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Reaction of Ru3(CO)12 with the SO2 analogN-sulfinylaniline (PhNdSdO) in refluxing toluene produces Ru3-
(CO)9(µ3-NPh)(µ3-S) (1), Ru3(CO)9(µ3-NPh)2 (2), Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-S) (3), and Ru4(CO)10(µ-
CO)(µ4-η2-SNPh)(µ4-NPh) (4) in low yields. Treatment of Ru3(CO)10(NCMe)2 with PhNdSdO at room
temperature affords1 as the major product in good yield, accompanied by CO2 formation. Compounds1, 3, and
4 were characterized by mass, IR, and1H NMR spectroscopy, and their structures were determined by single-
crystal X-ray diffraction. Crystal data for1: triclinic (P1h), a ) 9.585(2) Å,b ) 10.151(2) Å,c ) 10.555(4) Å,
R ) 92.32(3)°, â ) 93.21(3)°, γ ) 98.84(2)°, Z ) 2, R (Rw) ) 0.026 (0.030). Crystal data for3: monoclinic
(P21/n), a ) 8.986(7) Å,b ) 13.968(3) Å,c ) 19.232(9) Å,â ) 103.06(5) Å,Z ) 4, R (Rw) ) 0.025 (0.025).
Crystal data for4: monoclinic (P21/c), a ) 10.319(4) Å,b ) 23.354(6) Å,c ) 23.329(7) Å,â ) 100.43(3)°, Z
) 8, R (Rw) ) 0.051 (0.040).

Introduction

The SO2 ligand displays an enormous range of coordination
modes.1 This wealth of coordination chemistry can be extended
by replacing the essentially “innocent” oxo groups with more
strongly donating imino, sulfido, or alkylidene groups.2 N-
Sulfinylamine compounds, RNdSdO, are isoelectronic with
SO2 and are obtained by replacing one oxo substituent by an
imino group. Theoretical analyses suggest3 that this replacement
does not lead to major changes in the XdSdX angle or the
remaining SdO distance, but the NdS bond should be weaker
and more reactive than the SdO bond in SO2, and this offers
the opportunity to activate the NdS bond. Three modes of
binding have been observed in the interaction of andN-
sulfinylamine with low-valent mononuclear transition metal
centers: σ-S-coplanar,4 σ-S-pyramidal,5 and π-N,S-bidentate
(Chart 1);4a,5a,b the same coordination modes are known for
complexes of SO2. The cluster chemistry of the SO2 ligand

investigated previously in our research group7 prompted the
present research onN-sulfinylamine reactions with metal
clusters. We describe reactions of triruthenium carbonyl clusters
with N-sulfinylaniline, which lead to the formation and char-
acterization of several new cluster complexes containing sulfido,
phenylimido, and (phenylimino)thio ligands.

Experimental Section

General Procedures.All manipulations were carried out under an
atmosphere of purified nitrogen using Schlenk and syringe techniques.8

Solvents were distilled from the appropriate drying agent before use.
The compounds Ru3(CO)129 and Ru3(CO)10(NCMe)210 were prepared
by literature procedures.13CO-enriched Ru3(CO)12 (ca. 20% enriched)
was prepared by heating a solution of Ru3(CO)12 in dry 1,2-dichloro-
ethane at 80°C for 48 h under 3 equiv of13CO in a Schlenk flask.
N-Sulfinylaniline (PhNdSdO) and thin-layer chromatography (TLC)
plates (2.5-mm silica gel coated on glass with 254-nm fluorescent
indicator) from Aldrich were used as received.
Solution infrared data were collected on solutions in CaF2-windowed

cells of 0.1-mm path length with a BomemMB-100 FTIR spectrometer.
The1H and13C NMR spectra were recorded on a Varian Gemini-300
spectrometer at 300 and 75.4 MHz, respectively. Electron impact (EI)
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mass spectra were obtained by Dr. D. L. Hung of the Northwestern
University Analytical Services Laboratory on a VG 70/250 SE
spectrometer. Elemental analyses were performed by Oneida Research
Services, Whitesboro, NY.
Reaction of Ru3(CO)12with PhNdSdO. A 100-mL Schlenk flask

containing a sample of Ru3(CO)12 (1 g, 1.56 mmol) was purged with
dry N2, toluene (40 mL) and N-sulfinylaniline (350µL, 3.1 mmol) were
added, and the flask was attached to a water-cooled reflux condenser
equipped with a mineral oil bubbler. The solution was heated to reflux
(110 °C) for 30 min., at which point the IR spectrum showed no
absorptions due to Ru3(CO)12. During reflux, the color changed from
bright orange to deep orange-red and finally to brown-red. The solution
was cooled to room temperature with a slow N2 purge and then
evaporated to dryness under vacuum. The resulting brown-red oils
were extracted withn-pentane (2× 20 mL) to give a red-orange solution
and brown solids. The extract was filtered, the solid was dried under
vacuum and dissolved in dichloromethane, and the solution was
subjected to TLC with ann-hexane/dichloromethane (4:1, v/v) eluant.
A small amount of unreacted Ru3(CO)12 (<5 mg) was recovered from
the first, orange-yellow, band. The material from the second, orange,
band was the new compound Ru3(CO)9(µ3-NPh)(µ3-S) (1) (126 mg,
0.186 mmol, 12%). The third, orange-yellow, band afforded the known
Ru3(CO)9(µ3-NPh)211 (2) (35 mg, 0.046 mmol, 3%). The material from
the fourth, orange, band was crystallized from dichloromethane/hexane
at-20 °C to produce orange crystals of the new compound Ru4(CO)10-
(µ-CO)(µ4-η2-SNPh)(µ4-S) (3) (27 mg, 0.08 mmol, 2%). The material
from the fifth, orange-yellow, band was crystallized from dichlo-
romethane/hexane at-20 °C, producing orange crystals of another new
compound, Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-NPh) (4) (15 mg, 0.016
mmol, 1%). Five additional minor bands were not identified.
The pentane-insoluble, brown solids were washed with ether (2×

