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Excess S@ gas reacts with the neutral cluster ®(CO); (1) to substitute only one CO ligand yielding
quantitatively RgC(CO)6(SO,) which reverts tal under CO atmosphere. Stepwise substitution of 8©CO

in the dianionic cluster [PPMRusC(CO)¢ (PPN = N{PPh},) takes place in the presence of trimethylamine
oxide to give stable complexes [PRIRusC(CO)s(SO,)] (4) and [PPN}[RusC(CO)4(S0;);]. Gaseous NO reacts
with 4 to give [PPN][R4C(CO)4(NO)(SOQ)] (13), which has not been obtained by the reaction of 84@h the
NO complex [PPN][R&C(CO)s(NO)] even under forcing conditions. The NO ligand in compl@coordinates
terminally to a ruthenium atom to which then*-SGQ; ligand is bound. The allyl cluster [PPN][RO(CO)s-
(CsHs)] readily reacts with S@to give [PPN][RUC(CO)4(CsHs)(SO,)] which is also accessible from the reaction
of 4 with allyl bromide. Complex4 readily reacts with an equimolar amount of MeQ®8®B; to give
[PPN][RuC(CO)5(SO:Me)] (7). On further addition of MeOSEF; to 7, or on addition of excess BFOE® to
either4 or 7, cleavage of the SO bond occurs to produce the neutral clusteg@&CO)5(SO) with a triply
bridging SO ligand. The molecular structures of all these new clusters have been characterized by single-crystal

X-ray diffraction.

Although a large number of mononuclear and dinuclear [P(OPh}]42°and I(CO)(u-CO)(u-SO;).2t For the iron triad,
complexes with S@ligands have been synthesized and exten- several iroA2-24 and osmium clustef¥ 27 with SO, ligand are

sively studied,™> there have been relatively few structurally

known but, to our knowledge, only examples of triruthenium

characterized examples of metal cluster complexes containingcluster have been reportét.

SO, ligand. The majority of S@ coordinated clusters are
palladium and platinum complexes witf or without CO
ligands®81° Only two cobalt subgroup clusters containing
sulfur dioxide have been synthesizéd, Rhy(u-COu(u-SOy)s-

T Institute of Physical and Chemical Research.
¥ Tokyo Gakugei University.
§ Toho University.
® Abstract published ifAdvance ACS Abstract®yovember 1, 1997.
(1) Kubas, G. JAcc. Chem. Red.994 27, 183.
(2) Schenk, W. AAngew. Chem., Int. Ed. En4987, 26, 98.
(3) Vitzthum, G.; Lindner, EAngew. Chem., Int. Ed. Engl971 10,
315.
(4) Wojcicki, A. Adv. Organomet. Chenll974 12, 31.
(5) Kubas, G. Jinorg. Chem.1979 18, 182.
(6) Burrows, A. D.; Machell, J. C.; Mingos, D. M. P.; Powell, H. R.
Chem. Soc., Dalton Tran4992 1521.
(7) Briant, C. E.; Evans, D. G.; Mingos, D. M. B. Chem. Soc., Dalton
Trans.1986 1535.
(8) Mingos, D. M. P.; Wardle, R. W. MJ. Chem. Soc., Dalton Trans.
1986 73.
(9) Burrows, A. D.; Machell, J. C.; Mingos, D. M. B. Chem. Soc., Dalton
Trans.1992 1939.
(10) Burrows, A. D.; Machell, J. C.; Mingos, D. M. P.Chem. Soc., Dalton
Trans.1992 1991.
(11) Burrows, A. D.; Mingos, D. M. P.; Powell, H. R. Chem. Soc., Dalton
Trans.1992 261.
(12) Burrows, A. D.; Fleisher, H.; Mingos, D. M. B. Organomet. Chem.
1992 433 311.
(13) Bott, S. G. O.; Ezomo, J.; Mingos, D. M. P. Chem. Soc., Chem.
Commun.1988 1048.
(14) Otsuka, S.; Tatsuno, Y.; Miki, M.; Aoki, T.; Matsumoto, M.; Yoshioka,
H.; Nakatsu, K.J. Chem. Soc., Chem. Commu®973 445.
(15) Mingos, D. M. P.; Williams, I. D.; Watson, M. J. Chem. Soc., Dalton
Trans.1988 1509.
(16) Bott, S. G.; Hallam, M. F.; Ezomo, O. J.; Mingos, D. M. P.; Williams,
I. D. J. Chem. Soc., Dalton Tran$988 1461.
(17) Hallam, M. F.; Howells, N. D.; Mingos, D. M. P.; Wardle, R. W. M.
J. Chem. Soc., Dalton Tran$985 845.

The coordination of a sulfur dioxide molecule to clusters is
important as a model for the first step of S@actions on metal
surfaces. In multinuclear clusters, it is of interest which of the
available sites the incoming $Qwill occupy. Successive
reactions of cluster-bound S@re likewise of great importance
though only a few examples exist. Although not starting from
a sulfur dioxide coordinated complex, Kubas and co-workers
have isolated the tetranuclear butterfly clustesN(CO)(u-
S)k(u-O), from the reaction of CgMoy(CO)s with SO,, a good
model for SQ reduction by CO on metal surfacksShriver
and co-workers have synthesized [HEO)(SQ)]~ and
reduced the coordinated 2@ith NaPhCO to SO or S ligand,;
for the reduction to sulfido, prior acetylation of $@and has
been necessafy. Methylation of the S@in the same complex
by MeOSQCF; has been reported, but no further reaction was
suggested? While the most common coordination mode of
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Hexaruthenium Carbido Carbonyl Clusters
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(vi)

[PPN][RUGC7(CO)15(SOzMe)] [RuGC(gO)15(SO)]

aKey: (i) SOy, (i) CO; (ii ) SO, and MeNO in MeCN; () SO and MeNO in MeCN-MeOH; () MeOSQCFs; (vi) BFs-OE; (i) MEOSQCF;

or BRs*OEL,; (iix) CsHsBr, 85 °C; (ix) NO; (x) SO, and MeNO.

SO to clusters is bridging to two metal centers with the S atom,
the SQ in Shriver's [HFg(CO}(SQ,)]~ coordinates iniz-72-
fashion donating four electrons; it has not been clear if this
unusual binding mod&11.20.23js crucial for the SO bond
cleavage.

Herein we report the syntheses and structural characterizations

of several hexaruthenium carbonyl clusters containing sulfur
dioxide ligands. Some of the clusters contain NO or organic
7°-C3Hs ligands, and the positions of these ligands relative to
NO and#?3-C3Hs have been determined by X-ray analyses. The
SO ligand in the conventional coordination configuratios;
n* mode and 2-electron donation, has been found to undergo
S—0 bond fission by the reaction with MeOQCF; or BROEL
to give aus-SO complex; the reaction occurs with or without
prior O-methylation of the coordinated SO

The reactions described are summarized in Scheme 1.

Results and Discussion

Reaction of RusC(CO);7 (1) with SO,. Sulfur dioxide was
bubbled through a C¥l, solution of RYC(CO)7 (1) and
allowed to stand overnight. Treatment by column chromatog-
raphy gave orange-red crystals in high yield that analyzed
correctly for R4C(CO)s(SQ) (2). The same reaction was
complete aftel h when SQ was introduced into a refluxing
THF solution ofl or within a few minutes when trimethylamine
oxide was added to the $@ubbling solution at ambient
temperature. Confirmation of the compositior2afias obtained
by IR and fast atom bombardment mass (FAB mass) spectrom-
etry. Compoun@ showed a mass spectrum with a well defined
peak due to [M] and exhibited a decomposition pathway with
loss of SQ and CO ligands. An adduct ion peak [M SO, +
CQOJ*, which corresponds to the parent complexwas also
observed. The IR spectra of compouhghowed the presence
of bridging sulfur dioxide ligand:v(SQ,) at 1246 and 1076
cm L. The patterns of the IR spectra in the region for the
terminally coordinated CO ligands @fand?2 are quite similar,
but positions of these peaks happeared at 2077 s and 2057
vs cnt! which shifted 9 cm?® to higher energy from the
corresponding peaks of the parent complg2068 s and 2048
vs cnh). This observation indicates that substitution of,SO
for a CO ligand in this rather large and neutral carbonyl cluster
is effective enough to cause withdrawal of some negative charge

O(31)

0(32)

Figure 1. Molecular structure of RIC(COX#(SO,) (2) with the
numbering of the oxygen atoms corresponding to that of the relevant
carbonyl carbon atoms. The first digit of each oxygen number is the
number of the ruthenium atom to which the carbonyl is attached.

from the cluster core leading to less effective back-donation to
terminal CO'’s.

