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Summary: The 1,1'-ferrocenedithiolato-bridged (arene)-
ruthenium(l) complex [{(p-cymene)Ru}2(u2-Sofc)] (4;
p-cymene = 4-isopropyltoluene, S,fc = 1,1'-ferrocene-
dithiolato) was synthesized by the reaction of 1,1'-ferro-
cenedithiol (1) with [(p-cymene)RuCl,], (2) and subse-
guent reduction with sodium amalgam; reactions of 4
with HOTf and MeOTf (OTf = OSO,CF3) afforded the
hydrido complex [{(p-cymene)Ru} 2(u2-H)(u2-S2fc)|[OTH]
(5) and the thiolato—thioether complex [{ (p-cymene)Ru} »-
(u2-SfcSMe)][OTH] (6), respectively. On the other hand,
treatment of [Cp*RuCl]4 (7; Cp* = °-CsMes) with 1,2,3-
trithia[3]ferrocenophane (8) resulted in the formation of
the (1,1'-ferrocenedithiolato)(sulfido)triruthenium cluster
[(Cp*Ru)z(us-S)(us-S2fc)(ua-CH][FeCla] (9).

In our continuing studies on sulfur-bridged poly-
nuclear complexes,! we have synthesized a series of
thiolato-bridged diruthenium, dirhodium, and diiridium
complexes? and revealed their catalytic ability for
transformations of various substrates such as alkynes
and allylic compounds.® Owing to the presence of the
strongly bridging thiolato ligands, the dinuclear struc-
tures of these complexes are preserved throughout the
catalytic reactions. As an extension of these studies, we
have recently prepared ferrocenethiolato-bridged diru-
thenium complexes* and 1,1'-ferrocenedithiolato-bridged
M, and RuM complexes (M = Ni, Pd, Pt),® since the
complexes having cylindrical and redox-active ferrocene

* To whom correspondence should be addressed at the Department
of Materials Science and Technology, Faculty of Industrial Science and
Technology, Science University of Tokyo, Noda, Chiba 278-8510, Japan.

T Present address: Department of Energy and Hydrocarbon Chem-
istry, Graduate School of Engineering, Kyoto University, Sakyo-ku,
Kyoto 606-8501, Japan.

(1) Hidai, M.; Kuwata, S.; Mizobe, Y. Acc. Chem. Res. 2000, 33, 46.

(2) (a) Hidai, M.; Mizobe, Y.; Matsuzaka, H. J. Organomet. Chem.
1994, 473, 1. (b) Hidai, M.; Mizobe, Y. In Transition Metal Sulfur
Chemistry; Stiefel, E. I., Matsumoto, K., Eds.; American Chemical
Society: Washington, DC, 1996; p 310. (c) Nishio, M.; Matsuzaka, H.;
Mizobe, Y.; Hidai, M. Inorg. Chim. Acta 1997, 263, 119. (d) Nishio,
M.; Mizobe, Y.; Matsuzaka, H.; Hidai, M. Inorg. Chim. Acta 1997, 265,
59. (e) lwasa, T.; Shimada, H.; Takami, A.; Matsuzaka, H.; Ishii, Y.;
Hidai, M. Inorg. Chem. 1999, 38, 2851. (f) Matsukawa, S.; Kuwata,
S.; Hidai, M. Inorg. Chem. 2000, 39, 791.

(3) (a) Nishibayashi, Y.; Yamanashi, M.; Takagi, Y.; Hidai, M. Chem.
Commun. 1997, 859. (b) Qu, J.-P.; Masui, D.; Ishii, Y.; Hidai, M. Chem.
Lett. 1998, 1003.

(4) Matsuzaka, H.; Qu, J.-P.; Ogino, T.; Nishio, M.; Nishibayashi,
Y.; Ishii, Y.; Uemura, S.; Hidai, M. J. Chem. Soc., Dalton Trans. 1996,
4307.

(5) Takemoto, S.; Kuwata, S.; Nishibayashi, Y.; Hidai, M. Inorg.
Chem. 1998, 37, 6428.