20 mL) and then extracted with 20 mL of dichloromethane to afford a
brown solution. The solution was filtered, and the filtrate was layered
with n-pentane (50 mL) to yield a brown powder, formulated as Ru4-
(CO)12(PhNS)2 (5) (410 mg, 0.42 mmol, 36% based on Ru). Formula
5 was assigned on the basis of elemental analysis and spectroscopic
data. Anal. Calcd for Ru4C24H10N2S2O12: Ru, 40.97; C, 29.21; H,
1.02; N, 2.84; S, 6.50. Found: Ru, 40.06; C, 29.01; H, 1.28; N,
3.36; S, 6.56. 1H NMR (CDCl3, 20 °C): δ 7.20-6.40 (m, Ph). IR
(CH2Cl2, νCO): 2107 (w), 2556 (s, br), 1996 (m, br) cm-1.
Characterization of 1. IR (C6H12, νCO): 2098 (w), 2075 (vs), 2053

(vs), 2025 (s), 2019 (vs), 2004 (sh), 1999 (m), 1985 (w) cm-1. 1H
NMR (CDCl3, 20 °C): δ 7.04-6.72 (m, Ph). 13C NMR (CDCl3, 20
°C): δ 197.4 (3 CO), 191.9 (2 CO), 191.2 (2 CO), 187.0 (2 CO). Mass
spectrum (EI):m/z681 (M+, 102Ru) and successive loss of 9 CO. Anal.
Calcd for Ru3C15H5O9NS: C, 26.55; H, 0.74; N, 2.06; S, 4.73.
Found: C, 26.51; H, 0.44; N, 2.01; S, 4.44.
Characterization of 2. IR (C6H12, νCO): 2094 (vw), 2072 (vs), 2049

(vs), 2021 (s), 2015 (s), 2011 (s), 1998 (m), 1978 (w) cm-1. 1H NMR
(CDCl3, 20 °C): δ 7.10-6.68 (m, Ph). Mass spectrum (EI):m/z 740
(M+, 102Ru) and successive loss of 9 CO. The IR and1H NMR data
match literature values for this compound.11

Characterization of 3. IR (C6H12, νCO): 2093 (w), 2053 (s), 2034
(m), 2028 (m), 2006 (sh), 2000 (m), 1824 (w) cm-1. 1H NMR (CDCl3,
20 °C): δ 7.11-6.75 (m, Ph). Mass spectrum (EI):m/z 871 (M+,
102Ru) and successive loss of 11 CO. Anal. Calcd for Ru4C17H5O11-
NS2: C, 23.53; H, 0.58; N, 1.61. Found: C, 22.61; H, 0.20; N, 1.61.
Characterization of 4. IR (C6H12, νCO): 2086 (vw), 2049 (s), 2033

(w), 2019 (m), 2001 (w), 1991 (sh), 1826 (w) cm-1. 1H NMR (CDCl3,
20 °C): δ 7.21-6.20 (m, Ph). Mass spectrum (EI):m/z 902 (M+ -
CO, 102Ru) and successive loss of 10 CO. Anal. Calcd for
Ru4C23O11N2SH10: C, 29.81; H, 1.09; N, 3.02. Found: C, 30.05; H,
1.21; N, 3.00.
Reaction of Ru3(CO)10(NCMe)2 and PhNSO. A 30-mL Schlenk

flask was charged with 100 mg (0.15 mmol) of Ru3(CO)10(NCMe)2.
The reaction flask was placed in a dry ice/acetone bath (-78 °C), and
10 mL of dichloromethane was slowly added to give a bright yellow
solution of Ru3(CO)10(NCMe)2. After addition ofN-sulfinylaniline (33
µL, 0.3 mmol), the dry ice/acetone bath was removed, and the reaction

mixture was allowed to slowly warm to ambient temperature. This
was accompanied by a change in color of the solution from yellow to
dark orange-red. The solution was evaporated to dryness under vacuum
and the residue subjected to TLC, withn-hexane/dichloromethane as
eluant (4:1, v/v). Isolation of the material forming the major orange
band afforded Ru3(CO)9(µ3-NPh)(µ3-S) (1) (56 mg, 55%).
During the reaction, gentle bubbling of gas was observed. The gas

was transferred into a KBr-windowed cell of 15 cm path length via a
high-vacuum line. The strong IR bands at 2359 and 2341 cm-1

indicated CO2 formation.
Reaction of 1 with PhNSO. Ru3(CO)9(µ3-NPh)(µ3-S) (1) (21 mg,