The molecular structure o2 determined from an X-ray
crystallographic analysis is illustrated in Figure 1, and selected
intramolecular bond lengths and angles are given in Table 1.
The octahedral array of Ru atoms with an interstitial carbide
ligand is essentially identical to that of the parent comgl&%
The metal-metal distances ir2 range from 2.8457(6) to
3.0396(6) A (mean 2.915(17) A), which are slightly longer than

(29) Braga, D.; Grepioni, F.; Dyson, P. J.; Johnson, B. F. G.; Frediani, P.;
Bianchi, M.; Piacenti, FJ. Chem. Soc., Dalton Tran$992 2565.
Three isomers are reported in this literature, and these data are
calculated from IIA isomer. However, the choice of the isomer dose
not affect the result.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for
[RusC(COXe(SO2)] (2)

Ru(1)-Ru(2) 2.8973(9) Ru(5C(0) 2.052(4)
Ru(1}-Ru(3) 2.8568(7) Ru(2)C(0) 2.094(4)
Ru(1)-Ru(4) 3.0396(6) Ru(3)C(0) 2.051(4)
Ru(2)-Ru(3) 2.9623(8) Ru(4)C(0) 2.060(4)
Ru(2)-Ru(5) 2.8457(6) Ru(5)C(0) 2.073(4)
Ru(2)-Ru(6) 2.9772(6) Ru(6)C(0) 2.035(4)
Ru(1)-Ru(6) 2.8893(6) sO(1) 1.437(5)
Ru(3)-Ru(4) 2.8538(6) S0(2) 1.452(6)
Ru(3)-Ru(5) 2.9416(7) Ru(4)C(41) 1.924(5)
Ru(4)-Ru(5) 2.9189(9) Ru(BC(41) 3.095(5)
Ru(4)-Ru(6) 2.8627(7) Ru(2)C(52) 2.619(5)
Ru(5)-Ru(6) 2.9320(7) Ru(5)C(52) 1.925(5)
Ru(1-S 2.284(1) O(41yC(41) 1.143(6)
Ru(2)-S 2.327(1) 0(52)C(52) 1.146(6)
Ru@2-Ru(1)-S  51.73(3) Ru(2S-0(2) 115.4(2)
Ru(1}-Ru(2-S  50.41(4) O(1}S—0(2) 113.4(3)
S-Ru(2-C(52) 174.9(1) Ru(4)C(41)}-0(41) 171.9(5)
Ru(l-S—-Ru(?)  77.9(5) Ru(2}C(52¢-Ru(5)  75.9(1)
Ru(1)-S-0(1)  116.3(2) Ru(2}C(52-0(52) 120.5(4)
Ru(1l}-S-0(2) 115.2(2) Ru(5}C(521-0(52) 163.6(5)
Ru(2-S-0(1)  114.3(2)

those of the parent clust&mith range from 2.826(1) to 2.998(1)

A (mean 2.893(14) A). The molecular structure has an
approximate mirror plane defined by Ru(1), Ru(2), Ru(4), Ru(5),
and the carbide carbon atom, on which the edge-bridging sulfur
dioxide ligand and a semibridging carbonyl ligand are located.
All the other CO ligands are coordinated terminally. The
S-bridged metatmetal distance (2.8973(9) A), metes dis-
tances (2.281(4), 2.327(1) A), and met&-metal angle
(77.9(5¥) are all similar to those found in neutral Os complexes
H,05(CO)o(SO,)?” and HOsP(CO)o(SO,)(PCys);2° for the
similarity of the bonding parameters between ruthenium and

osmium carbonyl clusters see ref 30. On the other hand, the

S-bridged Ru-Ru distance and RuS distances area. 10%

and 5%, respectively, longer than the corresponding values for

the neutral iron complexes, Fep(CO)(SO,)*! and Fg(COY-
(St-Bu),22 in accord with the smaller covalent radius of iron.

When a THF solution oR was allowed to stand under an
atmosphere of CO at ambient temperature for 20 h, it reverted
to 1 almost quantitatively; the same reaction at’80in a sealed
tube was complete within 1 h. Incomplete substitution of CO
ligands for SQ ligands has been reported for cationic Pt and
Pd clusters: from [BAU(SO)s{ P(GH11)s}4][PFe] to yield
[Pt:AU(SO,)(COX{ P(GsH11)s} 4][PFe],® from Pa(SOy)a(PRy)s (R
= Ph or GH4-4-OMe) to P@(SOy)2(CO),(PRs)s, and from
Pds(SOy)4((PMePh) to P(SO,)3(COR(PMePhk.8 In some
cases a change in cluster nuclearity has been netgdrom
Pt(SQ,)3(PPhy)s to yield Pd(CO)(PPh)s.” With the aid of
trimethylamine oxide, all the SCligands were replaced with
CO ligands, i.e. P(SOy)3{P(CHi1)s}s gave P3#CO)-
{P(GsH11)3}2.1® Complete and reversible substitution of SO
ligand with CO under very mild conditions as in the present
case is rare.

Reaction of [PPNL[RugC(CO);¢] (3) with SO,. Addition
of trimethylamine oxide to a S&&saturated acetonitrile solution
of [PPNL[RusC(CO)¢] (3) (PPN= N{PPHh},) and subsequent

work up gave an air-stable red crystalline solid in reasonable

yield which was formulated as [PPNIRusC(CO)5(SO)] (4)
on the basis of analytical data. While the iron versiorpf
[PPNL[FesC(CO)s(SOy)], has been prepared from [PRN]

(30) Chihara, T.; Komoto, R.; Kobayashi, K.; Yamazaki, H.; Matsuura,
Y. Inorg. Chem.1989 28, 964.
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Figure 2. Molecular structure of [R$C(CO)s(SO,)]? (anion of 4)
showing the atom-numbering scheme.

[FesC(CO)g] and SQ without the aid of trimethylamine oxid,

a CHCI, solution of3 saturated with S©gave decomposition
products afte 1 d when no trimethylamine oxide was added.
The IR spectrum of comple% in CH.Cl, shows the presence
of terminal and bridging carbonyl ligands (2045 w, 1992 vs,
1934 w, 1789 w (br), 1732 w (br) crd) as well as bridging
sulfur dioxide ligand (1186 m and 1052 s ciHh However,
the spectra of the(CO) region is not similar to that reported
for the corresponding iron cluster [PRNesC(CO)s(SO)]
(»(CO), 2040 w, 1982 vs, and 1777 w ci v(SO,), 1180 m
and 1045 s cm! in CHyCly). For comparison, the parent
ruthenium cluster [R$C(CO)¢? 33 is similar to the corre-
sponding iron cluster [R€(CO)¢2 %*in its solid-state structure
but differs in the IR spectrum. Since IR spectra are not very
helpful in determining the structure, an X-ray crystallographic
analysis o was undertaken. The molecular structure of the
anion part of4 is illustrated in Figure 2, while selected
interatomic distances and angles are given in Table 2. The
octahedral metal skeleton 4fwith an interstitial carbide ligand

is essentially identical to that of the parent compound; the
average metatmetal distance i@ is 2.893(9) A, which is very
close to that of [MgN]2[RusC(CO) ] (2.890(8) AF3and [AsPh] -
[RusC(CO)g] (2.89 A)35 There are two asymmetric (C(45),
C(65)) and one highly asymmetric (C(32)) bridging carbonyl
ligands as Figure 2 shows, whereas the corresponding iron
cluster [PPNj[FesC(CO)5(SG)] has one symmetrically bridg-
ing and two asymmetrically bridgisgcarbonyl! ligands, with

a corresponding difference in the IR spectra. The §§and

in 4 bridges the second shortest metaletal bond, and the
bonding parameters of the $@re virtually equal to those in

Cluster 4 is fairly air-stable in the solid state, and no
decomposition was observed after a few months. In sharp

(33) Ansell, G. B.; Bradley, J. SActa Crystallogr.198Q B36, 726.

(34) Churchill, M. R.; Wormald, JJ. Chem. Soc., Dalton Tran4974
2410.

(35) Johnson, B. F. G.; Lewis, J.; Sankey, S. W.; Wong, K.; McPartlin,
M.; Nelson, W. J. HJ. Organomet. Chen198Q 191, C3.