10.1021/0m0002834 CCC: $19.00

Scheme 1

<p-cyr|nen_e>l [PFé]
@—SH [’\(‘ﬁ%?:ne)RuCIz]? (2) @S\—Ru\
Fe Fe K /CI
<> SH L2 s-Ri
1 (p~cyr|nene)
3, 79%

Na/Hg

(p-cymene)

(/}chene)
4, 63%

moieties such as ferrocenylphosphine complexes are
known to show unique reactivities.® Here we describe
the synthesis and reactivities of di- and triruthenium
complexes with a 1,1'-ferrocenedithiolato ligand.
Reaction of the (arene)diruthenium complex [(p-
cymene)RuCl;]z (2) with 1 equiv of 1,1'-ferrocenedithiol
(1) and subsequent anion metathesis with NH4PFg
led to the formation of the diruthenium complex
[{ (p-cymene)Ru} 2(u2-Cl)(u2-Sofc)[[PFs] (3) in 79% yield
(Scheme 1). The 'H NMR spectrum of 3 confirms the
presence of the ferrocenedithiolato and p-cymene ligands
in a ratio of 1:2, and the simple spectral feature is
consistent with the diruthenium structure of 3 shown
in Scheme 1. The closely related bis(benzenethiolato)
complex [{(CeMeg)RuU} 2(u2-Cl)(u2-SPh),]Cl,7 as well as
the tris(thiolato) complexes [{(arene)Ru}z(u2-SR)3]"
(arene = CgMes, p-cymene, CeHg; R = Ph, Et)”8 has
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Figure 1. ORTEP drawing of the cationic part of 5.
Hydrogen atoms are omitted for clarity.
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already been reported. The cyclic voltammogram of 3
exhibits a reversible oxidation wave at 0.71 V (vs
saturated calomel electrode (SCE)) and an irreversible
reduction wave at —1.20 V. The former can be assigned
to the Fe(l1/111) redox couple. Attempts to isolate the
oxidized product 3* by using oxidants such as AgPFg
and NOBF,4, however, have failed.

On the other hand, reduction of 3 with an excess of
Na/Hg in THF at room temperature resulted in the
isolation of the Ru(l)/Ru(l) complex [{(p-cymene)Ru} ,-
(u2-Sofc)] (4) in 63% yield (Scheme 1). The feature of the
IH NMR spectrum of 4 resembles that of the parent
complex 3, suggesting that the symmetrical diruthe-
nium structure of 3 is preserved in 4. The diamagnetic
nature of 4 indicates the presence of a Ru(l)—Ru(l)
single bond. Complex 4 is a thiolato-bridged diruthe-
nium(l) complex with arene ligands, whereas thiolato-
bridged diruthenium(l) centers are well-known to bind
CO,° as exemplified by [{Ru(CO)3} »(uo-S»fc)].%2

When 4 is treated with HOTT, protonation to the
Ru(l)—Ru(l) bond takes place to afford the hydrido-
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Figure 2. ORTEP drawing of the cationic part of 6.
Hydrogen atoms are omitted for clarity.

Table 1. Selected Bond Lengths (A) and Angles
(deg) for 5 and 6

5 6
Ru(1)—Ru(2) 2.7698(7) 2.7489(5)
Ru(1)—S(1) 2.350(2) 2.271(1)
Ru(1)-S(2) 2.358(2) 2.342(1)
Ru(2)—S(1) 2.359(2) 2.271(1)
Ru(2)-S(2) 2.363(2) 2.335(1)
S(1)—-C(31) 1.801(5)
Ru(2)—Ru(1)—S(1) 54.12(4) 52.76(3)
Ru(2)—Ru(1)—S(2) 54.16(4) 53.88(3)
S(1)—Ru(1)—S(2) 85.42(5) 82.56(4)
Ru(1)—Ru(2)—S(1) 53.83(4) 52.75(3)
Ru(1)—Ru(2)—S(2) 53.99(4) 54.12(3)
S(1)~Ru(2)—S(2) 85.11(5) 82.71(4)
Ru(1)-S(1)—Ru(2) 72.06(5) 74.49(4)
Ru(1)—S(2)—Ru(2) 71.85(5) 72.00(4)
Ru(1)—S(1)—C(31) 119.9(2)
Ru(2)—S(1)-C(31) 119.9(2)