0.03 mmol) was placed in a 30 mL Schlenk flask equipped with a
reflux condenser. Methylcyclohexane (5 mL) and PhNSO (13µL, 0.11
mmol) were added against a nitrogen flow, the mixture was heated to
reflux (101 °C) for 4 h, and volatile materials were removed under
vacuum. The residue was dissolved in CH2Cl2 and isolated by TLC,
with dichloromethane/n-hexane (1:4, v/v) as the eluant. Compound1
(11 mg, 52%) and compound2 (8 mg, 36%) were isolated from the
first and second bands, respectively.
X-ray Crystallography. Unit cell constant determination and data

collection were performed on an Enraf-Nonius CAD-4 diffractometer
with graphite-monochromated Mo KR radiation. Lattice parameters
were determined from 25 randomly selected reflections with 2θ ranging
from 22.9 to 24.0° (compound1), 19.4 to 24.2° (compound3), and
17.9 to 20.7° (compound4). The data were collected at-120( 1 °C
using theω-θ scan technique to maximum 2θ values of 49.9°, 47.9°,
and 45.9° for 1, 3, and4, respectively. Scans of (1.00+ 0.35 tanθ)°
were made at variable speeds of 3.0-16.0°/min (inω). The intensities
of three representative reflections, which were measured after every
90 min of X-ray exposure time, remained constant throughout data
collection, so no decay correction was applied. Lorentz and polarization
corrections were applied to the data. A summary of relevant crystal-
lographic data for1, 3, and4 is provided in Table 1. All calculations
were carried out with the TEXSAN crystallographic software package
of the Molecular Structure Corp. on a Micro VAX 3600 computer.
Structure Determination for Ru 3(CO)9(µ3-NPh)(µ3-S) (1). Crys-

tals suitable for study by X-ray diffraction were grown from saturated
hexane solution of1 at -20 °C. An orange, translucent triangular
crystal of1 having approximate dimensions 0.4× 0.3× 0.2 mm was
mounted on a glass fiber and aligned on the diffractometer. On the
basis of the statistical analysis of intensity distribution, and the
successful solution and refinement of the structure, the space group
was determined to beP1h. Of the 3768 reflections, 3555 were unique
(Rint ) 0.011). The linear absorption coefficient,µ, for Mo KR radiation
is 23.6 cm-1. An empirical absorption correction was applied which
resulted in transmission factors ranging from 0.85 to 1.00. The structure

(11) Bhaduri, S.; Gopalkrishnan, K. S.; Sheldrick, G. M.; Clegg, W.; Stalke,
D. J. Chem. Soc., Dalton Trans.1983, 2339.

Table 1. Crystallographic Data for Ru3(CO)9(µ3-NPh)(µ3-S) (1),
Ru4(CO)10(µ-CO)(µ4η2-SNPh)(µ4-S) (3) and
Ru4(CO)10(µ-CO)(µ4η2-SNPh(µ4-NPh) (4)

1 3 4

formula Ru3C15SNO9H5 Ru4C17O11NS2H5 Ru4C23O11N2SH10
fw 678.48 867.63 926.68
temp,°C -120 -120 -120
space group P1h (No. 2) P21/n (No. 14) P21/c (No. 14)
a, Å 9.585(2) 8.986(7) 10.319(4)
b, Å 10.151(2) 13.968(3) 23.354(6)
c, Å 10.555(4) 19.232(9) 23.329(7)
R, deg 92.32(3)
â, deg 93.21(3) 103.06(5) 100.43(3)
γ, deg 98.84(2)
V, Å3 1011.9(5) 2351(1) 5529(2)
Z 2 4 8
R(F)a 0.026 0.025 0.051
Rw(F)b 0.030 0.025 0.040
goodness

of fit
2.98 1.55 1.27

Dcalc,
g cm-3

2.227 2.451 2.226

µ(Mo KR), cm-1 23.61 27.57 22.81
λ, Å 0.710 69 0.710 69 0.710 69

a R(F) ) Σ(|Fo| - |Fc|)/Σ|Fo|. b Rw(F)) [Σw(|Fo| - |Fc|)2/ΣwFo2]1/2,
w ) 4Fo2/σ2(Fo2).
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was solved by direct methods using SHELX-86.12 The non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included
in idealized positions but not refined. The final cycle of full-matrix
least-squares refinement was based on 3243 observed reflections (I >
3.00σ(I)) and 263 variable parameters.
Structure Determination for Ru 4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-

S) (3). An orange, translucent platelite crystal of3 was cut from a
larger sample; the resultant crystal having approximate dimensions 0.39
× 0.21× 0.05 mm was mounted on a glass fiber using grease and
aligned on the diffractometer. On the basis of the systematic absences
of h0l (h + l * 2n) and 0k0 (k * 2n) and the successful solution and
refinement of the structure, the space group isP21/n. Of the 4125
reflections which were collected, 3919 were unique (Rint ) 0.030). The
linear absorption coefficient,µ, for Mo KR radiation is 27.6 cm-1. An
analytical absorption correction was applied which resulted in transmis-
sion factors ranging from 0.59 to 0.87. The structure was solved by
direct methods. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included but not refined. The final cycle of
full-matrix least-squares refinement was based on 2929 observed
reflections (I > 3.00σ(I)) and 317 variable parameters.
Structure Determination for Ru 4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-