(36) Johnson, B. F. G.; Benfield, R. Eransition Metal ClustersJohnson,
B. F. G., Ed.; Wiley: Chichester, U.K., 1980; p 491.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for
[PPNE[RUsC(CO)s(SQy)] (4)

Ru(1)-Ru(2) 2.8581(7) Ru(3)C(0) 2.046(5)
Ru(1)y-Ru(4) 2.8970(7) Ru(4}C(0) 2.047(6)
Ru(1)-Ru(5) 2.9011(7) Ru(5)C(0) 2.053(5)
Ru(1)-Ru(6) 2.9217(7) Ru(6YC(0) 2.037(6)

Ru(2)-Ru(3) 2.9292(7) Ru(2)C(32) 2.862(7)
Ru(2)-Ru(4) 2.9556(7) Ru(3)C(32) 1.911(8)
Ru(2)-Ru(6) 2.8916(7) Ru(4)C(45) 2.020(6)
Ru(3)-Ru(4) 2.9011(7) Ru(5)C(45) 2.268(6)
Ru(3)-Ru(5) 2.8948(7) Ru(5)C(65) 2.319(7)
Ru(3)-Ru(6) 2.8450(7) Ru(6)C(65) 1.995(6)

Ru(4)-Ru(5) 2.8596(7) S0(1) 1.473(5)
Ru(5)-Ru(6) 2.8649(7) S0(2) 1.453(6)
Ru(1)>S 2.298(2) 0(32¥C(32) 1.148(10)
Ru(2)-S 2.311(2) O(45) C(45) 1.138(8)
Ru(1)-C(0) 2.047(5) O(65)C(65) 1.150(8)
Ru(2)-C(0) 2.045(5)
Ru(2-Ru(1)>S 51.87(4) Ru(2S-0(2) 116.5(2)
Ru(1)-Ru(2-S 51.48(4) O(1¥S—0(2) 113.1(3)
S—Ru(2)-C(32) 176.2(2) Ru(3yC(32-0(32) 169.3(7)
C(45)-Ru(5)-C(65) 178.8(2) Ru(3}C(33)-0(33) 179.4(7)
Ru(1-S—Ru(2) 76.65(5) Ru(4)C(45)-0(45) 145.0(5)
Ru(1)}-S—-0(1) 114.9(2) Ru(5yC(45-0(45) 131.3(5)
Ru(1}-S-0(2) 115.9(2) Ru(5yC(65)-0(65) 129.7(5) 0(54)
Ru(2-S—-0(1) 115.2(2) Ru(6)C(65-0(65) 147.2(6) O(51)
. -
contrast to the neutral compl@x anionic4 in THF or CH,Cl, Q]%l:,\r,?ng 'thgoifggliuﬁrgg:ﬁ,rg ;gh[eRﬁg_co)M(SOZ)Z] (anion of6)

solution remains intact under atmospheric CO pressure even
when the reaction temperature is raised to 180n a sealed ~ Table 3. Selected Bond Lengths (A) and Angles (deg) for
tube; however, at 188C for 1 h, it decomposes to an insoluble  [PPN2[RUC(COX4(SQy)-] (6)

material. Ru(1-Ru(2) 2.8576(10) Ru(BC(0) 2.029(5)
Replacement of two CO ligands Biby SQ by heating in Euﬁﬁgu% g-ggg?égg Eu%gggg g-gigggg
i H u u . u .
apetonltrlle in thg presence of a large excess amount of Ru(1)-Ru(5) 2'8912(8) RU(AC(0) 2.050(6)
trimethylamine oxide was not possible because of the limited Ru(2)-Ru(3) 2.9601(13) Ru(5)C(0) 2.060(6)
solubility of the oxide. When the same reaction was carried = Ry(2)-Ru(s) 2:8933(9) Ru(6)C(0) 2:052(5)
out in an acetonitrilemethanol (1:1 v/v) solution at ambient Ru(2)-Ru(6) 2.8925(8) Ru(2)C(62) 2.656(7)
temperature, the desired reaction took place smoothly to yield Ru(3)-Ru(4) 2.8756(9) Ru(4)C(54) 2.591(9)
the complex [PPNJRUsC(CO)4(SO)] (5) without giving any Ru(3)-Ru(6)  2.8940(8) Ru(5)C(54) 1.900(8)
trace amount off. Further substitution was not observed in E“(4)_R“(5) 2.8822(12)  Ru(6)C(62) 1.905(8)

. » . u(4)-Ru(6) 2.8763(10) S(HO(1) 1.451(6)
the same solvent even under more forcing conditions. Starting Ru(5)-Ru(6) 2.8563(9) S(B0(2) 1.439(5)
from SQ-monosubstituted clustet, the reaction of S@in Ru(1)-S(1) 2.285(2) S(20(3) 1.443(4)
CH3;CN—MeOH and in the presence of excess trimethylamine  Ru(2)-S(1) 2.325(2) S(2)0(4) 1.463(5)
oxide stopped again cleanly at the stage of disubstituted complex Ru(3)-S(2) 2.281(2) O(54)C(54) 1.169(10)
5. Ru(4>-S(2) 2.314(2) 0(62)C(62) 1.152(10)

Although the IR spectral pattern &fin the carbonyl region Ru(2-Ru(1-S(1) 52.33(5) Ru(3¥S(2)-Ru(4) 77.48(6)

is quite similar to those of the starting materidlsnd4, the Ru(1)-Ru(2)-S(1) 51.07(5) Ru(3)S(2-0(3) 116.4(2)

stretching frequency for the terminal CO was observed at 2008 S(1)-Ru(2)-C(62) 177.9(2)  Ru(3)}S(2)-0(4)  114.6(2)

vs cnml. Therefore, the/(CO) shifts to higher energy are 15 Eﬁgg:gﬁgg:g% gé:;gg; Eﬂgggg)):ggg ﬁg:g%

and 16 cm! on going from3 to 4 and further td5, indicating S(2-Ru(4)-C(54) 177.8(2) O(3)yS(2-0(4) 113.3(3)
a steady decrease of electronic charge in the cluster core by theru(1)-S(1)-Ru(2)  76.60(5) Ru(4)C(54)-Ru(5) 78.2(3)

introduction of SQ ligand(s). Ru(1)-S(1}-0O(1) 115.0(3) Ru(4yC(54-0(54) 121.7(6)
In a similar way, a complex with different cation, [PPh Ru(1)-S(1}-0(2)  117.2(3)  Ru(5yC(54)-0O(54) 160.1(7)
[RUGC(CO)_M(SOz)z] (6), was prepared from [PBh[RUGC' RU(Z)—S(l)—O(l) 115.4(2) RU(Z}C(ﬁZ)—RU(G) 76.8(2)

(CO)g] to give good crystals. The structure of the cluster anion g?i)zl_si’g_)_o?g) ﬂgg% Eﬂgggggg?gggg iéi:g%
of 6 is shown in Figure 3, and selected interatomic distances

and angle are listed in Table 3. As Figure 3 shows the two the color of the solution changed immediately from red to red-
SO, ligands are located far apart from each other and bridge brown. Separation on silica gel column followed by crystal-
the second and the third shortest metaktal bonds in the lization from CHCl,—hexane gave deep red-brown crystals with
cluster. There are two bridging carbonyl ligands. The parent the formula [PPN][REC(CO)5(SO:Me)] (7). The *H NMR
cluster anion in [AsPA[RusC(CO)¢] has two terminal carbonyl ~ spectrum in CDGJ showed the presence of methoxy group at
ligands on each ruthenium atom and four edge-bridging carbonyl 3.72 ppm, and the IR spectrum exhibited the presence of two

ligands, giving an approximate overdd,qy symmetry3® Re- different S-O stretching band® The molecular structure of
placement of two of the bridging carbonyl ligands by bridging the anionic part irv is illustrated in Figure 4, and the selected
SO, ligands gives the structure of the anionic partéofvith interatomic distances and angles are listed in Table 4.
approximateC, symmetry. The methyl cation has attacked one of the,8&®ygen atoms

Reaction of [PPNRRueC(CO)15SO;)] (4) with to give the monoanionic complex. The metallfur distances
MeOSO,CF3. When a slight excess of methyl trifluoromethane- are shortened considerably from 2.298(2) and 2.311(2) A in
sulfonate (MeOS@CF;) was added to a Cil, solution of4, to 2.228(1) and 2.250(1) A ir¥, which apparently is the
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Figure 4. Molecular structure of [R4C(CO)5(SO,Me)]~ (anion of7)
showing the atom-numbering scheme.

0(42)

Table 4. Selected Bond Lengths (A) and Angles (deg) for

[PPN]J[RWC(COx(SO:Me)] (7) Figure 5. Molecular structure of RIC(CO)s(SO) @) showing the