Table 2. Selected Interatomic Distances (A) and
Angles (deg) for 9

Ru(1)—Ru(2) 2.8264(8) Ru(1)—S(1) 2.280(2)
Ru(1)—-S(2) 2.285(2) Ru(1)—CI(1) 2.461(2)
Ru(2)—S(1) 2.349(2) Ru(2)—S(2) 2.319(2)

Ru(1)-+-Ru(1*) 3.496(1)

S(1)-Ru(1)-S(2)  106.13(7) S(1)-Ru(1)-Cl(1)  93.65(7)
Cl(1)-Ru(1)-S(2)  81.70(6) S(1)-Ru(2)-S(1*)  99.20(8)
S(1)-Ru(2)—-S(2)  102.86(6) Ru(1)—Cl(1)—Ru(1*) 90.49(8)
Ru(1)-S(2)—-Ru(1*) 99.82(9) Ru(1)-S(1)-Ru(2)  75.25(5)
Ru(1)-S(2)-Ru(2) 75.75(6) Ru(1)—Ru(2)—Ru(1*) 76.40(3)

bridged diruthenium(ll) complex [{(p-cymene)Ru} >(u2-
H)(u2-S2fc)][OTH] (5; Scheme 2). The *H NMR spectrum
of 5 shows a hydrido resonance at —11.77 ppm. Reso-
nances for the two p-cymene ligands appear equivalent
even at —50 °C, suggesting the bridging nature of the
hydrido ligand. The dinuclear structure of 5 has further
been confirmed by an X-ray diffraction analysis (Figure
1 and Table 1), although the hydrido hydrogen atom
could not be located. The Ru(l)—Ru(2) distance of
2.7698(7) A is consistent with the presence of a Ru—
H—Ru three-center—two-electron bond, whereas the
long Fe—Ru distances of 4.316(1) and 4.283(1) A indicate
the absence of any direct bonding interaction between
these atoms. On the other hand, the reaction of 4 with
MeOTTf results in S-alkylation, giving the thiolato—
thioether complex [{(p-cymene)Ru},(u2-SfcSMe)][OTH]
(6) as shown in Scheme 2. The SMe resonance appears
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Figure 3. ORTEP drawing of the cationic part of 9.
Hydrogen atoms are omitted for clarity.

at 2.92 ppm in the 'H NMR spectrum of 6, and the Cs
symmetry of 6 is deduced by the spectrum. To determine
the detailed structure of 6, an X-ray analysis has been
carried out (Figure 2). The Ru(1)—Ru(2) distance of
2.7489(5) A is comparable to that in [{Ru(CO)s}2(uz-
Sofc)] (2.6812(7) A),%2 suggesting the presence of a
Ru(l)—Ru(l) bond. The Ru—Sthisether distances (2.271 A
(mean)) are slightly shorter than the Ru—Sgiolate dis-
tances (2.339 A (mean)). The reactivities of the thiolato-
bridged (arene)ruthenium complex 4 described above
parallel those of the carbonyl complex [{ Ru(CO)s} 2(u2-
S,CsH4)]% and the isoelectronic iridium(ll) complex
[(CP*IN)2(u-SPri);] 20

Reaction of 1 with [Cp*RuCl], (7) did not give any
characterizable product. However, 1,2,3-trithia[3]ferro-
cenophane (8) reacts with 7 in an Fe:Ru ratio of 1:1.7
to afford the 1,1'-ferrocenedithiolato- and sulfido-bridged
triruthenium cluster [(Cp*Ru)s(us-S)(us-Safc)(uz-Cl)]-
[FeCl4](9) in 25% yield based on the Ru atom (eq 1).

