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Reaction of RuCl,(PPhg); with S>~ sources yields a family of Furthermore, McCarley and Schrader showed that RfSMo

phosphine-containing Ru—S clusters which have been characterized and related species are particularly active catalysts for
crystallographically and by MALDI-MS. RusSe(PPhs)s (Ru-Rua, = hydrodesulfurization (HDS) (eq 1), desulfurizing thiophene
2.94 A) has idealized Ty symmetry whereas RugSg(PPhs)s (Ru— >10x faster than Mog'*"** The enhanced HDS activity of

Rua, = 2.82 A) adopts the idealized Oy, symmetry characteristic
of Chevrel clusters. RusSg(PPhs)s is formally derived by the addition
of Ru(PPh3) to one face of RusSg(PPhs)s. In terms of its M=S
connectivity, the RusSs cluster resembles a fragment of the FeMo
cluster in nitrogenase.

R,S+ 2H, — 2RH+ H,S )

the Chevrel-based catalysts can be ascribed to their high
surface areas. The proportion of edge sites is far greater in
cluster-based materials than in Me&erived materials, in
which catalysis is associated with the edge siteShe
. . Chevrel clusters, with S/Mo ratio of 1.33, should be superior
Prototypical Chevrel phases have th_e empirical formula S-atom abstracting agents relative to MoBurthermore,
M"MosSs (M _— vacancy or _metal cation) and are non-  cpianelji has reported that the sulfides of ruthenium exhibit
molecular sohd_s containing discrete Mactahedra thgt are exceptional HDS activity® This background (the high HDS
fape—capped with chalcogen atoms, some of which also activity of Mo—S Chevrel phases and Ryshases combined
bh”dgf] between Iclustei*sCEevreI and Se_rgebnt have showln with the discovery of molecular Chevrel clusters) leads
that the NfIQEfB c!:stefr (IE_ S, rSe, Te) is IUt al tern;llna | logically to an interest in Ru-based Chevrel clusters. Al-
member of a family of cluster-oligomers. MO ecu arp evre though Ru-substituted Chevrel phases of the formula
clusters of the formula MEgLs, where L is a terminally RuMs_Es (M = Nb, Mo; E = Se, Te) are know, RuSs

. . . . —X 1 1 L] 1
bound organic ligand (e.g., BRamines), have been obtained Chevrel compounds have not been reported.

ot o ot s (Ghek Gy, Trestmentof RUGIPP, wih an excess of NasH i
by condensation routes from low nuclearity precursors. refluxing THF/EtOH afforded a da_rk pr eC|p|t<'_;1te that (_:ontalns

RuwSs(PPh)4 (1). When the reaction is carried out in THF
?without EtOH), dark brown homogeneous solutions are
produced that also contaih Clusterl can be purified by
recrystallization from ChCl,—E$O.

of their use in the synthesis of novel porous sofids.
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Figure 1. Thermal ellipsoid plot of RiSs(PPh)s (1) drawn at 35%
probability level. Hydrogen and carbon atoms are omitted for clarity.
Average distances (A): RtRu = 2.94; Ru-P = 2.31; Ru-S = 2.21.

Solutions ofl exhibit no discerniblé'P NMR signal, a
fact that initially hindered progress on this project. Evans
NMR measurements confirm thatis paramagnetic, with a
moment of 1.88ug at room temperature. We have found
that MALDI mass spectrometry can be used for assaying
reaction mixtures. Strong molecular ion currents for
[RusSs(PPh)s—]T (x = 0, 1, and 2) are observed when
exciting atd = 337 nm using HABA (2-(4-hydroxyphenyl)-
azobenzoic acid) as the matrix. Our experiments revealed
that1 is consistently produced by the Ru(Ph)s/NaSH
reaction.

Crystallographic analysis established thatonsists of a
tetrahedral Rucore with sulfur atoms bridging each of the
six edges (Figure 1). The RiRu distances of 2.952.93 A
are not consistent with strong metahetal bonding; typical
Ru(lll)—Ru(l11) bonds (in even higher coordination number
metal centers) are-2.75-2.80 A1819 The Ru-P distances
of 2.31 A are~0.04 A shorter than in six-coordinate Ru-
(I —PPh species. The geometry around each Ru center may
best be described as flattened tetrahedral, each Ru being onl
0.26 A above the plane containing the three sulfur atoms to
which it is bonded Xs rys = 356°). The short Rt-S
distances of 2.2 A irl are consistent with some multiple
bonding (z-donation from S to Ru), although short distances
are also characteristic of the low coordination number of the
Ru centers. As a consequence of sustained efforts to optimiz
the synthesis ofl, we have crystallized. in three space
groups, although the resulting structures are very sirffilar.
Clusters with MS; cores are rare: the best precederi t®
W,Ss(PMePh), (rw-w = 2.63 A), generated in low yield
by the Na(Hg)-reduction of W&Cl,(PMe&Ph),.?* The cluster
W,Ss(PMePh), has 12 d-electrons compatible with 6-\W
bonds; in contrast] with 20 d-electrons shows correspond-
ingly weakened Ru-Ru interactions. Cyclic voltammetry
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Figure 2. Cyclic voltammogram of RiSs(PPh)4 (1) in CHyCl» vs Ag/
AgCl with NBusPFs as supporting electrolyte.
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Figure 3. Thermal ellipsoid plot of RgBg(PPh)s (2) drawn at 35%
probability level. Hydrogen and carbon atoms are omitted for clarity.
Average distances (A): RtRu = 2.82; Ru-S = 2.37; Ru-P = 2.31.

measurements show thatis electron-rich E;, = +454,
—263,—1209 mV vs Ag/AgCl) and undergoes three revers-
ible redox changes (Figure 2).