atom-numbering scheme. Crystallographically independent but chemi-

Ru(1)-Ru(2) 2.8130(9) Ru(3)C(0) 2.024(4) cally equivalent clusters are contained in the unit cell, one of which
Ru(1)-Ru(4) 2.8805(13) Ru(4)C(0) 2.044(4) (cluster A) is illustrated. The label “A” for each atom is omitted for
Ru(1)-Ru(5) 2.9595(8) Ru(5)C(0) 2.028(4) clarity.
Ru(1)-Ru(6) 2.9104(12) Ru(6)C(0) 2.049(4)
Ru(2)-Ru(3) 2.8935(7) Ru(3)C(43) 2.537(5) moderate yield by the reaction 4fvith an excess of MeOSO
Eu(Z)—Ru(4) 2.9023(9) Ru(4)C(43) 1.928(5) CFs. The IR spectrum of this compound in the-® stretching
u(2-Ru(6) 2.9140(7) Ru(3)C(63) 2.218(5) . >
Ru(3)-Ru(4) 2.9108(12) Ru(6)C(63) 2.016(5) region shows only one strong band at 1033&:mh|9h is close
Ru(3)-Ru(5) 2.8827(9) SO(1) 1.615(3) to the SO stretching vibration reported for the triron complex
Ru(3)-Ru(6) 2.8635(13) S0O(2) 1.453(4) [PPN][F&(CO)(S0)]? A single-crystal X-ray analysis has
Ru(4)-Ru(5) 2.8733(8) O(1rC(1) 1.435(7) confirmed the cluster formula of BG(CO)s(SO) @). The unit
S“(i)_gu(s) 3'%241(9) 8(2'3‘)2(22) 1'123(2) cell contained two crystallographically unique but essentially
Rﬂ§2)):5 2:2508 Cflj’,a(l() ) 0.'83(5()) idhentical clusters. A (iljrar\:ving Iof onde of the clustder anions isd
Ru(1)~C(0 2.060(4 C(13-H(2 0.91(5 shown in Figure 5, and the selected interatomic distances an
Ru%Z)tCEOg 2.056%4% CE&HgSg 0.83%73 angles are listed in Table 5. The SO ligand triply bridges the
three shortest metametal bonds and the cluster has an
Sﬂ%&gﬂ&tg gé:éi% Eﬂggggggigﬁdg 1;2:3((2 approximateCs axis through atoms O(1), S, and C(0). The
Ru(1}-S—Ru(2) 77.83(4) Ru(3)C(63)-0(63) 133.0(4) geometry and dimensions of the metal framework8oére
Ru(1)-S—0(1) 108.7(1) Ru(6YC(63)-0(63) 142.0(4) almost identical to those of the parent clustar 4. Consistent
Ru(1)-S-0(2) 124.8(1)  C(43yRu(3)-C(63) 175.5(2) with this coordination mode and satisfying the electron count
Eﬂg)):g:ggg ggggg ggggﬁg::g; igggg of 86, the SO ligand works as a 4-electron donor. The metal
0(1)~S-0(2) 106:1(2) O(1) C(1)-H(3) 111(4) sulfur distances, mean 2.238(2) A, is almost equal to those in
S—0(1)-C(1) 116.9(3)  H(1}C(1)-H(2) 110(5) 7 in which sulfur donates three electrons to the cluster.
Ru(3)-C(43)-Ru(4) 80.1(2) H(1}XC(1)—H(3) 112(6) However, those separations are shorter than theSRdistances
Ru(3)-C(43)-0(43) 123.8(4) H(2yC(1)-H(3) 112(6) in the SQ clusters2, 4, and6 (mean 2.303(7) A), in which

sulfur atom donates two electrons.

consequence of the change from 2-electron donation of the SO In order to examine the fate of the methoxy grougrjran
ligand to 3-electron donation of the @@ ligand. The O aliquot of the supernatant reaction mixture was analyzed
bond distance ifv remained unchanged while the otherG  carefully by GLC which cleanly indicated the formation of
is now a single bond (1.615(3) A). A related neutral iron cluster, dimethyl ether. The overall reaction then may be expressed as
HFe(CO)(SO:Me), with the uz-n2-SOMe ligand has been  shown in eq 1.
reportec?? in which the S-OMe and O-Me separations,
1.603(4) and 1.44(1) A, are identical to the corresponding values[PPN][RL%C(CO)lS(SOZMe)] + MeOSQOBF; —
of 7 but S=0 separation, 1.511(5) A, is much larger tharvin
because the nonmethylated O interacts with thedhester. RUGC(CO)ls(SO)—i- MeOMe+ [PPN][OSQCF, (1)

S—0 Bond Cleavage by MeOSQCF; or BF3-OEt,. An 8
excess amount of MeOSOFR; reacted with7 at room temper-
ature. An immediate color change occurred from red-brown The S-O bond cleavage to forr@ was also effected by the
to green and eventually a green precipitate formed. Upon reaction of boron trifluoride diethyl etherate (BBEL) with 4
recrystallization from ChHCl,—hexane, crystals of the moisture- or 7. On addition of excess BFOEt, to a CHCI, solution of
sensitive neutral cluster RQ(CO)5(SO) B) were obtained in 7, the color immediately changed from red-brown to green and
63% vyield. The same complex was directly obtained in deep green crystals 8fgradually separated. After addition of



Hexaruthenium Carbido Carbonyl Clusters

Table 5. Selected Bond Lengths (A) and Angles (deg) for
[RusC(CO}5(SO)] 8)

cluster A cluster B
Ru(1A)—Ru(2A) 2.811(2) Ru(1B)yRu(2B) 2.813(2)
Ru(1A)—Ru(3A) 2.827(2) Ru(1B)Ru(3B) 2.831(2)
Ru(1A)—Ru(4A) 2.980(2) Ru(1ByRu(4B) 2.961(3)
Ru(1A)—Ru(5A) 2.958(2) Ru(1B)Ru(5B) 2.932(2)
Ru(2A)—Ru(3A) 2.814(2) Ru(2B)}Ru(3B) 2.823(2)
Ru(2A)—Ru(5A) 2.943(2) Ru(2B)Ru(5B) 2.963(2)
Ru(2A)—Ru(6A) 2.937(2) Ru(2B)yRu(6B) 2.928(3)
Ru(3A)—Ru(4A) 2.935(2) Ru(3B)Ru(4B) 2.940(2)
Ru(3A)—Ru(6A) 2.944(2) Ru(3B)Ru(6B) 2.977(2)
Ru(4A)—Ru(5A) 2.893(2) Ru(4B)yRu(5B) 2.878(2)
Ru(4A)—Ru(6A) 2.882(2) Ru(4B)yRu(6B) 2.876(2)
Ru(5A)—Ru(6A) 2.887(2) Ru(5B)Ru(6B) 2.880(2)
Ru(1A)—-S(A) 2.237(5) Ru(1B)}S(B) 2.239(4)
Ru(2A)-S(A) 2.245(6)  Ru(2B)S(B) 2.240(5)
Ru(3A)—-S(A) 2.238(6) Ru(3B)}S(B) 2.231(6)
Ru(1A)-C(0A) 2.08(2) Ru(1BYC(0B) 2.02(2)
Ru(2A)—C(0A) 2.10(2) Ru(2B)-C(0B) 2.04(2)
Ru(3A)—C(0A) 2.06(2) Ru(3B)-C(0B) 2.11(2)
Ru(4A)—C(0A) 2.00(2) Ru(4B)-C(0B) 2.05(2)
Ru(5A)—C(0A) 2.04(2) Ru(5B)-C(0B) 2.01(2)
Ru(6A)—C(0A) 2.04(2) Ru(6B)-C(0B) 2.08(2)
S(A)-O(1A) 1.46(2) S(BYO(1B) 1.52(2)

cluster A cluster B
Ru(2A)-Ru(1A)-S(A) 51.3(1) Ru(2By}Ru(1B)}-S(B) 51.1(1)
Ru(3A)—Ru(1A)-S(A) 50.8(1) Ru(3B}Ru(1B)}-S(B) 50.6(1)
Ru(1A)-Ru(2A)-S(A) 51.0(1) Ru(1By}Ru(2B)}-S(B) 51.1(1)
Ru(3A-Ru(2A)-S(A) 51.0(1) Ru(3BYRu(2B)-S(B) 50.7(1)
Ru(1A)-Ru(3A)-S(A) 50.8(1) Ru(1B}Ru(3B)}-S(B) 50.8(1)
Ru(2A-Ru(3A)-S(A) 51.2(1) Ru(2BYRu(3B)-S(B) 51.0(1)
Ru(1A)-S(A)-Ru(2A) 77.7(2) Ru(1B}S(B)-Ru(2B) 77.8(1)
Ru(1A-S(A)—Ru(3A) 78.4(2) Ru(1BY}S(B)-Ru(3B) 78.6(2)
Ru(2A)-S(A)—Ru(3A) 77.8(2) Ru(2B)YS(B)-Ru(3B) 78.3(2)
Ru(1A)-S(A)—O(1A) 135.4(8) Ru(1B)yS(B)-O(1B) 135.0(7)
Ru(2A)-S(A)—0O(1A) 131.4(7) Ru(2B)YS(B)-O(1B) 132.7(7)
Ru(3A)-S(A)—0O(1A) 133.4(7) Ru(3B)yS(B)-O(1B) 132.0(7)

water to the reaction mixture in order to hydrolyze;BElated
compounds, both aqueous and £ solutions were analyzed
by GLC. Methanol was detected in the agueous solution.
Formation of8 and methanol may be explained as in eqs 2
and 3.

[PPN][Ry,C(CO)5(SQMe)] + BF; —
7

Ru,C(CO),(SO)+ [PPN][MeOBF] (2)
8

[PPN][MeOBF] + H,0 — [PPN][HOBF;] + MeOH (3)

The formation of8 by the direct reaction of with BF;OEb
is formally the result of [0}~ removal from the S@ligand.
Adduct formation between organic tetrahydrothiophene 1,1-
dioxide, (CH)4S0O;, and gaseous Bfhas been know#, which
dissociates back to the dioxide and 8#h heating to 37C.

On the cluster frame, however, the-© bond of the present
uz-coordinated S@ligand was cleaved under mild condition
probably forming a boron oxide.