NPh) (4). An orange, transparent columnar crystal of4 was cut from
a larger sample; the resultant having approximate dimensions 0.26×
0.06× 0.07 mm was mounted on a glass fiber and aligned on the
diffractometer. The systematic absences ofh0l (l * 2n) and 0k0 (k *
2n) uniquely determined the space group to beP21/c. Of the 8132
reflections, 7945 were unique (Rint ) 0.078). The linear absorption
coefficient, µ, for Mo KR radiation is 22.8 cm-1. An analytical
absorption correction was applied which resulted in transmission factors
ranging from 0.78 to 0.87. The structure was solved by direct methods.
Two independent molecules were refined in the asymmetric unit.
Owing to the paucity of data, carbon atoms were refined isotropically,
while the remaining non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in idealized positions but were not
refined. The final cycle of full-matrix least-squares refinement was
based on 4147 observed reflections (I > 2.50σ(I)) and 510 variable
parameters.

Results and Discussion

Reaction of Ru3(CO)12 and PhNdSdO. Treatment of
Ru3(CO)12 with PhNdSdO in refluxing toluene affords a
complex reaction mixture, as indicated by IR spectroscopy.
The pentane extract gives a large number of bands upon thin-
layer chromatographic separation. Among them, the initial five
bands are distinct and can be isolated in order of elution as
Ru3(CO)12, Ru3(CO)9(µ3-NPh)(µ3-S) (1), Ru3(CO)9(µ3-NPh)2
(2), Ru4(CO)10(µ-CO)10(µ4-S)(µ4-η2-SNPh)(µ4-S) (3), and
Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-NPh) (4) (Scheme 1). The
major brown, pentane-insoluble product is purified by washing
with diethyl ether and precipitation from dichloromethane/
pentane solution to give a brown powder, formulated as
Ru4(CO)12(SNPh)2 (5).
In all of the characterized products, the integrity of the

thionylaniline moiety is not retained intact. It appears that the
sulfido and phenylimido groups are formed by rupture of the
S-O and N-S bonds and the (phenylimino)thio group (PhNdS)
is formed by S-O bond scission. Similar fragmentation has
been observed previously in cothermolysis of metal carbonyls
with nitrobenzene11 and sulfur diimide (RNdSdNR) species.13-16

To prevent ligand fragmentation, we explored milder condi-
tions, in which carbonyl groups were replaced by the more labile

acetonitrile ligands. Surprisingly, treatment of Ru3(CO)10-
(NCMe)2 with PhNdSdO at room temperature produces
compound1 as the only metal-containing product, accompanied
by the release of CO2. The reaction of Ru3(CO)11(NCMe)
and PhNdSdO also leads to compound1 and regenerates
Ru3(CO)12. No intermediates are detected in these two reactions.
SinceN-sulfinylaniline may donate two or four electrons to a
metal center, successive replacement of two acetonitrile (or
carbonyl) ligands from Ru3(CO)10(NCMe)2 or Ru3(CO)12 may
occur to generate Ru3(CO)10(PhNdSdO), which apparently is
thermally unstable. Subsequent reactions probably proceed via
concerted S-O bond scission and C-O bond formation to
liberate CO2 and form Ru3(CO)9(PhNdS), followed by N-S
bond breaking to give1 (Scheme 2). The sequence of S-O
and N-S bond scission is not certain, but the last step resembles
the conversion of alkyne complexes into dialkylidyne complexes
in trinuclear cluster systems.17

Compound1 is thermally stable up to 101°C (refluxing
methylcyclohexane). However, in the presence of PhNdSdO,
slow conversion of1 to 2 is observed (Scheme 3). It appears(12) Sheldrick, G. M.SHELXS-86: A Program for Crystal Structure

Determination; University of Goettingen: Goettingen, Germany, 1986.
(13) Süss-Fink, G.; Thewalt, U.; Klein, H.-P.J. Organomet. Chem.1982,

224, 59.
(14) Otsuka, S.; Yoshida, T.; Nakamura, A.Inorg. Chem.1968, 7, 1833.
(15) Herberhold, M.; Bu¨hlmeyer, W.Angew Chem., Int. Ed. Engl.1984,

23, 80.
(16) Meij, R.; Stufkens, D. J.; Schagen, J. D.; Zwinselman, J. J.; Overbeek,