Compoundl reacts with water, and for this reason, silica

\ﬁel should be dried before chromatographic purification of

1. MALDI-MS analysis of hydrolyzed samples featured
peaks assignable to EO(PPh), and RuS,O,(PPh),.

The cluster ReSs(PPh)s (2) crystallized in~12% vyield
from the reaction solutions that also producedJsing pure
ethanol as the reaction solvent increased the yietd50%.

arallel studies using Se(TMSJTMS = Si(CH)s) as a

source of S& suggest that the condensation approach enjoys
some generality; for example, we have preparedSed
(PPh)s and [RuSe(PPh)g]?" by a similar route? The
structure of2 was confirmed by analysis of crystals in two
different space groups, both of which gave very similar
metrical result$? As in other Chevrel clusters, the Ru atoms
in 2 are arranged in an octahedron with each of the faces
capped withus-sulfur atoms (Figure 3). The average Ru
Ru distance in2, which has 32 d-electrons, is 2.83 A. In

(22) The reaction of Ru@PPhy)s with Se(TMS) gives RySe&(PPh)s and,
in the presence of KFéF[Rue,Se;(PPh)G](PFs)z (Ru—Ru=2.80 A,
Ru—-Se= 2.47 A, Ru-P = 2.37 A).

(23) Crystals of compound have been grown in two space groups. The
cell constants and descriptions of methods of crystallization are
provided in the Supporting Information.
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Figure 5. Cyclic voltammogram of Riss(PPh)s (3) in CHCl, vs Ag/
AgCl with NBusPFs as supporting electrolyte.

1 in CHCI, (40 °C for 1.5 h) resulted in complete
PEE substitution to give RiSs(PBwy)s. Cluster 1 does not,

however, bind CO, although it is easily oxidized.
Figure 4. Thermal ellipsoid plot of RsS(PPh)s (3) (35% probability). Vsi " 9 Y . fand
Hydrogen and carbon atoms are omitted for clarity. Average distances MALDI-MS analysis of some preparations df and 2

(A): Ru(1)-Ru(2,3,4)= 2.79; Ru(2,3,4rRu(2,3,4) = 2.93; Ru(5)- revealed ions corresponding to 4%(PPh)s (3). This
Ru(2,3,4)= 3.02; Ru(1} P(1)= 2.36; Ru(2,3,4) P(2,3,4)= 2.30; Ru(5)- compound is best prepared by treatment of R{REh); with
28)5_ 5’3@225%3%@?{5’251’ ; %(02.’3‘4}8(1‘2'3)_ 2:26; Ru234 S(TMS), in hot THF. The Ru centers i8 are less oxidized

than in1 and 2; in this case, the reduced product may be
contrast, the WWW bond distance in the electron precise 24e (TMS), rather than Has in the case df and2. Structurally,
cluster [WiCl1)2 is 2.61 &4 (2.65 A in [ReSe(PEk)e|2").2> 3 is related tol by capping one of the four faces with a
A redox series of analogous clusterss&€PEg)s” (n = Ru(PPR) unit (Figure 4). The face capping produces a
0—4") has been explored; the first isolated was8sPEt)q]- “Roussin-like” My(us-S) subunit?® The Ru-Ru distances
(BF4)2, synthesized from [Fe(Oht](BF4)2, PE, and HS 8 within this more compact subunit are contracted-b§.15
Clusters1 and 2 both feature oxidized Ru relative to the A relative to those ir, reflecting increased RtRu bonding
Ru(ll) precursor; their formation can be rationalized by the concomitant with the appearanceafS centers. Holm has
coformation of H (eqs 2 and 3). Cyclic voltammetric prepared analogous heterometalliéMMSsL s clusters’’
measurements of could not be made because of its The cyclic voltammogram o8 displays significant simi-

insolubility in pure form. larities to 1, featuring apparent 2e oxidations-a479 and
—197 mV and le reductions at1159 and—1447 mV
4RuCL(PPh); + 8NaSH— (Figure 5).
Ru,Sy(PPh), + 8NaCl+ 2H, + 2H,S+ 8PPh (2) Cluster3 may be a precursor to the “anti-Chevrel” cluster
1 RusSe(PPh)s, wherein all four faces of are capped by Ru-

(PPh) units. Traces of this R cluster are detected in the
6RUCKL(PPh); + 12NaSH—~ MALDI mass spectra of some preparations.
RusSs(PPh)s + 12NaCl+ 2H, + 4H,S + 12PPh (3) In closing, we note that the coformation of three structur-
2 ally and stoichiometrically related Ru(P#hS clusters
points to the feasibility of deciphering mechanistic inter-

Cluster2 is a rare example of a Pifigated Chevrel relationships, which we are currently attempting.

cluster; most previous examples of molecular Chevrel .
clusters feature more basic donor ligands (alkyl phosphines, Acknowledgment. This research was supported by the
amines, halides). The ability of PPto stabilize the cluster National Science Foundation and the Deutsche Forschungs-

suggests that the BS; unit is more Lewis acidic than most ~ 9emeinschaft. We thank Dr. Joel Dopke for experimental
Chevrel clusters. assistance at the early stages of this project.

Clustersl and2 differ significantly in their susceptibility Supporting Information Available: Experimental section
toward ligand substitution, as analyzed by MALDI-MS. Neat (PDF) and X-ray crystallographic files (CIF). This material is
PBuw effects only partial substitution i, even afte 6 h at available free of charge via the Internet at http://pubs.acs.org.
150°C. In contrast, addition of excess PRo a solution of 0255104
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