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Room temperature stirring of Ru(P(OE))s (E = Me and Et) and elemental sulfur in benzene afforded the
optically active compounds Ru(P(OMg)Ss (1) and Ru(P(OE)sSs (2). Compounddl and?2 are crystallized in

the trigonal space groupB; with a= 14.231(10) Ac = 10.24(1) AV = 1794(2) &, andZ = 3, and orthorhombic
space groupP2:2:2; with a = 15.393(5) A,b = 18.126(6) A,c = 12.421(4) A,V = 3465(1) B, andZ = 4,
respectively. Solutions df and?2 did not show any optical activity since the bulk materials are racemic mixtures.
The X-ray analyses also reveal that in both compounds polysulfigiei@n acts as a novel tridentate ligand,
resulting in an asymmetric bicyclic Rg8nit having three- and five-membered rings around the ruthenium atom.
Fragmentation of thes%™ ring to &~ ion was observed in the presence of sulfur-abstracting reagents such as PR
(R = Ph, OMe, and OEt) and also t@?S ion when the compounds were reacted with R(FOE))4 (E = Me

and Et).

Introduction interesting example where3s ion is a doubly bridging ligand,
and a NH' ion is captured in the center of the cade.
[Nbo(OMe)(S;)3(Ss)0)? is the known polysulfido complex
having the highest oxidation staté-%) of the metaf!
Polysulfide ligands differ from classical ligands as reactions
such as scission of or insertion into the-S bonds can occur.
Polysulfido complexes can take part in different types of
transformations such as (1) desulfurization of one or more sulfur
atoms from polysufide rings by addition of sulfur-abstracting
reagents such as RR13(2) Other than the above nucleophilic
attack, electrophilic attack of GSo [SMo(S);]?~ and ZnS-
(PMDETA) (PMDETA = N,N,N',N',N""-pentamethyldiethylene-
triamine) yielded [SMo(C§]>~ and ZnSCS(PMDETA), re-
spectively* (3) Several addition reactions can also occur; (a)
addition of alkyne RCCRto S—S bonds to give dithiolene
ligands RCSCSRfor instance, (MeCOO)CC(COOMe) reacts
with Cp,TiSs (Cp = cyclopentadienyl) to give Gii(S,Cy(CO,-
Me),);15 (b) insertion of the isoeletronic groupCR,— (R=H
or alkyl) into a S-S bond without breaking the metasulfur
bond; for instance, CHBr, and RCO react with CpTiSs to
produce 1,3-CgliS4CH; and 1,4-CpTiS,CRy, respectively®
(4) Finally, substitution reactions can also occur, such as§ZnS
(TMEDA)] (TMEDA = tetramethylethylenediamine) reacting
with methylimidazole (Melm) to give [Zn(Melng)2+.1” The

The catenating and reducible nature of the sulfur atom are
the keys to generating polysulfides, S x > 2). It is well-
known for a long time that cyclooctasulfug & reduced by
sulfide or hydrogen sulfide to polysulfide ions?S! Free
polysulfide ions consist of nonlinear and nonbranched sulfur
chains and are unstable, similar to the ring structures of neutral
S, (x > 3), which are also unstable, except!S* But it is
remarkable that all possible,sS (x = 2—9) ions occur in
complexes with different types of stable chelate ring having
metal as a heteroatom, althougk?Sion has not yet been
reported in an isolated compléxXmong the several means for
the synthesis of polysulfido complexes, oxidative addition of
elemental sulfur to a coordinatively unsaturated electron-rich
metal is a convenient orfeThe structurally rich coordination
chemistry of & ions is due to their versatile chelating and
bridging ligand behavio?.They can bridge two or more metal
atoms in different fascinating modes resulting in flourishing
structural dat&:57 Due to their flexidentate and self-adjusting
chain length according to the preference of the host metal, they
can nicely glue metal aggregates such asg(84)s(Ss)]%, in
which the six atoms are stabilaized by only four sulfur ligahds.
[Bi2(S6)(S7)4]* is a known novel complex which contains the

highest portion of sulfur as the ligadd[Pdx(S;)4]2~ is an
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reactivity of polysulfido complexes also depends on ancillary
ligands. Rauchfuss et al. showed that the reactvity towargd CS
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Sy] > [Zn(TMEDA)Sg], and this enhanced nucleophilicity of

the polysulfide ring in [Zn(PMDETA)g is due to the third

ancillary amine of the PMDETA ligan#:1” Our previous works

on $2~- and $%-coordinated diruthenium complexes suggested

that these polysulfides are less electron-donating tRara8d

S,%~ but is more stably coordinating than amine ligd#d.
Interest in polysulfide complexes is not only due to their rich

structural chemistry and reactivity but also to their possible uses

in some vital industrial and biological proces3ég%-2! In this
context $2~ is of much current industrial interest, since it is
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(E = Me and Et) complexes, which crystallize in noncen-
trosymmetric space groups by natural fractionation of the two
optical isomers for both complexes.