A. R.; Stam, C. H.J. Organomet. Chem.1979, 170, 337.

(17) (a) Neul, D.; Dahan, F.; Mathiew, R.Organometallics1985, 4, 1436.
(b) Allison, N. T.; Fritch, J. R.; Vollhardt, K. P. C.; Walborsky, E. C.
J. Am. Chem. Soc.1983, 105, 1384. (c) Yeh, W.-Y.; Shapley, J. R.J.
Organomet. Chem.1986, 315, C29. (d) Chi, Y.; Shapley, J. R.
Organometallics1985, 4, 1900. (e) Went, M. J.; Sailor, M. J.; Bogdan,
P. L.; Brock, C. P.; Shriver, D. F.J. Am. Chem. Soc.1987, 109, 6023.
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Scheme 2
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that nucleophilic attack of the sulfido atom occurs at the thionyl
group, inducing ligand transformation to yield2 and release
the unstable species S2O. Adams18 has demonstrated the
nucleophilicity of sulfido lone-pair electrons in (H)2Ru3(CO)9(µ3-
S) to give the macrocycle [(H)2Ru3(CO)8(µ4-S)]3 upon ther-
molysis. The reaction pathways leading to formation of
compounds3-5 are not clear at this stage. Since the nuclearity
of the clusters has changed from 3 to 4, the reactions are likely
to be complicated. It is possible that the reactions proceed by
partial fragmentation of the trinuclear cluster to give mono-
nuclear fragments, which then combine with remaining tri-
nuclear species to yield the higher nuclearity products.
Characterization of 1 and 2. Ru3(CO)9(µ3-NPh)2 (2) forms

air-stable, orange crystals. The1H NMR, mass, and IR data
agree with those previously reported by Bhaduri and co-
workers11 for compound2 resulting from the reaction of
Ru3(CO)12 with nitrobenzene at elevated temperatures. Com-
pound2 has a structure consisting of an open triangular Ru3

cluster with triply-bridging phenylimido ligands on opposite sites
of the cluster.19

Ru3(CO)9(µ3-NPh)(µ3-S) (1) forms an air-stable orange
crystalline solid, which has been characterized by IR,1H and
13C NMR, and mass spectroscopies and by elemental analysis.
The EI mass spectrum shows the molecular ion peak atm/z)
681 for 102Ru and ion multiplets corresponding to loss of nine
carbonyls. The isotopic distribution of the envelope surrounding
the molecular ion matches that expected for1, and there is a
good agreement between the calculated mass distribution and
the observed mass spectrum. IR absorptions in the carbonyl
region of 1 show a pattern similar to that of2 (Figure 1),
suggesting that their structures are very similar.
The triiron and triosmium analogues of compound1 are

known. Fe3(CO)9(µ3-NTol)(µ3-S)16 and Os3(CO)9(µ3-NSiMe3)-
(µ3-S)13 have been prepared from reactions of M3(CO)12
(M ) Fe, Os) with sulfur diimide and TolNdSdNTol and
Me3SiNdSdNSiMe3, respectively. The reaction of Ru3(CO)12
with Me3SiNdSdNSiMe3, however, leads to a complicated
binuclear complex.20

The13C NMR spectrum of13C-enriched Ru3(CO)9(µ3-NPh)-
(µ3-S) (ca. 20%13C) in CDCl3 at 25°C is illustrated in Figure
2. The carbonyl carbons are in a 3:2:2:2 pattern, which agrees
with the proposedCs symmetry. The signal atδ 197.4 is
assigned to the three carbonyls in the central Ru(CO)3 unit,
presumably undergoing exchange via 3-fold rotation. The
signals atδ 191.9, 191.2, and 187.0 are assigned to the
remaining three pairs of carbonyls. This resonance pattern for
the carbonyl carbon remains unchanged from 65 to-90 °C
(CD2Cl2), with no indication of carbonyl scrambling.
Crystal Structure of 1. Crystals of1 contain an ordered

array of discrete monomeric molecule units which are mutually
separated by normal van der Waals distances. The ORTEPdrawing of the molecule is shown in Figure 3. Selected bond

distances and bond angles are given in Table 2. The molecule
consists of an open triangular cluster of three Ru(CO)3 units,
while a phenylimido and a sulfido ligand triply bridge the
opposite face of the Ru3(CO)9 moiety. Structurally,1 is very
similar to Fe3(CO)9(µ3-NTol)(µ3-S),11 Os3(CO)9(µ3-NSiMe3)-
(µ3-S),13M3(CO)9(µ3-S)2 (M ) Fe,21Ru,22Os23), and Ru3(CO)9-

(18) Adams, R. D.; Mannig, D.; Segmu¨ller, B. E.Organometallics1983,
2, 149.

(19) Clegg, W.; Sheldrick, G. M.; Stalke, D.; Bhaduri, S.; Gopalkrishnan,
K. S. Acta Crystallogr.1984, C40, 927.

(20) Gieren, A.; Hu¨bner, T.; Wu, J.; Herberhold, M.; Bu¨hlmeyer, W.J.
Organomet. Chem.1987, 329, 105.

Scheme 3

Figure 1. IR spectra in the carbonyl region of (a) Ru3(CO)9(µ3-NPh)-
(µ3-S) (1), (b) Ru3(CO)9(µ3-NPh)2 (2), (c) Ru4(CO)10(µ-CO)(µ4-η2-
SNPh)(µ4-S) (3), and (d) Ru4(CO)10(µ3-CO)(µ4-η2-SNPh)(µ4-NPh) (4).

Figure 2. 13C NMR spectrum of Ru3(*CO)9(µ3-NPh)(µ3-S) (1) obtained
in CDCl3 at 25°C.

