Synthesis and Reactivity of a Bis(disulfide)-Bridged RuMo
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Double-Cubane Cluster: A New Family of Nona- or Decanuclear
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A bis(disulfide)-bridged RuMo3S, double-cubane cluster [{ (Cp*Mo)s-
(ltg-S)4RU}(‘142-772:7]1-82)]2[PF5]2 (2, Cp* = 7]5'C5M95) is readily
available from cluster [(Cp*Mo)s(us-S)sRuH,(PPhs)][PFe] (1) and
Ss. The reactions of cluster 2 with [M(PPhs),] (M = Pd, Pt) give
rise to the formation of a new family of nona- or decanuclear mixed-
metal sulfide clusters, [{ (Cp*Mo)s(us-S)aRu} o(u3-S){ PA(S)(PPhs)} -
[PFel> (3), [{ (Cp*MO)s(ua-S)aRu} o(uz-S)o{ (PA(PPhg))a(ue2-S)}H[PFel2
(4), and [{ (Cp*Mo)s(tt3-S)sRu} o(13-S){ Pt(PPhs)2} J[PF)2 (5), with
two RuMozS, cubane units, the structures of which have been
determined by X-ray diffraction studies.
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Further, extensive investigations have been performed on the
synthesis and reactivity of cubane-type metal sulfide clusters.
We have long been interested in the rational synthesis and
reactivity of metal sulfide clusters containing especially noble
metals because we are aware that metalloproteins do not
contain noble metals but the unique catalysis of noble metal
sulfide clusters is expect@dActually, PdM@S,; cubane
clusters exhibit remarkable catalytic activity for some reac-
tions of alkynes including intramolecular cyclization of
alkynoic acids and aminoalkynes to form enol lactones and
cyclic imines, respectivel§.lt is to be noted that those
reactions occurring at the unique Pd atom embedded in the
MosS, aggregate have some resemblance to catalysis of

Iron sulfide based clusters are observed in metalloproteinsaconitase containing a F& unit.”

such as ferredoxin, nitrogenase, [Félydrogenase, and

We now report the synthesis and reactivity of a bis-

carbon monoxide dehydrogenase (CODH). To date, a variety(disulfide)-bridged RuMegB, double-cubane cluster, leading

of metal sulfide clusters have been prepared as syntheticto the formation of a new family of palladium or platinum
models and their reactivity has been extensively investigatedsulfide clusters with the two RuMB8; units. Noteworthy is

in order to shed light on the functions of metalloprotelins. the fact that the Pd or Pt atom in these clusters is connected
The MyS; cubane structure is a fundamental unit found in to the two RuM@S, cubane units through bridging sulfide
those metalloproteins. In the early 1970s, Holm discovered ligands, whereas an Fe atom is bound to zSFeubane unit

the spontaneous formation of [fSa(SR)]%" clusters from
reaction mixtures of FegINaSH, and NaSRLater, double-
cubane clusters containing two MafSg units potentially
related to FeMo-co were prepared by a similar self-assembly )
route using the reaction system of Fe@®&S", and [MoS]?".2
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Figure 1. Structure of the cationic part of clust2showing 30% thermal

ellipsoids. H atoms and half of the disordered C atoms are omitted for clarity.

Selected bond lengths (A) and angles (deg):—Rloay, 2.876(1); Mo~
Moay, 2.863(1); RutS1, 2.457(2); RutS2, 2.412(3); RutS3, 2.381-
(2); Ru2-S4, 2.372(2); Ru2S1, 2.408(3); Ru2S2, 2.445(2); S+S4;
2.013(3); S2-S3; 2.016(3); StRu1—S2, 78.14(9); StRu2—S2, 78.43-
(9); S2-Rul1—S3, 49.74(8); StRu2—S4, 49.82(9).

via the S atom of a cysteinyl ligand in [Fehydrogenasé,
an Fe atom is coordinated to a NgSeg unit via two sulfide
ligands in the [NiFe}CODH C clustef?and a Ni atom is
connected to a &, unit via the S atom of a cysteinyl ligand
in the [NiFe]-CODH A cluster®

