.56 (sept,J ) 7 Hz, 1 H),
2.28 (s, 3 H), 1.23 (d,J ) 7 Hz, 6 H).31P{1H} NMR (CD3CN): δ 67
(s), -143 (sept). ESI-MS (THF):m/z ) 449 ([(cymene)2(PPh3)-
Ru3S2]2+), 1084 ([(cymene)2(CH3CN)(PPh3)Ru3S2](PF6)1+), and 1126
([(cymene)2(CH3CN)2(PPh3)Ru3S2](PF6)1+). ESI-MS (CH3CN): m/z )
449 ([(cymene)2(PPh3)Ru3S2]2+), 470 ([(cymene)2(CH3CN)(PPh3)-

Ru3S2]2+), 1126 ([(cymene)2(CH3CN)2(PPh3)Ru3S2](PF6)1+). Anal. Cal-
cd for C42H49F12N2P3Ru3S2: C, 39.72; H, 3.89; N, 2.21. Found: C,
39.32; H, 4.10; N, 2.30.

[(cymene)2(CH3CN)(PPh3)2Ru3S2](PF6)2 ([4](PF6)2). A solution of
[2](PF6)2 generated from a 1.75 h photoloysis of 0.134 g (0.09 mmol)
of [(cymene)3Ru3S2](PF6)2 in 75 mL of CH3CN was evaporated in
vacuo. The residue was taken up in 5 mL of acetone, and this solution
was treated with 0.33 g (1.25 mmol) of PPh3. After 40 min the solvent
was removed in vacuo. The remaining solid was then dissolved in 10
mL of THF. Addition of 20 mL of ether gave dark-brown microcrystals.
Yield: 0.168 g (89%).1H NMR (CD3CN): δ 4.84 (q,J ) 6 Hz, 4H),
2.71 (sept,J ) 7 Hz, 1 H), 2.34 (s, 3 H), 1.32 (d,J ) 7 Hz, 6 H).
31P{1H} NMR (CD3CN): δ 44 (s), -143 (sept). ESI-MS (CH3CN):
m/z ) 580 ([(cymene)2(PPh3)2Ru3S2]2+) and 1347 ([(cymene)2(CH3-
CN)(PPh3)2Ru3S2](PF6)1+). Anal. Calcd for C58H61F12N1P4Ru3S2: C,
46.71; H, 4.12; N, 0.94. Found: C, 46.43; H, 4.06; N, 1.26.

[(cymene)2(9S3)Ru3S2](PF6)2 ([5](PF6)2). A solution of [2](PF6)2

was generated by photolyzing 0.135 g (0.127 mmol) of [1](PF6)2 in 50
mL of CH3CN for 1.75 h. The solution was transferred to a flask
containing 0.046 g (0.25 mmol) of 9S3. The solution was then stirred
for 45 min after which time the solvent was removed in vacuo. The
brown gummy residue was treated with 7 mL of THF, resulting in a
pale-brown solution and a brown powder. The powder was filtered off
and recrystallized from 10 mL of CH2Cl2 and 10 mL of ether to give
brown microcrystals. Yield: 0.065 g (46%).1H NMR (CD3CN): δ
5.67 (s, 4H), 2.49 (sept,J ) 7 Hz, 1 H), 2.51 (m, 12H), 2.28 (s, 3 H),
1.27 (d,J ) 7 Hz, 6 H). ESI-MS (CH3CN): m/z ) 394 ([(cymene)2-
(C4H8S3)Ru3S2]2+), 408 ([(cymene)2(9S3)Ru3S2]2+), and 962 ([(cymene)2-
(9S3)Ru3S2](PF6)1+). Anal. Calcd for C26H40F12P2Ru3S5: C, 28.23; H,
3.65. Found: C, 28.19; H, 4.04.

[(cymene)4Ru5S4](PF6)2 ([6](PF6)2). A solution of 0.250 g (0.236
mmol) of [(cymene)3Ru3S2](PF6)2 in 150 mL of CH3CN was photolyzed
for 4 h. The volume was then reduced in vacuo to approximately 5
mL. To precipitate, 30 mL of ether was added. A brown-black powder
was collected and washed with ether. This product was then redissolved
in 2 mL of CH3CN and reprecipitated with 20 mL ether, filtered, washed
with ether, and dried in vacuo. This product was then extracted with a
THF solution containing 3% CH3CN, yielding a brown solution. This
solution was filtered and overlaid with 30 mL of ether to grow crystals
of 6. Yield: ∼0.005 g (2%).1H NMR (CD3CN): δ 5.64 (s, 4H), 2.54
(sept,J ) 7 Hz, 1 H), 2.23 (s, 3 H), 1.26 (d,J ) 7 Hz, 6 H). ESI-MS:
m/z ) 518 ([(cymene)3Ru5S4]2+), 585 ([(cymene)4Ru5S4]2+), 1315
([(cymene)4Ru5S4](PF6)+).