Since free SO is an unstable molecule, which disproportion-
ates rapidly to S or & and SQ,38 the number of the examples
of SO metal complexes is limited. Three cluster complexes
with SO ligand have been reported, two of which have been
synthesized by oxidation of a sulfido ligadtd*® Only one
example of reduction of coordinated $@gand in a cluster

(37) Jones, J. Gnorg. Chem.1966 5, 1229.
(38) Herron, J. T.; Huie, R. EChem. Phys. Lettl98Q 76, 322.
(39) Lorenz, I.-P.; Messellaer, J.Z. Naturforsch.1984 39h 403.
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O(11)

0(61) 0(62)

Figure 6. Molecular structure of [R&C(CO)4((CsHs)(SOy)]~ (anion

of 11) showing the atom-numbering scheme. Crystallographically
independent but chemically equivalent clusters are contained in the unit
cell, one of which (cluster A) is illustrated. The label “A” for each
atom is omitted for clarity.

complex has been reported by Shriver and co-workiees,

reduction of [PPN][HFg(CO)(us-SOy)] with NaPhCO to give

[PPNL[Fes3(CO)(us-SO)] with concomitant loss of the hy-
dride?3

Reaction of [PPN][RusC(CO)15(CsH5s)] (9) with SO,. In
contrast to the reaction & with SO,, a monoanionic cluster
having a u,-n-allyl ligand, [PPN][R&C(CO)s(CsHs)] (9),
underwent rapid reaction with SO Thus on bubbling S©
through a solution 08 in CH,Cl, at room temperature, the color
immediately changed from red to red-brown. Subsequent work
up by column chromatography gave red-brown crystalline solid
analyzing as [PPN][RIC(CO)14(CsHs)(SOy)] (10). The IR and
IH NMR data, and elemental analyses are consistent with the
presence of both allyl and SQigands. The reaction of the
methyl cluster [PPN][R§C(CO)eMe] with SO, also proceeded
very smoothly at room temperature in the absence of trimethyl-
amine oxide although the product was too unstable to be
isolated.

The structural determination df0 by single-crystal X-ray
diffraction was hampered by a serious disorder problem, so the
[PPN] cation was replaced with [PRHby starting from [PPA-
[RugC(CO)15(C3Hs)] to obtain [PPEI[RusC(CO)4(CsHs)(SO)]

(12). The unit cell of 11 contains two crystallographically
unique but essentially identical cluster units. A drawing of one
of them is shown in Figure 6, and the selected interatomic
distances and angles are listed in Table 6. The Bfand
bridges one of the edges in a usuaifashion, while the allyl
group bridges another edge away from,S@taining its original
uz-n3-coordination mode. The bonding parameters of both SO
and allyl ligands are identical to those #tnd9, respectively.

Complex10 could be obtained by another route: A &b
solution of4 and allyl bromide was heated at 86 for 1 h in

(40) Hoots, J. E.; Lesch, D. A.; Rauchfuss, T.I1Borg. Chem.1984 23,
3130.

(41) Winter, A.; Zsolnai, L.; Huttner, Gl. Organomet. Cheni.982 234,
337.

(42) Markqg L.; Marko-Monostory B.; Madach, T.; Vahrenkamp, Bingew.
Chem., Int. Ed. Engl198Q 19, 226.

(43) Muiler, A.; Krickemeyer, E.; Jostes, R.;"Bge, H.; Diemann, E.;
Bergmann, UZ. Naturforsch.1985 40b, 1715.
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Table 6. Selected Bond Lengths (A) and Angles (deg) for
[PPh][RUsC(CO)4(CsHs)(SCy)] (11)

cluster A

cluster B

Ru(1A)—Ru(2A)
Ru(1A)-Ru(3A)
Ru(1A)-Ru(4A)
Ru(1A)-Ru(5A)
Ru(2A)—-Ru(3A)
Ru(2A)-Ru(5A)
Ru(2A)—-Ru(6A)
Ru(3A)—Ru(4A)
Ru(3A)—-Ru(6A)
Ru(4A)—-Ru(5A)
Ru(4A)—-Ru(6A)
Ru(5A)—-Ru(6A)
Ru(1A)-S(A)
RU(2A)-S(A)
Ru(1A)—-C(0A)
Ru(2A)—-C(0A)
Ru(3A)—C(0A)
Ru(4A)—-C(0A)
Ru(5A)—C(0A)
Ru(6A)—C(0A)
Ru(3A)—C(1A)
Ru(3A)-C(2A)
Ru(4A)—C(2A)
Ru(4A)—-C(3A)
S(A)-O(1A)
S(A)—0(2A)
C(1A)-C(2A)
C(2A)—-C(3A)

cluster A

2.888(2)
2.963(2)
2.944(2)
2.871(2)
2.887(2)
2.929(2)
2.877(2)
2.898(2)
2.904(2)
2.849(2)
2.898(2)
2.853(2)
2.296(5)
2.303(5)
2.11(2)
2.08(2)
1.98(2)
2.01(2)
2.10(2)
2.01(2)
2.19(2)
2.62(2)
2.56(2)
2.28(1)
1.477(12)
1.481(13)
1.41(3)
1.53(3)

Ru(1ByRu(2B)
Ru(1ByRu(3B)
Ru(1B)yRu(4B)
Ru(1ByRu(5B)
Ru(2B)Ru(3B)
Ru(2ByRu(5B)
Ru(2B)Ru(6B)
Ru(3ByRu(4B)
Ru(3B)Ru(6B)
Ru(4BYRu(5B)
Ru(4B)Ru(6B)
Ru(5B)Ru(6B)
Ru(1B}S(B)
Ru(2B}S(B)
Ru(1B)-C(0B)
Ru(2B)-C(0B)
Ru(3B)-C(0B)
Ru(4B)-C(0B)
Ru(5B)-C(0B)
Ru(6B)-C(0B)
Ru(3B)-C(1B)
Ru(3B)-C(2B)
Ru(4B)-C(2B)
Ru(4B)-C(3B)
S(ByO(1B)
S(ByO(2B)
C(1B)-C(2B)
C(2B)-C(3B)

cluster B

2.868(2)
2.968(2)
2.910(2)
2.867(2)
2.886(2)
2.978(2)
2.920(2)
2.901(2)
2.918(2)
2.837(2)
2.897(2)
2.866(2)
2.296(5)
2.300(5)
2.05(2)
2.08(2)
2.02(2)
2.02(2)
2.09(2)
2.05(2)
2.18(2)
2.67(2)
2.53(2)
2.19(2)
1.474(14)
1.492(13)
1.48(3)
1.49(3)

Ru(2A)-Ru(1A)—S(A)
Ru(1A)-Ru(2A)—S(A)
Ru(4A)-Ru(3A)-C(1A)
Ru(4A)-Ru(3A)-C(2A)
C(1A)~Ru(3A)-C(2A)
C(1A)~Ru(3A)-C(3A)
Ru(3A)-Ru(4A)—C(2A)
Ru(3A)-Ru(4A)-C(3A)
C(1A)—Ru(4A)—C(3A)
C(2A)—Ru(4A)-C(3A)
Ru(1A)-S(A)—Ru(2A)
Ru(1A)-S(A)-O(1A)
Ru(1A)-S(A)—O(2A)
Ru(2A)-S(A)-O(1A)
RU(2A)—S(A)—O(2A)
O(1A)-S(A)-O(2A)
RU(3A)—C(1A)—C(2A)
Ru(3A)—C(2A)—Ru(4A)
Ru(3A)-C(2A)—C(1A)
Ru(3A)—C(2A)—C(3A)
RuU(4A)—C(2A)—C(1A)
Ru(4A)—C(2A)—C(3A)
C(1A)-C(2A)—C(3A)
Ru(4A)—C(3A)—C(2A)

51.2(1)
51.0(1)
83.9(5)
54.9(5)
32.6(7)
45.2(6)
57.1(5)
88.4(6)
49.3(7)
36.3(7)
77.8(2)
116.5(6)
113.6(5)
116.2(5)
115.0(6)
113.3(8)
91.0(12)
68.0(4)
56.4(11)
119.9(10)

Ru(2B}-Ru(1B)-S(B)
Ru(1B)-Ru(2B)-S(B)
Ru(4B}-Ru(3B)-C(1B)
Ru(4B)-Ru(3B)-C(2B)
C(1By-Ru(3B)-C(2B)
C(1B)-Ru(3B)-C(3B)
Ru(3B}-Ru(4B)-C(2B)
Ru(3B)-Ru(4B)-C(3B)
C(1By-Ru(4B)-C(3B)
C(2B)-Ru(4B)-C(3B)
Ru(1ByS(B)—~Ru(2B)
Ru(1B)S(B)-O(1B)
Ru(1B}S(B)-0(2B)
Ru(2B)S(B)-0(1B)
Ru(2B} S(B)-0(2B)
O(1BYS(B)-O(2B)  113.3(8)
RU(3B}C(1B)-C(2B)  91.7(13)
Ru(3B)C(2B)-Ru(4B) 67.8(4)
RU(3B}C(2B)-C(1B)  54.7(10)
Ru(3BYC(2B)-C(3B) 116.7(12)
117.2(12) Ru(4BYC(2B)-C(1B) 114.1(11)
61.9(8) Ru(4ByC(2B)-C(3B) 59.4(12)
124.8(18) C(1BYC(2B)-C(3B)  121.7(20)
81.8(9) Ru(4B)C(3B)-C(2B)  84.6(13)