Recently, we reported that the Rub® cubane cluster,
[(Cp*MO)5(ua-SuRUH(PPR)][PFg] (1, Cp* = 7°>CsMes),

is readily available from the reaction of the trimolybdenum

sulfide cluster [(Cp*Moy(u2-Sk(us-S)[PFs] with [RuHa-
(PPh)3).1° When clusterl was allowed to react with ¢S
(molar ratio: /1 = 3/8) at 60°C for 24 h in tetrahydrofuran

(THF), the RuM@S, double-cubane cluster bridged by two

disulfide (S%7) ligands, [(Cp*Mo)a(us-ShRU} (u2-1n%n*
S)]2[PF)2 (2), was obtained in 55% yield, concurrent with
the formation of PE§PS and the evolution of Has shown
in eq 1% The molecular structure &has been determined

PhsP X_l [PFe] | [PFe
Sg
H

[o]
SE b JASEBGECL
%@’_ o ,60°C p
%2 — PhyPS, H, %
1 2

by an X-ray diffraction study? Cluster2 has two RuM@S,

Scheme 1
Ph3P\ s
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\
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Holm and co-workers prepared [l 4[[{ Fe(Sp-CsHaX)} -
(uz-S)Mo](u2n?n*-S)]2 (X = ClI, Br), in which the two
[MoFesS)°* cores are bridged by the two?S ligands in
the same bridging mode as that of clus?e?

The results of the reactions of clust2rwith group 10
noble metal complexes [M(PBY] (M = Pd, Pt) are summa-
rized in Scheme 1. When clust2wvas allowed to react with
an equimolar amount of [Pd(PEH at 60 °C for 18 h in
THF, a heterotrimetallic PdRMog cluster [ (Cp*Mo)s(us-
SURU} o(u3-S)y{ Pd(S)(PP}1[PFe]. (3)** was obtained in
38% yieldi! Cluster3 consists of two RuMgB, cubane cores
unsymmetrically connected by twe-S ligands and a Pd-
(S)(PPh) fragment (Figure 2a). The PdRul [2.932(1) A]
and Ru-Ru [3.105(2) A] distances indicate the presence of
a metat-metal bond (Table 1). The long PeRu2 distance
[3.368(2) A] suggests the absence of a direct—Rd
interaction. On the other hand, treatment of clu&evith
2.5 equiv of [Pd(PP{)4] under the same reaction conditions
resulted in the formation of a novel fRLLMog cluster
containing two Pd(PRh fragments between two RuM®,
cubane cores, formulated d¢Cp*Mo)s(us-SURU} o(13-S)-
{(Pd(PPH))2(u2-S)} /[PFe2 (4),*° as dark-brown crystals in
42% yield™! Interestingly, the reaction of clust8rwith an
excess amount of [Pd(PRA did not afford clusted under

cores in which the two Ru atoms are separated at athe same or more forcing conditions. In contrast to cluster

Rul---Ru2 distance of 3.7499(12) A and bridged by twe 3, a sulfur _Iigand is bridging_ between the two Pd(BPh
nZn-disulfide groups (Figure 1). Therefore, the three Cp* fragments in au,-S mode (Figure 2b). Clustet has a

groups are nonequivalent in the solid state. In accordancetétrahedral P&Ru, framework having two cappingis-S

with this structure, théH NMR spectrum o exhibits three

ligands on both PdRuplanes, in which the RuS and Pe-S

broad singlets ab 2.01, 2.11, and 2.14. The nonbridging S Pond lengths are in the range of 2.2901384 A and are not
atoms in cluste are in a syn arrangement, and the two ©€xceptional (Table 1). Among the six edges of thefRb
planes containing a Ru and a bridging disulfide ligand are tetrahedron, only the RuRu separation of 3.500(1) A

nearly parallel with the dihedral angle 1I'74Previously,

corresponds to a nonbonding interaction. In tHeand3'P-
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1998 282 1853.

(9) (a) Dobbek, H.; Svetlitchnyi, V.; Gremer, L.; Huber, R.; Meyer, O.
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information, please see the Supporting Information.
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of the disordered C and P atoms3ras well as phenyl groups and Cp* groupsdimnd5 are omitted for clarity.