[Ru(CH3CN)4(PPh3)2](PF6)2 ([7](PF6)2). A solution of 0.600 g
(0.566 mmol) of [(cymene)3Ru3S2](PF6)2 in 155 mL of CH3CN was
prepared in air and irradiated for 3 h. The solvent was removed in
vacuo. The residue was redissolved in 3 mL of CH3CN, and a brown
gummy product resulted on addition of 15 mL of ether. The precipitate

Table 6. Details of Data Collection and Structure Refinement for the PF6
- Salts of Compounds3, 4, 5, and6

[3](PF6)2 [4](PF6)2 [5](PF6)2 [6](PF6)2

empirical formula C42H49F12N2P3Ru3S2 C58H61F12NP4Ru3S2 C26H40F12P2Ru3S5 C40H56F12P2Ru5S4

fw 2622.25 1635.50 1190.96 1460.38
space group P1h P1h P1h I4(1)/acd
temp, K 153(2) 193(2) 193(2) 193(2)
λ, Å 0.710 69 0.710 73 0.710 73 0.710 73
a, Å 19.769(8) 12.178(5) 12.009(3) 19.3601(5)
b, Å 12.458(6) 13.974(5) 12.218(3) 19.3601(5)
c, Å 23.003(9) 21.528(13) 15.025(4) 26.7167(11)
R, deg 89.07(2) 87.97(6) 83.97(3) 90
â, deg 114.33(2) 84.82(6) 80.99(3) 90
γ, deg 95.70(2) 67.23(5) 71.09(3) 90
V, Å3 5135(4) 3364(3) 2056.3(9) 10013.8(6)
Z 2 2 2 8
Fcalcd, mg/m3 1.696 1.615 1.923 1.937
µ (Mo KR), mm-1 1.124 0.900 1.625 1.778
F(000) 1176 1656 2616 5744
GOF 1.058 1.021 1.087 1.017
R1 [I > 2σ] (all data)a 0.0669 (0.0952) 0.0581 (0.0784) 0.0326 (0.0369) 0.0253 (0.0425)
wR2 [I > 2σ] (all data)b 0.1687 (0.1946) 0.1503 (0.1736) 0.0893 (0.0917) 0.0576 (0.0618)

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2; w ) 1/{σ2(Fo

2)}.
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was washed with ether until it became powdery and was then filtered.
This powder was then stirred overnight in 200 mL of CH3CN and was
further followed by recrystallization from 5 mL of CH3CN and 100
mL of ether to give a brown-black powder. A solution of 50 mg of
this product in 10 mL of acetone was treated with 0.13 g (0.49 mmol)
of PPh3. A 3 mL portion of this solution was overlayed with 3 mL of
pentane. A brown powder precipitate formed after 1 week. Colorless
crystals of7 grew after 3 months.

Crystallography. The details of crystal data collection and refine-
ment procedures for [(cymene)2(CH3CN)2(PPh3)Ru3S2](PF6)2‚2 CH3-
CN ([3](PF6)2‚2CH3CN), [(cymene)2(CH3CN)(PPh3)2Ru3S2](PF6)2‚2
THF ([4](PF6)2‚2 THF), [(cymene)2(9S3)Ru3S2](PF6)2‚CH2Cl2 ([5]-
(PF6)2‚CH2Cl2), and [(cymene)4Ru5S4](PF6)2 ([6](PF6)2) are given in
Table 6. Single crystals of [3](PF6)2‚2CH3CN were grown by overlaying
a solution of 0.020 g (0.016 mmol) of [3](PF6)2 in 1 mL of CH3CN
and 4 mL of THF with 1 mL of pentane and then 4 mL of ether. Crystals
of [4](PF6)2‚2 THF were grown from a solution of 0.060 g (0.04 mmol)
of [4](PF6)2 in 10 mL of THF overlaid with an equal amount of ether.
Crystals of [5](PF6)2‚CH2Cl2 were grown by overlaying a solution of
0.020 g (0.018 mmol) of [5](PF6)2 in 4 mL of CH2Cl2 with 1 mL of
ether. Single crystals were mounted, using perfluoroether oil, to a thin
glass fiber. Data were collected at 153(2) K on a Bruker P4 (6) and
Stoe IPDS (3, 4, 5) diffractometers. The structures were solved by direct
methods, and refinements were done by full-matrix least squares on
F2 for all data with anisotropic thermal parameters for non-hydrogen
atoms and istropic parameters for hydrogen atoms. Both PF6

- moieties

in [3](PF6)2‚2CH3CN and [4](PF6)2‚2 THF and one in [5](PF6)2‚CH2-
Cl2 were disordered. One THF molecule in [4](PF6)2‚2THF was
disordered. The CH2Cl2 molecule in [5](PF6)2‚CH2Cl2 was disordered
and the 9S3 ligand was disordered by rotation over two positions. The
environments of the two positions were restrained to be chemically
equivalent. Disordered moieties were refined as idealized groups with
an effective standard deviation of 0.01 Å. Hydrogen atoms were
included as riding idealized contributors. The highest peaks in the final
difference Fourier map were in the vicinity of Ru atoms for3, 4, and
5 and in the vicinity of F atoms for6. An empirical absorption correction
was applied to6 using ψ scans. Final analysis of variance between
observed and calaculated structure factors showed no dependence on
amplitude or resolution. All calculations were made using the SHELX-
TL, version 5.101, program package.
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