Figure 3. ORTEP drawing of Ru3(CO)9(µ3-NPh)(M3-S) (1). Thermal
ellipsoids are drawn at the 50% probability level.
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(µ3-NPh)2.19 The imido and sulfido ligands can be considered
as four-electron donors, resulting in a total of 50 valence
electrons for the clusters. This electron count requires only two
metal-metal bonds to provide an 18-electron configuration on
each metal atom, in agreement with the observed M-M bond
distances.
In compound1, each ruthenium atom is bonded to three

terminal carbonyl groups. The individual Ru-CO bond lengths
range from 1.905(5) through 1.938(5) Å. The C-O distances
range from 1.123(6) through 1.136(6) Å, while Ru-C-O angles
are in the range 179.5(4)-176.2(5)°. The imido and sulfido
ligands bridge opposite Ru3 faces asymmetrically; thus the
N-Ru and S-Ru bonds to the seven-coordinate central Ru1
atom (2.136(3) and 2.403(1) Å) are significantly longer than
those to the six-coordinate Ru3 (2.078(3) and 2.369(1) Å) and
the six-coordinate Ru2 (2.062(3) Å and 2.357(1) Å). The slight
lengthening of Ru1-Ru2 (2.7233(7) Å) compared with Ru1-
Ru3 (2.6947(5) Å is presumably due to the asymmetrical
arrangement of the capping ligands.
Characterization of 3 and 4. Ru4(CO)10(µ-CO)(µ4-η2-

SNPh)(µ4-S) (3) forms orange, air-stable crystals. It has been
characterized by IR, mass, and1H NMR spectroscopies and C,
H, N elemental analyses. The mass spectrum of3 shows the
parent ion atm/z 871 for 102Ru plus ions corresponding to the
loss of 10 carbonyls. The IR spectrum (Figure 1) shows six
absorptions ranging from 2093 to 2000 cm-1 for the terminal
carbonyl stretchings and a weak absorption at 1824 cm-1,
indicating the presence of bridging carbonyl. The1H NMR
spectrum includes a multiplet in the rangeδ 7.11-6.75 for the
phenyl proton resonances.
Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-NPh) (4) forms an air-

stable, orange crystalline solid. The electron-impact mass
spectrum presents the highest mass atm/z 902 for 102Ru,
corresponding to the fragment of the molecule ion minus a
carbonyl group. The IR absorption pattern, shown in Figure 1,
is very similar to that of3, again implying an analogous
structure. Because of the absence of diagnostic spectral features
to reveal the structures of3 and 4, single-crystal X-ray
diffraction studies were performed.
Crystal Structure of 3. An ORTEP drawing of3, shown

in Figure 4, consists of a cluster of four ruthenium atoms
arranged approximately in the form of a square with one face

capped by a (phenylimino)thio group and another face capped
by a quadruply-bridging sulfido ligand. Ignoring the carbonyl
ligands and the phenyl ring, the geometry can also be viewed
as a capped trigonal prism with a skeleton consisting of an
Ru4NS prism, faced-capped by aµ4-sulfido fragment. Selected
bond lengths and bond angles within the molecule are collected
in Table 3.
The four ruthenium atoms are essentially coplanar, as evi-

denced by their torsional angles ((0.84(3)°). Three of the Ru-
Ru distances, Ru1-Ru3) 2.813(2) Å, Ru1-Ru2) 2.8222(6)
Å, and Ru3-Ru4) 2.834(6) Å, are similar while the fourth,
Ru2-Ru4 ) 2.905(2) Å, is considerably longer. These are
different from those previously measured for Ru4(CO)10(µ-CO)-
(µ4-PPh)2,24Ru4(CO)9(µ-CO)2(µ4-S)2,25 and Ru4(CO)10(µ-CO)(µ4-

(21) Wei, C. H.; Dahl, L. F.Inorg. Chem.1965, 4, 493.
(22) Johnson, B. F. G.; Lewis, J.; Lodge, D. G.; Raithby, P. R.J. Chem.

Soc., Chem. Commun.1979, 719.
(23) Adams, R. D.; Horvath, I. T.; Segmu¨ller, B. E.; Yang, L.-W.

Organometallics1983, 2, 144.

(24) Field, J. S.; Haines, R. J.; Smit, D. N.J. Chem. Soc., Dalton Trans.
1988, 1315.

(25) Adams, R. D.; Horva´th, I. T.; Segmu¨ller, B. E.; Yang, L.-W.
Organometallics1983, 2, 144.

Table 2. Selected Bond Distances (Å) and Bond Angles (deg) for
Ru3(CO)9(µ3-NPh)(µ3-S) (1)

Distances
Ru1-Ru2 2.7233(7) Ru1-S 2.403(1)
Ru1-Ru3 2.6947(5) Ru2-S 2.357(1)
Ru1-N 2.136(3) Ru3-S 2.369(1)
Ru2-N 2.062(3) N-C10 1.433(5)
Ru3-N 2.078(3)