Table 1. Selected Bond Distances (A) and Angles (deg)3ei5

3(M=Pd) 4(M=Pd)  5(M=PY
Rul-M1 2.932(1) 2.9659(9) 3.0155(7)
Ru2-M1 3.057(1) 3.0155(7)
Rul—Pd2 3.0436(9)
Ru2—Pd2 3.057(1)
Pd1-Pd2 2.655(1)
Rul-Ru2 3.105(2)
Ru1-S1 2.376(4) 2.361(3) 2.388(2)
Ru1-S2 2.341(4) 2.384(2) 2.368(2)
Ru2-S1 2.350(4) 2.360(2) 2.371(2)
Ru2-S2 2.342(4) 2.377(3) 2.378(2)
M1-S1 2.314(4) 2.310(2) 2.344(2)
M1-S2 2.356(4) 2.347(2)
M1-S3 2.373(7) 2.245(3)
Pd2-S2 2.290(2)
Pd2-S3 2.232(2)
Ru—MO0gy 2.901(3) 2.895(3) 2.913(1)
Mo—Moay 2.863(3) 2.855(3) 2.861(1)
Rul-M1-Ru2 71.03(3) 75.80(2)
Rul—-Pd2-Ru2 70.01(3)
M1-Rul-Ru2 67.76(2)
S1-M1-S2 78.7(2) 73.44(6)
S1-Rul-S2 77.7(2) 83.97(9) 72.27(6)
S1-Rul-S2 78.2(2) 84.14(9) 72.39(6)

{H} NMR spectra (CRCl,), the protons of the six Cp*

7tn*-S) (ua-SPY);] with [Pd(PPh)4] and [Pt(PPk).], respec-
tively.’® We thus treated clust@with [Pt(PPh)4] (1.0—2.5
equiv) in a manner similar to the reaction with [Pd(B&h
which resulted in the formation of the heterotrimetallic PRu
Moe cluster [ (Cp*Mo)s(us-SURU} o(ues-Sh{ Pt(PPR)2} ][PFe]2
(5)*° in moderate yield! It is to be noted that no cluster
similar to cluster4 was obtained by treatment of cluster
with an excess of [Pt(PBh]. Figure 2c depicts the X-ray
structure of5, which has an almost isosceles PiRiangle
capped by twaus-sulfide ligands from both sides. The-Pt
Ru distances [3.0155(7) A] are relatively long, which
suggests weak PRu bonding interactions (Table 1).
Regardless of these PRu interactions, the coordination
geometry around the Pt atom is square-planar. Finally, it is
to be emphasized that these new clusters reported here can
be described in terms of the 18eule.

In summary, a bis(disulfide)-bridged Rulv& double-
cubane cluste? is readily available from clustet and S.
The reactions of cluste?2 with [M(PPhs)s] (M = Pd, Pt)
give rise to the formation of a new family of nona- or
decanuclear mixed-metal sulfide clusteBs;5, with two
RuMo;S,; cubane units. Investigations on the reactivity of

groups and the two P atoms are observed as singletsihese clusters as well as the reaction of clugtesth other
indicating a Symmetrical structure with two mirror planes transition-metal Comp|exes are now in progress.

for cluster4 in solution. Previously, Rauchfuss et al. showed

versatility of the bis(disulfide)-bridged diruthenium complex
[(Cp*RU)(u2n%n?*S) (urnt:n-S)] as a precursor for the

synthesis of polynuclear transition-metal sulfur clusters

containing homonuclear Bor Ru, and heteronuclear Ru

Rh cored® Ogino et al. succeeded in the preparation of early

late heterobimetallic RV, or RwW clusters by reacting
[(CP*RU(uzn?nS)uzr"*-S)] with [W(CO)x(MeCN].*
We also demonstrated the synthesis of heterobimetallic Pd
Ru, and PtRuy clusters from the reaction of [(Cp*Raf).-
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Chem.1997, 36, 1360.
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H. Organometallics1999 18, 3728.
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