51.5(1)
51.3(1)
83.0(6)
53.7(5)
33.6(8)
45.6(7)
58.5(5)
89.0(6)
49.6(7)
36.0(8)
77.2(2)
115.8(6)
113.3(5)
116.0(5)
116.6(6)

a pressure bottle. Workup of the resulting solution by silica
gel chromatography afforded crystalsidfin 20% yield. The
variable-temperature NMR spectrumidf has previously been
reported, which shows dynamics of this cluster in solution
brought about by CO and $@crambling on the hexaruthenium
core#

Reaction of [PPNLRueC(CO)15(SOy)] (4) with NO. Previ-
ously, we have examined in detail the reaction of gaseous NO
with ruthenium carbide clusters including those3&nd 9.4°
We were interested to know whether Sé@nd NO could be
trapped in a same cluster complex. Only one cluster complex

(44) Chihara, T.; Jesorka, A.; lkezawa, H.; WakatsukiJYChem. Soc.,
Dalton Trans.1997, 443.

(45) Chihara, T.; Sawamura, K.; lkezawa, H.; Ogawa, H.; Wakatsuki, Y.
Organometallics1996 15, 415.

Chihara et al.

0O(53)

Figure 7. Molecular structure of [R§C(CO)4(NO)(SG)]~ (anion of
13) showing the atom-numbering scheme.

bearing both NO and SQigands has been reporteids. Pds-
(u-NO)(u-SO,)(u-Cl)(PPhy)3, and this was synthesized by the
substitution of [NOT for one of the S@ ligands in [Pd(u-
SOy)2(u-Cl)(PPh)3s]~.° However, structural characterization of
this compound was not carried out so the relative position of
the ligands was not clear.

When gaseous NO was bubbled through aClk solution
of [PPNL[RusC(CO)5(SOy)] (4), only a small color change was
noted and so the reaction was monitored by IR spectroscopy.
After chromatographic purification of the reaction mixture, a
red crystalline solid [PPN][RIC(CO)4(NO)(SO)] (13) was
obtained. The IR spectra of this compound showed the presence
of the SQ ligand (1231 m and 1068 s ci#), while thev(CO)
band shiftedca. 40 cnt?! to higher energy fron# indicating
that the negative charge on the cluster had changed ff@m
The reduction of negative charge was what we had expected
because gaseous NO, a three electron donor, reacted with the
dianionic carbonyl clusteB to give the corresponding mono-
anionic nitrosyl cluster [PPN][RIC(CO)5(NO)] (12) in a high
yield 45

The structure o3 was confirmed by an X-ray single-crystal
analysis to be that of expected as [PPNER(COX4(SO,)(NO)].
The NO ligand has been assignedday 0.14 A shorter Ru
N(=O0) separation as compared to the-Rl(=0) values. The
molecular structure of the cluster anionliBis shown in Figure
7, while the selected interatomic distances and angles are listed
in Table 7. Interestingly, the terminally coordinating NO ligand
is on the metal atom to which the $@gand coordinates in a
ux-fashion.

Surprisingly, an attempt to prepat@8 by the reaction ofLl2
with gaseous S©was not successful. Bubbling of gaseous SO
into a CHCl,, methanol, or acetonitrile solution a2 caused
no appreciable reaction even with prolonged reaction time at
room temperature or under reflux. Moreover, addition of
trimethylamine oxide to the solution had no effect on the
reaction, the starting material2 having been recovered
quantitatively.

Conclusion

A series of neutral, monoanionic, and dianionic hexaruthe-
nium carbido carbonyl clusters with $@0gand(s) have been
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Table 7. Selected Bond Lengths (A) and Angles (deg) for
[PPN][RuC(CO}s(NO)(SQ)] (13)

Ru(1)-Ru(2) 2.8745(8) Ru(BC(O) 2.076(4)
Ru(1)-Ru(3) 2.8310(8) Ru(2}C(0) 2.049(4)
Ru(1)-Ru(4) 2.9849(10) Ru(3)C(0) 2.055(4)
Ru(1)-Ru(5) 2.9175(9) Ru(4)C(0) 2.055(4)
Ru(2)-Ru(3) 2.9438(8) Ru(5)C(O) 2.046(4)
Ru(2)-Ru(5) 2.9324(8) Ru(6YC(O) 2.024(3)
Ru(2)-Ru(6) 2.8898(9) Ru(BHN(1) 1.760(4)
Ru(3)-Ru(4) 2.8934(8) Ru(BHC(13) 2.073(5)
Ru(3)-Ru(6) 2.9846(9) Ru(3)C(13) 2.046(5)
Ru(4)-Ru(5) 2.8330(8) sO(1) 1.454(3)
Ru(4)-Ru(6) 2.8511(8) S0(2) 1.455(4)
Ru(5)-Ru(6) 2.8629(8) O(3YN(1) 1.164(6)
Ru(1-S 2.3201(14) 0(13)C(13) 1.165(6)
Ru(2-S 2.2853(12)
Ru(2-Ru(1)-S 50.84(3) Ru(2yS—0(1) 117.0(1)
Ru(1)-Ru(2)-S 51.92(4) Ru(2}S-0(2) 116.1(1)
S—Ru(1)-N(1) 100.0(1)  O(1}S-0(2) 113.9(2)
S—Ru(1)-C(13) 93.4(1) Ru(lYN(1)-O(3)  175.0(4)
N(1)-Ru(1)-C(13) 101.3(2) Ru(®)C(13)-Ru(3) 86.8(2)
Ru(1)-S—Ru(2) 77.24(4) Ru(BC(13)-0(13) 133.8(4)
Ru(1)-S—-0(1) 114.8(2) Ru(3yC(13)-0(13) 139.4(4)
Ru(1)-S—0(2) 112.6(2)

synthesized by Sf¥eplacement of coordinated CO. In the case
of [PPN][RuC(CO)X4(NO)(SOQ)] (13), however, the complex
was accessible only from the complex [PRRUsC(CO)s-
(SO)] (4) and gaseous NO. The $S@gand is bound to the
cluster only weakly in the case of neutral clusters&(CO) ¢
(SOy) (2); thus, the SQ is replaced by CO at atmospheric
pressure. Sulfur dioxide is more strongly bonded to anionic
clusters. Apparently this tendency is related to strongly electron-
withdrawing character of the SQOigand, which is evidenced
by shifts of the IRv(C=0) bands to higher energy on
introduction of the S@ligand. The organic electrophile GH
and the Lewis acid Bfproduced rapid removal of oxygen from
SO, bound to the anionic cluster in the conventional,-r*-
fashion to give a neutral cluster with-7-SO.

Experimental Section

The complexes RE(COY7 (1), [PPNL[RUsC(CO)g (3),*” [PPN]-
[RusC(CO)s(CsHs)] (9), [PPN][RuC(CO)eMe],*® and [PPN][RYC-
(COXs(NO)] (13)*> were synthesized according to literature methods.
Methyl trifluoromethanesulfonate, boron trifluoride ether complex,
trimethylamine N-oxide dihydrate, and sulfur dioxide were com-

mercially available and used as received. Solvents used for reaction

were dried and stored over zeolite 4A under argon. All the reactions
were carried out under argon. IR ahd NMR spectra were recorded
on a Perkin-Elmer 1600 spectrophotometer and a JEOL RX-270
spectrometer. FAB-MS spectra were obtained with a JEOL JMS-HX
110A double-focusing spectrometer usimgnitrobenzyl alcohol as a
liquid matrix. GLC measurements were carried out by a Shimadzu
GC-7 gas chromatography on a column of Chromosorb 101, 25 wt %
sebaconitrile on Uniport C, and 5 wt % bis(2,3-dihydroxypropyl) ether
on Chromosorb WAW DMCS.

Synthesis of R4C(CO)16(SO,) (2). Through a solution ot (0.203
g, 0.185 mmol) in CHCI; (100 cnf) in a 300 cni flask SQ was
bubbled (three bubble/s) for 15 min and allowed to stand for 20 h at
ambient temperature. After removal of the solvent from the reaction
mixture under reduced pressure the residue was taken up i€I€H

and chromatographed on a cellulose column (1.8 cm internal diameter

x 25 cm). Elution with hexane separated a red band which was
unreactedL (23 mg). The second red band was eluted with,Cl
Evaporation of the eluate to dryness followed by recrystallization from
hot THF gave a red solid (185 mg, 85% based on reat}d&ound:

(46) Nicholls, J. N.; Vargas, M. Dinorg. Synth.1989 26, 280.

(47) Hayward, C. T.; Shapley, J. Rorg. Chem.1982 21, 3816.