Angles
Ru2-Ru1-Ru3 78.53(2) Ru2-Ru1-S5 54.31(3)
Ru2-Ru1-N 48.37(9) Ru3-Ru1-S5 55.03(3)
Ru3-Ru1-N 49.31(9) Ru1-Ru2-S5 55.89(3)
Ru1-Ru2-N 50.76(9) Ru1-Ru3-S 56.21(3)
Ru1-Ru3-N 51.21(9) Ru1-S-Ru2 69.79(3)
Ru1-N-Ru2 80.9(1) Ru1-S-Ru3 68.76(3)
Ru1-N-Ru3 79.5(1) Ru2-S-Ru3 93.04(4)
Ru2-N-Ru3 111.9(1) S-Ru1-N 73.44(9)
Ru1-N-C10 129.6(3) S-Ru2-N 75.74(9)
Ru2-N-C101 118.9(2) S-Ru3-N 75.17(9)
Ru3-N-C10 123.7(2) Figure 4. ORTEP drawing of Ru4(CO)10(µ-CO)(µ4-η2-SNPh) (µ4-S)

(3). Thermal ellipsoids are drawn at the 50% probability level.

Table 3. Selected Bond Distances (Å) and Bond Angles (deg) for
Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-S) (3)

Distances
Ru1-Ru2 2.8222(6) N-S2 1.751(4)
Ru1-Ru3 2.813(2) N-C12 1.461(7)
Ru2-Ru4 2.905(2) Ru1-S1 2.425(2)
Ru3-Ru4 2.8340(6) Ru2-S1 2.424(2)
Ru1-N 2.148(4) Ru3-S1 2.428(2)
Ru3-N 2.130(4) Ru4-S1 2.441(2)
Ru2-S2 2.374(2) Ru3-C11 2.043(6)
Ru4-S2 2.351(2) Ru4-C11 2.033(6)

Angles
Ru2-Ru1-Ru3 91.21(2) Ru2-S2-Ru4 75.89(6)
Ru2-Ru4-Ru3 89.11(2) Ru2-S2-N 99.1(2)
Ru1-Ru2-Ru4 89.02(2) Ru4-S2-N 98.3(2)
Ru1-Ru3-Ru4 90.62(4) S2-N-C12 110.6(3)
Ru3-C11-Ru4 88.1(2) Ru2-Ru1-S1 54.39(4)
Ru3-C11-O11 135.9(5) Ru3-Ru1-S1 54.61(4)
Ru4-C11-O11 135.9(5) Ru1-Ru2-S1 54.43(4)
Ru2-Ru1-N 77.8(1) Ru1-Ru3-S1 54.53(4)
Ru3-Ru1-N 48.6(1) Ru4-Ru3-S1 54.61(4)
Ru1-Ru3-N 49.2(1) Ru4-Ru2-S1 53.59(4)
Ru4-Ru3-N 76.6(1) Ru2-Ru4-S1 53.07(5)
Ru1-Ru2-S2 74.53(4) Ru3-Ru4-S1 54.20(4)
Ru4-Ru2-S2 51.69(5) Ru1-S1-Ru2 71.17(4)
Ru2-Ru4-S2 52.42(4) Ru1-S1-Ru3 70.86(6)
Ru3-Ru4-S2 75.09(4) Ru1-S1-Ru4 111.22(6)
Ru1-N-Ru3 82.2(2) Ru2-S1-Ru4 73.34(6)
Ru1-N-S2 108.1(2) Ru2-S1-Ru3 112.19(6)
Ru3-N-S2 109.8(2) Ru3-S1-Ru4 71.20(5)
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N2Ph)(µ4-PPh),26where the Ru-Ru bond bridged by a carbonyl
ligand is significantly shorter than the others.
For compound3, 10 of the carbonyl groups are terminally

bound to the ruthenium atoms with Ru-C distances in the range
1.888(7)-1.927(7) Å, the C-O distances in the range 1.124-
(7)-1.146(7) Å, and the Ru-C-O angles ranging from 171.4-
(5) to 179.6(5)°. The 11th carbonyl bridges the Ru3-Ru4 edge
symmetrically, tilting 20.2(6)° out of the tetraruthenium plane
toward the (phenylimino)thio group.
The (phenylimino)thio ligand caps one Ru4 face through

doubly-bridging nitrogen and sulfur atoms. The two Ru-N
bond distances, as well as the two Ru2-S2 and Ru4-S2
lengths, are only slightly different. In this case, all four
ruthenium atoms are seven-coordinate. The N-S2 distance of
1.751(4) Å is characteristic of a nitrogen-sulfur single bond.
The quadruply-bridging sulfido ligand lies on the opposite

side of the square. The metal-sulfur distance to Ru4, 2.441-
(2) Å, is slightly longer than all the others, 2.424(2)-2.428(2)
Å. As expected, the mean ruthenium-sulfur distance in3 (2.43
Å) is significantly longer than the ruthenium-sulfur distances
to triply-bridging sulfido ligands in1 (2.38 Å).
Crystal Structure of 4. There are two crystallographically

independent molecules in the asymmetric unit, which are
structurally equivalent and the molecular stereochemistry of one
of these is illustrated in Figure 5. Selected bond lengths and
angles are included in Table 4. As predicted from the similarity
of IR absorption patterns in the carbonyl region, the structure
of 4 closely resembles that of3, except that theµ4-sulfido ligand
is replaced by aµ4-phenylimido species.
The four ruthenium-ruthenium distances are not equal,

ranging from 2.727(2) Å (Ru1-Ru2) to 2.818(2) Å (Ru1-Ru4),
and the torsional angles between two opposite Ru-Ru vectors
are (2.5(1)°, indicating a slightly distorted square planar
framework. The (phenylimino)thio and terminal carbonyl
ligands are bound to the tetraruthenium cluster in a fashion
identical with that in3, while the bridging carbonyl is tilted
21(2)° from the Ru4 plane toward the (phenylimino)thio group.
The phenylimido ligand is quadruply-bridging another square
face. The Ru-N3 distances, in the range 2.18-2.28 Å, are
considerably longer than the ruthenium-nitrogen distances to
the triply-bridging phenylimido ligand in1 (2.059-2.139 Å).