s GrIFeOH
u

Rud u
&S5 [cpRuCl, (7) \\R-CVI ’
Fe — u )
S/ S/ \ \S

Cp*

8 —Fe4@ 0

The molecular structure of 9 has been determined by
X-ray crystallography (Figure 3 and Table 2). As ex-
pected for the 50e clusters, 9 has an open triangular
Rus core with only two Ru—Ru bonds (Ru(1)—Ru(2) and
Ru(1*)—Ru(2)). The Ru'";Ru'V triangle is capped by a
sulfido ligand, and the three Ru atoms are bridged by
two thiolato sulfur atoms and a chloro ligand to form
an incomplete cubane-type core. Related core structures
are observed in [(Cp*Rh)3z(u3-S)(u2-Cl)2(u2-SPri)][OTf]%e
and [{ (tmt)Ru} 3(us-S)(u2-Cl)3][PFe] (tmt=tetramethylthio-
phene),1° although there seem to be no direct metal—
metal interactions in these complexes. Obviously, the

(10) Lockemeyer, J. R.; Rauchfuss, T. B.; Rheingold, A. L.; Wilson,
S. R. J. Am. Chem. Soc. 1989, 111, 8828.
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iron atom in the FeCls2~ anion is derived from the
ferrocenophane 8; however, the mechanism for forma-
tion of this anion as well as the fate of the cyclopenta-
dienyl groups around the iron atom is unclear at
present.

In summary, we have synthesized a series of 1,1'-
ferrocenedithiolato-bridged di- and triruthenium com-
plexes. Their unique structures are, at least partly, due
to the presence of the chelating ferrocenedithiolato
ligand.

Experimental Section

General Considerations. All manipulations were per-
formed under an atmosphere of nitrogen using standard
Schlenk-tube techniques unless otherwise specified. Solvents
were dried and distilled before use. The compounds 1, 2,12
7,13 and 8 were prepared according to the literature.

IH NMR spectra were recorded on a JEOL JNM-EX-270 or
JNM-LA400 spectrometer. Elemental analyses were performed
on a Perkin-Elmer 2400 Series Il CHN analyzer. Amounts of
the solvent molecules were determined not only by elemental
analyses but also by *H NMR spectroscopy. Electrochemical
measurements were made with Hokuto Denko instrumenta-
tion (HA-501 potentiostat and HB-105 function generator)
using a glassy-carbon working electrode; potentials were
measured in CH,Cl,—0.1 M Bu"sNBF, vs SCE as reference.

Preparation of [{ (p-cymene)Ru} 2(u2-Cl)(u2-S2ofc)][PFe]:
CHCI; (3-CHCI,). To a solution of 2 (850 mg. 1.39 mmol) in
CH,Cl,—MeOH (30 mL/10 mL) were added 1 (350 mg, 1.39
mmol) and NH4PFs (326 mg, 2.00 mmol), and the mixture was
stirred for 4 h at room temperature. After removal of the
solvents in vacuo, the residue was extracted with CH,Cl, (40
mL). Slow diffusion of hexanes into the concentrated extract
gave 3:CHCI, as a red microcrystalline solid (1.08 g, 79%).
IH NMR (acetone-dg): 6 6.11, 5.76 (d, 4H each, J = 5.6 Hz,
MeCsH.4Pr'), 4.69, 4.11 (t, 4H each, J = 2.0 Hz, CsH,), 3.03
(sept, 2H, J = 6.9 Hz, CHMe,), 2.51 (s, 6H, MeC¢H4Pr'), 1.37
(d, 12H, J = 6.9 Hz, CHMEZ) Anal. Calcd for C31H3sClsFsPS»-
FeRu,: C, 37.84; H, 3.89. Found: C, 37.72; H, 4.07.