(48) Chihara, T.; Aoki, K.; Yamazaki, H.. Organomet. Cheni99Q 383
367.
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C, 18.40. Calcd for O:RUS: C, 18.06). IR (cmb): »(CO)
(CH,Cl,) 2108 w, 2077 s, 2057 vs, and 2013 #(SO) (KBr) 1246 m,
1076 s. FAB mass spectrunm/z1132 ([M]*, 87), 1096 ((M— SO,
+ COJ*, 49), 1068 ([M— SO, ', 100), 1040 ([M— SG, — COJ*, 51),
and 1012 ([M— SO, — 2COJ, 27%).

Reaction of RuC(CO)16(SO) (2) with CO. Complex2 (25 mg,
0.022 mmol) was dissolved in THF (15 énin a 100 cm flask under
CO atmosphere and allowed to stand for 20 h at ambient temperature.
After removal of the solvent from the reaction mixture under reduced
pressure the residue was taken up in,.CkHand chromatographed on
a cellulose column (1.8 cm internal diameter25 cm). Elution with
hexane produced a red band, which was collected and evaporated to
dryness followed by recrystallization from GEl,—hexane giving dark
red crystals ofl (18 mg, 77%). IR (cmY): »(CO) (CHCl,) 2102 w,
2068 s, 2048 vs, and 2005 w cin

Synthesis of [PPN}[RusC(CO)15(SO;)] (4). Through a solution
of 3 (0.500 g, 0.233 mmol) in acetonitrile (5 rSC, was bubbled
for 5 min and trimethylamine oxide dihydrate (0.065 g, 0.583 mmol)
was added with stirring, giving a color change from red to orange-red
without delay. Immediately the solution was filtered through a short
alumina column (1.8 cm internal diameter10 cm) using THF as an
eluate followed by evaporation of the solvent to dryness. The resulted
solid was worked up by alumina column chromatography (5% water,
1.8 cm internal diametex 20 cm). The red band eluted with THF
was collected and evaporated to dryness. Recrystallization of the
residue from CHCl,—ethanol gave red crystals (0.316 g, 62%)
(Found: C, 48.57; H, 2.97; N, 1.29. Calcd foggBsoN2017PsRUsS:

C, 48.49; H, 2.77; N, 1.29.). IR (cm): »(CO) (CHCl,) 2045 w,
1992 vs, 1934 w, 1789 w (br), and 1732 w (br§SO) (KBr) 1186 m
and 1052 s cmt.

Synthesis of [PPN}[RusC(C0O)14(SO;)7] (5). Through a solution
of 3 (0.500 g, 0.233 mmol) in acetonitritanethanol (10 c/10 cn¥)

SO, was bubbled for 5 min and trimethylamine oxide (0.052 g, 0.47
mmol) was added with stirring, giving an instant but slight lightening
of the color. The solvent was immediately removed under reduced
pressure, the residue was taken up in,ChHl and the solution was
chromatographed on silica gel (3% water, 1.8 cm internal diameter
20 cm). Elution with CHCI,-THF (4:1 v/v) produced a red band which
was collected. Evaporation of the eluate to dryness followed by
recrystallization from ethanelhexane gave a red solid (0.233 mg, 45%)
(Found: C, 47.00 H, 2.88; N, 1.30. Calcd foeBs0N201sPsRUsS:

C, 41.16; H, 2.73; N, 1.26.). IR (c#): »(CO) (CHCl,) 2053 w,
2008 vs;»(SO) (KBr) 1055s cm?.

In an analogous manner, reaction of comp#ex100 mg, 0.046
mmol) with SQ and trimethylamine oxide (5.1 mg, 0.046 mmol) in
acetonitrile-methanol (2 cr#2 cn¥) solution yielded the title complex
(61 mg, 60%).

Synthesis of [PPN][R¥C(CO):15(SO:Me)] (7). To a CHCI, (3 cn¥)
solution of4 (100 mg, 0.046 mmol) was slowly added MeOSB;

(20 1L, 0.088 mmol) under vigorous stirring until no starting material
could be detected by IR or TLC on silica gel. The color changed from
red to red-brown. The solution was worked up by silica gel column
chromatography (3% water, 1.8 cm internal diamet@0 cm). Elution
with CH.Cl, separated an orange band. Evaporation of the solvent
followed by recrystallization from CkCl,—methanol afforded red-
brown crystals (53 mg, 70%) (Found: C, 38.26; H, 2.03; N, 0.77. Calcd
for CsgHaaNO17P:RWeS: C, 38.43; H, 2.01; N, 0.85%). IR (cH):
»(CO) (CHCI,) 2063 w, 2021 sh, 2010 vs, 1956 w (br), and 1811 w;
»(SO) (KBr) 1148 m and 955 s!H NMR (CDCL): 3.72 (3H, s, Me),
7.38-7.63 (30H, m, @Hs).

Synthesis of R4C(CO);5(SO) (8). To a CHCI, (2 cn¥) solution
of 7 (50 mg, 0.030 mmol) was added BBE® (25uL, 0.22 mmol) at
once with stirring. The color changed immediately from red-brown to
green. After removal of the solvent the remaining solid was washed
with ether (5x 2 cn¥). Recrystallization of the product from G8I,—
hexane gave deep green crystals (21 mg, 65%) (Found: C, 17.69. Calcd
for C16016RWS: C, 17.69). IR(cmY): »(CO) (CH.Cl,) 2098 w, 2052
vs, 2033 w, 2003 wy(SO) (KBr) 1033 s cm.

Synthesis of [PPN][RUC(CO)14(C3H5)(SO,)] (10). Sulfur dioxide
was bubbled through a solution 8{100 mg, 0.062 mmol) in CkCl,

(5 cn?) for 10 min. The solvent was removed from the resulting
solution under reduced pressure, and the resulting solid was worked
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Table 8. Crystallographic Data for RE(CO)4(SO;) (2), [PPNLRUC(CO)s(SO)] (4), [PPh]RuUsC(COX4(SQy)2] (6), and
[PPN][RUC(CO)s(SO:Me)] (7)

2 4-C,HsOH 6 7
chem formula G70lgRUGS Q2H60N2017P4RU58‘02H50H C63H40013P2RUGSQ C53H33N017P2RU58
a, A 18.232(4) 24.849(2) 25.517(3) 34.331(4)
b, A 9.328(1) 14.616(1) 14.064(5) 10.280(2)
c, A 17.442(4) 24.612(2) 20.008(2) 16.415(2)
o, deg 90 90 90 90
B, deg 115.884(9) 92.078(6) 111.391(9) 94.85(1)
y, deg 90 90 90 90
Vv, A3 2668.6(9) 8933.1(13) 6686(2) 5772(1)
Z 4 4 4 4
fw 1130.66 2179.82 46.07 1817.49 1656.27
space group (No.) P2,/a (14) P2,/c (14) P2,/a (14) P2,/n (14)

T, °C 21 21 21 21

2, A 0.710 73 0.71073 0.71073 0.71073
Pcalcas § CNT 3 2.67 1.65 1.81 191

u, cmt 33.90 11.29 14.70 16.58
R(Fo)? 0.0242 0.0447 0.0412 0.0358
RN(Fo)b 0.0254 0.0472 0.0380 0.0264

AR = JIIFol = IFell/ZIFol. ® Ry = [ZW(IFol — |Fcl)?/ > WIFolF"2

| Table 9. Crystallographic Data for REC(CO)s(SO) @),
[PPh][RusC(CO)4(CsHs)(SOy)] (11), and
[PPN][RuC(CO)4(NO)(SQ)] (13)

up by alumina column chromatography (5% water, 1.8 cm internal
diameterx 20 cm). A red band which was eluted with g@H, was
collected and evaporated to dryness. Recrystallization of the residue