If the µ4-sulfido andµ4-phenylimido ligands are counted as
four-electron donors and theµ4-η2-(phenylimino)thio ligand is
counted as a six-electron donor, compounds3 and 4 can be
considered as electron-precise square clusters which contain 64
valence electrons. Compounds3 and4 are isoelectronic with
Ru4(CO)10(µ-CO) (µ4-η2-N2Ph2)(µ4-PPh),26 whereas the other
known tetraruthenium square clusters Ru4(CO)9(µ-CO)2(µ4-S),25
Ru4(CO)7(PMe2Ph)2(µ-CO)2(µ4-S)2,25 Ru4(CO)10(µ-CO)-
(µ4-PPh)2,24 and Ru4(CO)10(µ-CO)(µ4-S)(µ4-PPh)24 contain
only 62 electrons and are formally electron deficient by two
electrons.
Characterization of Compound 5. Compound5 forms an

air-sensitive, brown solid which is insoluble in pentane and
diethyl ether but soluble in polar solvents, such as chloroform,
dichloromethane, and acetone. Attempts to establish the mo-
lecular ion of this compound by electron-impact, fast-atom-
bombardment, and field-desorption mass spectrometry proved
unsuccessful. However, the presence of a multiplet in the1H
NMR, ranging from 7.20 to 6.40 ppm, is indicative of the
presence of phenyl group. The IR spectrum in the carbonyl
region shows three broad bands at 2107, 2055, and 1996 cm-1.
The Ru, C, H, N, and S elemental analyses are consistent with
the stoichiometry Ru4(CO)12(NSPh)2. Numerous attempts to
grow crystals suitable for X-ray diffraction study have been
unsuccessful. Alternative methods of characterization by the
synthesis of phosphine derivatives are under way.
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Figure 5. ORTEP drawing of Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-NPh)
(4). Thermal ellipsoids are drawn at the 50% probability level.

Table 4. Selected Bond Distances (Å) and Bond Angles (deg) for
Ru4(CO)10(µ-CO)(µ4-η2-SNPh)(µ4-S) (4)

Distances
Ru1-Ru2 2.727(2) N1- S1 1.76(1)
Ru1-Ru4 2.818(2) N1-C18 1.42(2)
Ru2-Ru3 2.777(2) Ru1-N3 2.21(1)
Ru3-Ru4 2.806(2) Ru2-N3 2.22(1)
Ru2-N1 2.14(1) Ru3-N3 2.19(1)
Ru3-N1 2.15(1) Ru4-N3 2.27(1)
Ru1-S1 2.361(4) N3-C12 1.43(2)
Ru4-S1 2.352(4) Ru3-C9 2.03(2)

Angles
Ru1-Ru2-Ru3 90.53(6) Ru1-S1-N1 98.5(4)
Ru1-Ru4-Ru3 88.10(6) Ru4-S1-N1 98.7(4)
Ru2-Ru3-Ru4 90.25(6) S1-N1-C18 110.7(10)
Ru2-Ru1-Ru4 91.01(6) Ru4-Ru1-N3 52.1(3)
Ru3-C9-Ru4 87.3(6) Ru2-Ru1-N3 52.2(3)
Ru3-C9-O9 136(1) Ru3-Ru2-N3 50.5(3)
Ru4-C9-O9 136(1) Ru1-Ru2-N3 51.7(3)
Ru1-Ru2-N1 79.5(3) Ru2-Ru3-N3 51.5(3)
Ru3-Ru2-N1 49.8(3) Ru4-Ru3-N3 52.4(3)
Ru2-Ru3-N1 49.5(3) Ru1-Ru4-N3 50.0(3)
Ru4-Ru3-N1 77.4(3) Ru3-Ru4-N3 49.8(3)
Ru2-Ru1-S1 75.3(1) Ru1-N3-Ru2 76.0(4)
Ru4-Ru1-S1 53.1(1) Ru1-N3-Ru4 77.9(4)
Ru3-Ru4-S1 75.4(1) Ru1-N3-Ru3 125.5(6)
Ru1-Ru4-S1 53.4(1) Ru2-N3-Ru3 78.0(4)
Ru2-N1-Ru3 80.8(4) Ru2-N3-Ru4 123.2(5)
Ru2-N1-S1 106.1(6) Ru3-N3-Ru4 77.8(4)
Ru3-N1-S1 108.4(6) Ru1-N3-C12 116.4(9)
Ru1-S1-Ru4 73.4(1) Ru2-N3-C12 120.4(9)
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