Preparation of [{(p-cymene)Ru},(u2-Sofc)] (4). In a 20
mL Schlenk flask containing Na/Hg (2.1%, 3.8 g, 3.4 mmol)
and THF (8 mL), 3-CH,Cl; (296 mg, 0.301 mmol) was added
at room temperature and the mixture was stirred for 1 h. After
addition of hexanes (2 mL), the reddish brown solution was
filtered. The filtrate was evaporated to dryness and extracted
with benzene (5 mL). MeOH was layered on the concentrated
extract, and the mixture was cooled to —23 °C, giving 4 as
red-brown crystals (130.6 mg, 63%). *H NMR (C¢Ds): 6 5.47,
5.36 (d, 4H each, J = 5.6 Hz, MeCgH4Pr'), 4.68, 3.92 (t, 4H
each, J = 1.8 Hz, CsHy), 2.45 (sept, 2H, J = 6.9 Hz, CHMe,),
1.96 (s, 6H, MeCgH4Pr), 1.22 (d, 12H, J = 6.9 Hz, CHMe,).
Anal. Calcd for C3oH3sS:FeRu,: C, 50.13; H, 5.05. Found: C,
50.31; H, 5.10.

Preparation of [{(p-cymene)Ru}(u2-H)(u2-S-fc)][OTH]
(5). To a solution of 4 (71.8 mg, 0.100 mmol) in toluene (3 mL)
was added HOTf (16.5 mg, 0.110 mmol) at —65 °C. The
mixture was slowly warmed to room temperature and stirred
further for 2 h at this temperature. The solvent was removed
in vacuo, and the residue was recrystallized from CH,Cl,—
hexanes to afford dark red crystals of 5 (73.9 mg, 85%). 'H
NMR (acetone-dg): 6 6.54, 6.36 (d, 4H each, J = 6.0 Hz,
MeCsH4Pr'), 4.82, 4.01 (t, 4H each, J = 1.8 Hz, CsH,), 2.56
(sept, 2H, J = 6.4 Hz, CHMey,), 2.23 (s, 6H, MeCgH4Pr'), 1.20

(11) Bishop, J. J.; Davison, A.; Katcher, M. L.; Lichtenberg, D. W.;
Merrill, R. E.; Smart, J. C. J. Organomet. Chem. 1971, 27, 241.

(12) Bennett, M. A.; Huang, T.-N.; Matheson, T. W.; Smith, A. K.
Inorg. Synth. 1982, 21, 74.

(13) Fagan, P. J.; Ward, M. D.; Calabrese, J. C. J. Am. Chem. Soc.
1989, 111, 1698.
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(d, 12H, J = 6.4 Hz, CHMe,), —11.77 (s, RuH). Anal. Calcd for
Cs1H37S303FsFeRuz: C, 42.86; H, 4.29. Found: C, 42.72; H,
4.23.

Preparation of [{ (p-cymene)Ru},(u.-SfcSMe)][OTf] (6).
To a solution of 4 (71.8 mg, 0.100 mmol) in toluene (3 mL)
was added MeOTf (18.1 mg, 0.110 mmol) at —65 °C, and the
mixture was slowly warmed to room temperature and stirred
further for 1 h at this temperature. The solvent was removed
in vacuo, and the residue was recrystallized from CH,Cl,—
hexanes to afford dark red crystals of 6 (65.3 mg, 74%). 'H
NMR (CDCls): 6 6.01, 5.88, 5.83, 5.71 (d, 2H each, J = 5.9
Hz, MeCgH.Pr'), 4.73, 4.39, 4.05, 3.96 (t, 2H each, J = 1.7 Hz,
CsHa), 2.92 (s, 3H, SMe), 2.64 (sep, 2H, J = 6.8 Hz, CHMe,),
2.27 (s, 6H, MeCgH,4Pri), 1.31 (d, 12H, J = 6.8 Hz, CHMe,).
Anal. Calcd for C3oH39S303F3FeRu,:  C, 43.54; H, 4.45.
Found: C, 43.45; H, 4.42.