from CH,Cl,—methanol gave red-brown crystals (56 mg, 55%) 8 11 13
(Found: C, 39.17; H, 2.09; N, 0.86. Calcd foe/83sNO16P.RUS: chem formula GO16RUS CuoHos016PRUS  CsaHagN2017P:RUS
C, 39.21; H, 2.13; N, 0.85). IR: (cm): »(CO) (CHCl;) 2066 m, a A 16.834(3) 32.505(7) 14.937(4)
2024 w (sh), 2015 vs, and 1961 w(SO) (KBr) 1218 m and 1062 s. b, A 9.644(4) 18.764(2) 18.071(5)
IH NMR (CDCls) 0.37 (d, 2H,J = 12.2 Hz,anti-H), 1.55 (1H, tt,J = c, A 33.800(7) 15.929(3) 10.615(3)
12.2 and 7.2 HzgentratH), 3.83 (2H, d,J = 7.2 Hz,synH), 7.68- o, deg 90 90 102.45(1)
7.39 (30H, m, GHs). p, deg 107.454(8) 100.332(9) 93.16(2)
Synthesis of [PPN][RGC(CO)(NO)(SO2)] (13). Through a v, deg 90 90 79.20(2)
solution of4 (100 mg, 0.046 mmol) in CkCl, (20 cnf) was bubbled Y+ A® 2234(2) 89558(3) 22747.8(12)
NO for 5 min (one bubble/s) with stirring, giving an immediate color
change from red to red-brown. The solvent was removed from the fw 1086.65 1455.10 1643.23
! ; ) . space group (No.XCc (9) P2./n (14) P1(2)
resulting solution under reduced pressure, and the residue taken up int s 21 21 21
CH.Cl; and chromatographed on silica gel column (1.8 cm internal A:A 071073 0.71073 0.710 73
diameter x 25 cm). Elution with CHCl,—ethyl acetate (4:1 v/v) calca § CITT3 2.76 2.02 1.99
separated a red band. Evaporation of the eluate to dryness afforded, cpyt 34.63 19.55 17.41
red crystals, which is recrystallized from @El,—hexane (26 mg, 34%) R(Fo)2 0.0516 0.0797 0.0352
(Found: C, 37.39; H, 1.86; N, 1.80. Calcd fogiB30N2017/P-RusS: Ru(Fo)? 0.0496 0.0665 0.0342
C, 37.28; H, 1.84; N, 1.70). IR (cm): »(CO) (CH.Cl,) 2074 m, 2033 _ .
vs, 2017 w (sh), 1979 w, and 1827 wiNO) (CH,Cl,) 1751 w;1(SO) AR = J|IFol = IFcll/3IFol. ® Ry = [SW(IFol — IFc))?ZwIFol7 2

(KBr) 1231m and 1068s.

Structure Determination. Deep red single crystals d were
obtained by recrystallization from hot THF solution. Red single crystals
of 4 were grown by diffusion of hexane into the ethanol solution in a
glass tube (internal diameter 8 mm). Due to the large number of non-

(Af") and imaginary Af ') components of anomalous dispersiéhs.
The structure was solved by direct methods MULTZNhich located

six ruthenium atoms. All the remaining atoms were located from
subsequent Fourier-difference syntheses. They were refined by the

hydrogen atoms to be located and refined in [PPRAlt, a crystal block-diagonal Ieast-squgres metPiodith anisotropic thermal param-
structure determination & was not carried out on this material and ~ ©ters for allatoms. The fin&(F) andR.(F) values converged to 0.024
the [PP]* salt was prepared. Single crystals of [FBIRUsC(CO)s and 0.025 with the weighting schenve = 1. The final Fourier-

difference synthesis showed no unexpected features, with the highest
peak 0.60 e A3 within the covalent radius of the ruthenium atom (0.78
A from Ru(2)).

(SOy)2] (6) suitable for X-ray analysis were obtained by slow diffusion
of hexane into an ethanol solution of the compound. Dark red single
crystals of7 were obtained by cooling of a GBl,—methanol solution

to —20°C. Deep green single crystals ®fvere obtained by addition . A survey of the data set for_complé>ar_1d_ the systematic extinction
of hexane to a ChCl, solution in flask at room temperature. Due to indicated the centrosymmetric monoclinic space gré@ac. The
disorder problems a crystal structure determinationl@fwas not structure was solved and refined as #orThe hydrogen atoms in the

successful, so the [PRH salt of the cluster anion was prepared. Single Phenyl groups of the countercation were not located. All the non-
crystals of [PPH[RusC(CON4(CsHs)(SQ)] (11) suitable for X-ray hydrogen atoms were refined with anisotropic thermal parameters.
analysis were obtained by slow diffusion of hexane into an ethanol
solution of the compound in a glass tube. Red crystalg§Divere (49) North, A. C. T.; Phillips, D. C.; Mathews, F. $cta Crystallogr.
grown by diffusion of hexane into the GBI, solution in a flask at (50) gg?nsrmb?’?l'-Waber 3. Toternational Tables for X-Ray Crystal
ambient tgmperature. AII Fhe single crystals were fixed with Apiezon Iograpm’/, I'be}’s, 3 A 'Hamilton, W. C., Eds.. Kynoch Press:
grease L in a glass capillaries under argon. Intense data were collected  gjmmingham, U.K., 1974; Vol. IV, p 71.

by use of an Enraf-Nonius CAD4 four-circle automated diffractometer (51) Cromer, D. Tinternational Tables for X-Ray Crystallographipers,

with graphite-monochromated Mo Kradiation. Crystal data and J. A., Hamilton, W. C., Eds.; Kynoch Press: Birmingham, U.K., 1974;
experimental details are given in Tables 8 and 9. Vol. IV, p 148. _ ) _ ) _ _
A survey of the data set for compl®and the systematic extinction ~ (°2) Main. P Hull, S. E.; Lessinger, L.; Germain, G.; Declerq, J.-P.;

L . L Woolfson, M. M. MULTAN 78; University of York: York, England,
indicated the centrosymmetric monoclinic space gré2p'a. Data 1978. y 9

were corrected for absorptidh. The analytical form of the scattering (53) Sakurai, T.; Kobayashi, KRikagaku Kenkyusho HokoKi979 55,
factor® for the appropriate neutral atom was corrected for both real 69.
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Cluster4 crystallized with a molecule of ethanol in the asymmetric the peaks were assigned as ruthenium atoms of a disordered molecule

crystal unit, which were refined isotropically. The filR{F) andR(F) of the second cluste8; however, it was not located because of their
values are 0.045 and 0.047 with the weighting schenye 1. low electron densities. The next higher peak with 1.2878 By the

A survey of the data set for compl&and the systematic extinction  Fourier-difference synthesis showed no unexpected features. The final
indicated the centrosymmetric monoclinic space gré@ga. The R(F) andR,(F) values are 0.052 and 0.050 with the weighting scheme

structure was solved and refined as 2orAll the non-hydrogen atoms w = 1/o(Fo).

were treated with anisotropic thermal parameters. As refinement A survey of the data set for compléd and the systematic extinction
proceeded all the remaining hydrogen atoms in the phenyl groups of indicated the centrosymmetric monoclinic space gré&2an. The

the countercations were located from subsequent Fourier-differencestructure was solved and refined as #or The hydrogen atoms were
syntheses, and refined with isotropic thermal parameters. The final not located. All the non-hydrogen atoms were refined with anisotropic
R(F) andR,(F) values converged to 0.024 and 0.025 with the weighting thermal parameters. The finR(F) andR,(F) values were 0.080 and

schemew = 1/06%(F,). 0.067 with the weighting scheme w 1/0%(F,). The unit cell contains

A survey of the data set for compl@and the systematic extinction  chemically equivalent two independent cluster anions and counter
indicated the centrosymmetric monoclinic space gré&@yn. The cations.
structure was solved and refined as for Three hydrogen atoms in A survey of the data set for compled3 revealed no systematic

the methyl group of the cluster anion were located from subsequent extinctions and no symmetry other than the Friedel conditipn Thus,
Fourier-difference syntheses. All non-hydrogen atoms were refined the crystal belongs to the triclinic class with space gré&por P1.

with anisotropic thermal parameters, and the methyl hydrogen atoms The latter centrosymmetric possibility was strongly indicated by the
were refined with an isotropic thermal parameter. As refinement cell volume (consistent witd = 2) and was confirmed by the successful
proceeded, the hydrogen atoms in the phenyl groups of the countercatiorrefinement of the structure. The structure was solved and refined as
were added in their idealized positions for the structure factor for2. All the non-hydrogen atoms were treated with anisotropic thermal
calculations, but their positions were not refined. The final model parameters. As refinement proceeded, all the remaining hydrogen atoms
converged tdR(F) 0.036 andR,(F) 0.026 with the weighting scheme in the phenyl groups of the countercations were located from subsequent

w = 1/o?(F). Fourier-difference syntheses and refined with isotropic thermal param-

A survey of the data set for compl®and the systematic extinction  eter. Assignment of the NO ligand was made by the short bond length
indicated the centrosymmetric monoclinic space gr@2fc or non- to the ruthenium atom compared with that of CO. Replacement of the
centrosymmetric monoclinic space groGp. The former possibility nitrogen atom by a carbon atom led to marginally higher residual and

was indicated by the cell volume (consistent witk 8), but successful GOF values, indicating that the determination was correct. The final
refinement of the structure was obtained by the latter lower-symmetry R(F) andR,(F) values are 0.035 and 0.034 with the weighting scheme
space group in which two crystallographically independent clusters were w = 1.

contained. The structure was solved and refined a8.fakll the non-
hydrogen atoms were treated with anisotropic thermal parameters. At
the final stage subsequent Fourier-difference map revealed six high
peaks (4.55.5 e/&) more than 1.0 A apart from Ru(1BRu(6B).

The six peaks are 2-8.1 A apart from each other locating about 2.0
A from the carbide atom C(0B) and constitute an octahedron. Hence, IC9704290

Supporting Information Available: For complexeg, 4, 6—8, 11,
and13, tables listing full atomic coordinates, equivalent isotropic and
anisotropic temperature factors, and bond lengths and bond angles (28
pages). Ordering information is given on any current masthead page.



