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altered biological properties. This synthesis now provides the
opportunity to develop a new class of non-carbohydrate and
non-peptidic inhibitors of leukocyte adhesion to endothelial

cells.
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Rational construction of sulfido clusters has been a major
objective in synthetic inorganic chemistry because these
clusters have possible relevance to metalloenzymes and
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nonmolecular metal sulfide materials including hydrodesul-
furization catalysts.'! We have recently demonstrated that the
self-condensation of the hydrosulfido-bridged dinuclear com-
plexes [Cp*MCl(u,-SH),MCICp*] (1a: M=Ru; 1b: M=Rh;
1c: M=1Ir; Cp* =1°-CsMe;) in the presence of a base affords
a series of cubane-type sulfido clusters [(Cp*M),(u5-S),] (2a:
M=Ru;& 2b: M=Rh;Pl 2¢: M=IrPl). Interestingly, even
cyclopentadiene is eliminated from the hydrosulfido-bridged
heterobimetallic complex [Cp,Ti(u,-SH),RuCICp*] (3; Cp=
7>-CsHs) to give the heterobimetallic cluster [(CpTi),(Cp*-
Ru),(us-S),] (4).1 As an extension of these studies, we
describe here the crossed condensation of the two different
hydrosulfido-bridged dinuclear complexes 1a and 3, which
results in the formation of the novel TiRu;S, cubane-type
sulfido cluster [(CpTi)(Cp*Ru);(us-S),] (5a).

When an excess of triethylamine was added to a 1:1 mixture
of 1a and 3 at —78°C, the dark reddish brown solution
immediately changed to deep violet, which progressed further
to dark brown as the solution was warmed to room temper-
ature. The 'H NMR spectrum of the reaction mixture
indicated that the crossed condensation product 5a was
predominantly formed along with trace amounts of self-
condensation products 2a and 4. Subsequent chromatograph-
ic workup and recrystallization afforded the cubane-type
sulfido cluster 5a in 71 % isolated yield [Eq. (1)]. An X-ray
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analysis confirmed the TiRu;S, cubane-type structure of Sa
(Figure 1).P] The molecule has an approximate mirror plane
bisecting the Ru(1)—Ru(2) vector. As predicted by the

Figure 1. Molecular structure of 5a. Hydrogen atoms are omitted for
clarity. Selected interatomic distances [A]: Ti(1)-Ru(1) 2.9876(8), Ti(1)-
Ru(2) 3.0158(8), Ti(1)-Ru(3) 2.9854(8), Ru(1)-Ru(2) 2.8215(5), Ru(1)-
Ru(3) 3.612(1), Ru(2)-Ru(3) 3.616(1).
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effective atomic number (EAN) rule, the 64-electron cluster
5a has one Ru—Ru and three Ti—Ru bonds. The Ti—Ru
distances (mean 2.996 A) are comparable to those for the
Ru—Ti dative bonds in the Ti,Ru,S, cluster 4 (mean
2.935 A).¥l The Ru(1)—Ru(2) distance of 2.8215(5) A is also
consistent with the Ru—Ru bond order of unity, whereas the
other Ru—Ru distances (mean 3.614 A) preclude the presence
of the direct bonding interaction between these Ru atoms.
This metal-metal bonding scheme sharply contrasts with that
in the electron-deficient, early-late heterobimetallic cluster 4,
which has 60 electrons and only four Ru —Ti dative bonds but
no significant Ru—Ru or Ti—Ti interactions.”] Mixed-metal
cubane-typel”l or cuboidal clusters® related to 5a have been
reported recently. Cluster Sa also provides a still-limited
example of cubane-type clusters with a MM;S, core and four
7°-CsR; ligands.”!

Variable-temperature 'H NMR measurements indicated
the mobility of the Ru—Ru bond in Sa, as shown in Scheme 1.
In agreement with the solid-state structure of Sa, the
resonances for the Cp* groups appear as two singlets in an

_[Til——=S _[Tl——=S _[i——S
s | Ru] I S {Rul ‘ s | {Ru] (
,”,,S—}:\I? | S—la[R ’,SA—L R
u]———S’[ ul [Ru] S’[ ul [Ru]—S‘[ ul

Scheme 1. Mobility of the intermetallic bond in 5a. [Ti] = CpTi, [Ru] =
Cp*Ru.

intensity ratio of 2:1 at —50°C. These two signals coalesce at
0°C and appear as a sharp singlet at 80 °C. The resonance for
the Cp group appears as one sharp singlet throughout the
measurements. The activation parameters, estimated by
fitting the simulated spectra to the observed ones, are
AH*=53+4kImol™! and AS*=-54+14Jmol ! K-! with
AG*=55+6kJmol™! (0°C). Rauchfuss and co-workers have
already reported similar fluxional behavior ascribed only to
the arrangement of the metal-metal bond(s) for homometallic
ruthenium™ or iridium™" clusters.