Preparation of [(Cp*Ru)s(u3-S)(u3-Sofc)(u.-Cl)][FeCla]
(9). To a suspension of 7 (59.7 mg, 0.055 mmol) in THF (8
mL) was added 8 (36.9 mg, 0.13 mmol), and the mixture was
stirred for 4 h at room temperature. The dark brown solid that
formed was collected and washed with THF. Recrystallization
from acetonitrile—diethyl ether gave 9 as dark brown crystals
(22 mg, 0.018 mmol, 25% based on the Ru atom). *H NMR
(CD3CN): 6 5.68, 4.49, 4.34, 4.21 (m, 2H each, CsH,), 1.80 (s,
15H, C5Me5), 1.65 (S, 30H, C5Me5). Anal. Calcd for C40H53C|583-
FesRus: C, 39.31; H, 4.37. Found: C, 39.05; H, 4.91.

X-ray Diffraction Studies. Crystals were sealed in glass
capillaries under an argon atmosphere and used for data
collection. Diffraction data were collected on a Rigaku AFC-
7R four-circle automated diffractometer equipped with a
graphite-monochromated Mo Ko (A = 0.710 69 A) source at
room temperature using the w—26 scan technique (5° < 26 <
50° for 5, 5° < 26 < 55° for 6 and 9). Accurate cell dimensions
of each crystal were determined by least-squares refinement
of 21, 25, and 20 machine-centered reflections for 5, 6, and 9,
respectively. Empirical absorption corrections based on W
scans and Lorentz-polarization corrections were applied. The
intensities of 3 check reflections were monitored every 150
reflections for each crystal, which showed no significant decay
for 5 and 6 but a steady decrease in intensities for 9 during
data corrections (average 4.6% decrease for 3 check reflections
at the final stage). Thus, a decay correction was applied for 9.
Details of the X-ray diffraction study are summarized in Table
3.

The structure solution and refinement were performed by
using the TEXSAN?* program package. The structures were
solved by a combination of heavy-atom Patterson methods
(PATTY?) and subsequent Fourier techniques (DIRDIF9416),
All non-hydrogen atoms were found from the difference Fourier

(14) teXsan: Crystal Structure Analysis Package; Molecular Struc-
ture Corp., The Woodlands, TX, 1985 and 1992.

Notes

Table 3. Crystallographic Data for 5, 6, and 9

5 6 9
formula C31H37F3- C32H39F3- C40H53C|5$3-
O3S3FERU2 O3S3FERU2 FesRus
fw 868.79 882.82 1222.21
space group C2lc C2lc Pnma
cryst syst monoclinic monoclinic orthorhombic
cryst color dark red dark red dark brown
cryst dimens, mm 0.80 x 0.50 x 0.90 x 0.70 x 0.20 x 0.20 x
0.30 0.20 0.20
a, A 18.921(3) 31.593(5) 22.024(4)
b, A 11.554(1) 11.387(4) 16.185(3)
c, A 30.806(4) 19.206(6) 12.373(3)
B, deg 101.940(10)  97.56(2) 90
v, A3 6589(1) 6849(3) 4410(2)
z 8 8 4
Pealed, § CM~3 1.751 1.712 1.840
F(000), e 3488 3552 2440
u(Mo Ka) 15.78 15.19 21.20
no. of rflns measd 6318 8400 4031
no. of unique rflns 6115 8249 4031
transmissn 0.9080— 0.7472— 0.9005—
factors 0.9997 1.0000 0.9992
no. of rflns 4252 5604 2767
used (I > 3a(l))
no. of variables 389 398 254
Ra 0.043 0.035 0.036
Rw? 0.046 0.037 0.028
GOF 1.96 1.78 1.50
max residual 1.96 1.40 0.87
density, e A3

3R = Y ||Fo| — IFcll/ZIFol; Rw = [ZW(|Fo| — |Fcl)/YWF?]¥2.
maps and refined by full-matrix least-squares techniques with
anisotropic thermal parameters. The hydrogen atom of the
hydrido ligand in 5 was not located, while all other hydrogen
atoms were placed at calculated positions and included in the
final stage of refinements with fixed parameters.
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