On the other hand, similar treatment of the rhodium or
iridium analogue 1b (or 1¢) with 3 afforded the mixture of 2b
(or 2¢), [(CpTi)(Cp*Ru)(Cp*M),(us-S)s] (5b: M=Rh; Sc:
M =1Ir), and 4. For example, the ratio of the clusters 2b, Sb,
and 4 produced was approximately 5:12:7 as estimated from
the 'TH NMR spectrum of the crude product. Attempts to
separate these clusters by column chromatography or frac-
tional recrystallization have failed.

We have already found that the electron-deficient Ti,Ru,S,
cluster 4 is oxidized by HCI to afford the distorted cubane-
type cluster [(CpTiCl,)(CpTi)(Cp*Ru),(u3-S),], in which the
chlorine atoms are coordinated to one of the titanium atoms
to mitigate the electron deficiency of this atom.*®! The
electron-precise TiRu; cluster 5a was oxidized by HCl in a
different manner. Thus, treatment of 5a with an excess of HCI
gas in toluene afforded the dicationic cluster [(CpTi)(Cp*-
Ru);(u5-S),]Cl, (6a) as shown in Equation (2). Cluster Sa was
also oxidized with two equivalents of [Cp,Fe][PF] to give the
PF¢~ salt 6b. An X-ray analysis of 6a-HCI-H,O-MeCN
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clearly demonstrated the ionic nature of 6a (Figure 2).! The
two-electron oxidation resulted in the formation of one more
Ru—Ru bond than 5a: the Ru(1)—Ru(2) and Ru(2)—-Ru(3)
distances (mean 2.845 A) are congruent with the presence of
Ru—Ru bonds, whereas the Ru(1)—Ru(3) distance (3.513(1) A)
is comparable to the nonbonding contacts in 5a. The Ti—Ru

Figure 2. Structure of the cationic part of 6a-HCI-H,O -MeCN. Hydro-
gen atoms are omitted for clarity. Selected interatomic distances [A]: Ti(1)-
Ru(1) 3.012(2), Ti(1)-Ru(2) 2.934(2), Ti(1)-Ru(3) 3.007(2), Ru(1)-Ru(2)
2.8386(9), Ru(1)-Ru(3) 3.513(1), Ru(2)-Ru(3) 2.850(1).

distances (mean 2.984 A) suggest the presence of three
Ru—Ti dative bonds.'?l These observations for the 62-
electron clusters 6 are consistent with the EAN rule. Like
5a, clusters 6a and b exhibit fluxional behavior in solution;
the simulations gave activation parameters of AH* =60+
6kIJmol™! and AS*T=6+20Jmol'K~! with AG*=58+
8 kImol~! (—10°C) for 6b.

Condensation of preassembled metal-sulfur aggregates has
attracted increasing attention because it provides a rational
pathway to metal-sulfido clusters with higher nuclearity.
Indeed, clusters with symmetrical structural motifs such as
polycubanes,['®l raft-type,l' and hexanuclear octahedral
frameworks relating to Chevrel phases!'* have reasonably
been prepared through this method. However, crossed con-
densation of different polynuclear units remains undevel-
oped. In the present study, this synthetic strategy has
successfully been applied to the synthesis of cubane-type
clusters with M'M,S, cores, which have been previously
prepared only by using a self-assembly approachl™ or
incorporation of a heterometal into the preassembled M,S,
cores.l') Further investigation on syntheses of mixed-metal
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cubane-type sulfido clusters through this synthetic pathway as
well as the reactivities of the TiRu;S, clusters Sa and 6 is now
under way.

Experimental Section

S5a: To a mixture of la (416.0mg, 0.682mmol) and 3 (352.6 mg,
0.683 mmol) in THF/CH,Cl, (40 mL/40 mL) was added triethylamine
(1.5 mL, 11 mmol) at —78°C, and the mixture was slowly warmed to room
temperature with stirring. After removal of the solvent in vacuo, the
resultant red-brown oil was extracted with benzene. The extract was then
subject to chromatography on alumina with benzene, followed by
recrystallization from CH,Cl/CH;0H (10 mL/50 mL). The dark red-
brown crystals that formed were filtered off and dried in vacuo
(463.0 mg, 71%). '"H NMR (400 MHz, [Ds]toluene, —50°C, TMS): 6 =5.94
(s, 5SH, CsHj), 191 (s, 15H, CsMes), 1.50 (s, 30H, CsMes); elemental
analysis for C;sHsoRu;S,Ti: caled: C 44.24, H 5.30; found: C 43.88, H 5.36.
For 5b: 'H NMR (400 MHz, [D¢]benzene, 18°C, TMS): 6 =6.07 (s, 5H,
C;sHs), 1.84 (s, 15H, RuCsMes), 1.54 (s, 30H, RhCsMes). For S¢: 'H NMR
(400 MHz, [D¢]benzene, 18°C, TMS): 6 =6.02 (s, SH, CsHs), 1.82 (s, 15H,
RuC;Me;), 1.55 (s, 30H, IrCsMes).

6a: Through a solution of 5a (52.8 mg, 0.0556 mmol) in toluene (5 mL) was
bubbled HCI gas for 5 min, and the mixture stirred for 2 h. The resultant
brown suspension was evaporated to dryness in vacuo. Recrystallization of
the residue from MeCN/Et,O (3 mL/17 mL) afforded 6a-HCl-H,O-
MeCN as dark red-brown crystals (50.5 mg, 81%). 'H NMR (400 MHz,
[D,]dichloromethane, —50°C, TMS): 6 =6.01 (s, SH, CsHs), 1.91 (s, 15H,
CsMe;), 1.80 (s, 30 H, CsMes); elemental analysis for C;;HssCL,NORu;S,Ti:
caled: C 39.80, H 5.06, N 1.25, Cl 9.53; found: C 39.69, H 5.13, N 1.36, CI
9.91.

6b: A mixture of 5a (65.6 mg, 0.0690 mmol) and [Cp,Fe][PF,] (45.9 mg,
0.139 mmol) was dissolved in CH,Cl, (10 mL) and stirred for 12 h. After
removal of the solvent in vacuo, the resultant red-brown powder was
washed with Et,0. Recrystallization from MeCN/Et,0 (3 mL/17 mL)
afforded 6b-0.5MeCN-0.5Et,O as red-brown crystals (78.6 mg, 88%).
'H NMR (400 MHz, [D,]dichloromethane, — 50°C, TMS): 6 =6.01 (s, 5H,
CsH;), 1.81 (s, 15H, CsMes), 1.78 (s, 30H, CsMes); elemental analysis for
CisHse5sF 15N sO0.sP>Ru;S,Ti: caled: C 35.17, H 4.39, N 0.54; found: C 35.25,
H 4.39, N 0.78.
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Synthesis of Mixed-Metal High-Nuclearity
Clusters by Fusion of Anionic Ruthenium
Carbido Clusters through Palladium Units

Takayuki Nakajima, Atsushi Ishiguro, and
Yasuo Wakatsuki*

High-nuclearity cluster complexes, in particular heterome-
tallic clusters, have attracted considerable interest because of
their diverse properties.l 2l One example is their application
as precursors for metal dispersions with discrete metal atom
composition, which may be useful as heterogeneous cata-
lysts.?] The fusion of two smaller cluster units through
different metal atoms should provide a straightforward
method to increase the nuclearity of carbonyl clusters
efficiently. A large number of fusions of transition metal
clusters by treatment of the cluster anions with cations or
halides of Cu Agl>6 Aul*7 and Hgl*% to give a
“sandwiching” of these metal atoms between two cluster
units have been reported. In contrast, the reactions of
cluster anions with cation or halide of Group 10 transi-
tion metals have been known to give giant clusters
comprising two different transition metals, for example,
[NissPto(CO)5(H)s]" [Pd;33Nig(CO)y; (PPhs)e]*, 11
[NisPt,(CO)ys]o, " and [FegPdo(CO),H*~.[?] In these ex-
amples, considerable fragmentation and recombination of the
original cluster component appear to be the important factors.
Herein we report on the coupling of ruthenium carbido
carbonyl clusters through palladium species to give high-
nuclearity Ru/Pd mixed-metal complexes of “sandwich clus-
ter” type structure. This is similar to the many cases of Group
11 and 12 metals as linking agents, rather than the unpredict-
able cluster formation by fragmentation and spontaneous
assembly pathways. Incorporation of a Group 10 transition
metal as a linking agent in sandwiching products should
greatly widen the scope of the fusion route as a method for the
rational synthesis of large heterometallic clusters, particularly
in terms of their application as potential precursors for
tailored alloy catalysts. This investigation is significant in that
ruthenium and palladium are utilized as heterogeneous
catalysts in a wide variety of industrial reactions.['*]

Treatment of the pentanuclear ruthenium carbido anion
[RusC(CO) ) (cation: PPN =N(PPh;),") with with two
equivalents of [Pd(C;H;)Cl], in THF at room temperature for
12 h gave dark red crystals of a neutral cluster with the
composition [PdgRu;(Co(CO),,(C3Hs),] (1) in 52% yield.
X-ray structural analysis (Figure 1) revealed that the molecule
has two pseudo mirror planes, one of which passes through
Pd2, PdS, Rull, and Ru21 and the other through Pd7, PdS§,
C20, 021, C8, and C11.

The Pdy core, which is flanked on each side by a square-
pyramidal Rus core, consists of two coplanar fused squares,
Pd1-Pd2-Pd5-Pd4 and Pd2-Pd3-Pd6-Pd5, and two Pd atoms,
Pd7 and Pd8, which cap each of the squares from the same
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