Experimental Section

Typical Syntheses of Complexes 1 and Z.0 a benzene solution
of H,Ru(P(OE))4 (E = Me and Et) (0.40 mmol), solid elemental sulfur
(0.40 mmol) was added, and the solution was stirred at room
temperature for about 2 days under nitrogen. The reaction mixture was
evaporated to dryness and dissolved in,CHand hexane (1:10). The

believed to be the favored species during the sulfur rich stagesso|ytion was then subjected to silica gel chromatography by using

of the discharge of NaS battery (e.g. N&B; + 2S— NaSs).22
Only a few complexes with bidentate?S ligand are known.
The first reported complex was homoleptic optically active
[Pt(S5)3].23728 The most thoroughly studied polysulfide com-
pound of $2~ ion is CpTiSs, and similar compounds for
zirconium, hafnium, and vanadium are also repoffeé? The
MSs unit has the chair conformation in all known mononuclear
complexes such as [Cr(Nb3(Ss)2]2~ and [(S)MN(Se)]2.1133
The variation of the “bite” of &~ is wide and the largest one

is in [(Ss)Fe(M0S)]2~.3435In the case of ruthenium there is a
striking paucity of polysulfido complexes and that wit?S

ion is rare3® although there is a number of ruthenium complexes
with monodentate and/or polydentate organosulfur ligands
coordinated through sulfd. All hitherto reported possible
polysulfides occurring in metal complexes act as bidentate
chelating ligand, except the tridentate chelating behaviorof S
ion in (PM&)sMS; (M = Ru and Os¥8 Here we report the
first tridentate chelating behavior o£35 ion in (P(OE}):RuS

(18) Furuhashi, T.; Kawano, M.; Koide, Y.; Somazawa, R. Matsumoto,
K. Inorg. Chem.1999 38, 109.

(19) Stiefel, E. I.; Chianelli, R. R. INitrogen Fixation The Chemicat
Biochemicat-Genetic InterfaceMiiller, A., Newton, W. E., Eds.;
Plenum Press: New York, 1983; p 341.

(20) (a) DuBois, M. RChem. Re. 1989 89, 1. (b) Miler, A.; Diemann,

E,; Baumann, F. WNachr. Chem. Technol. Lali988 36, 18. (c)
Matsumoto, K.; Koyama, T.; Furuhashi, T. [fransition Metal
Chemistry Stiefel, E. I., Matsumoto, K., Eds.; ACSymposium Series
653; American Chemical Society; Washington, DC, 1996; p 251.

(21) Newton, W. E. IrSulfur; Its Significance for Chemistry, for the Geo-,
Bio- and Cosmosphere and Technolpiiiller, A., Krebs, B., Eds.;
Elsevier: Amsterdam, 1984; p 409.

(22) Vincent, C. A.; Bonion, F.; Lazzari, M.; Scrosati, Modern Batteries
Pu: London, 1987L.ithium BatteriesNew Materials, Deolopments,
Perspecties Pistoia, G., Ed.; Elsevier: New York, 1994.

(23) Gillard, R. D.; Wimmer, F. LJ. Chem. Soc., Chem Commd®78§
232.

(24) Hofmann, K. A.; Hehtlen, F.Ber. Dtsch. Chem. Ge$903 36, 3090.

(25) Hofmann, K. A.; Hahtlen, F.Ber. Dtsch. Chem. Ge4904 37, 245

(26) Jones, P. E.; Katz, LJ. Chem. Soc., Chem Commu®967, 842.

(27) Jones, P. E.; Katz, lActa Crystallogr.1969 B25 745.

(28) Spangenberg, M.; Bronger, W. Maturforsch. B. Anorg. Chem. Org.
Chem.1978 33h 482.

(29) Kopf, H.; Block, B.; Schmidt, M.Chem. Ber1968 101, 272.

(30) Kopf, H.; Wirl, A.; Kahl, W. Angew. Chem1971, 83, 146; Angew.
Chem., Int. Ed. Engl1971, 10, 137.

(31) MecCall, J. M.; Shaver, Al. Organomet. Chenl98Q C37. 193.

(32) Schmidt, M.; Block, B.; Block, H. D.; Kopf, H. Wilhelm, EAngew.
Chem.1968 80, 660; Angew. Chem., Int. Ed. Engl968 7, 632.

(33) Coucouvanis, D.; Patil, P. R.; Kanatzidis, M. G.; Detering, B.;
Baenziger, N. Clnorg. Chem.1985 24, 24.

(34) Coucouvanis, D. Baenziger, N. C.; Simhon, E. D.; Stremple, P.;
Swenson, D.; Kostikas, A.; Simopoulos, A.; Petrouleas, V.; Papaefthy-
miou, V. J. Am. Chem. S0d.98Q 102, 1730.

(35) Coucouvanis, D.; Stremple, P.; Simhon, E. D.; Swenson, D.; Baenziger,
N. C.; Draganjac, M.; Chan, I. T.; Simopoulos, A.; Papaefthymiou,
V. Kostikas, A.; Petrouleas, Mnorg. Chem.1983 22, 293.

(36) Miller, A.; Khan, M. I.; Krickemeyer, E.; Bgge, H.Inorg. Chem.
1991, 30, 2040.

(37) Schroder, M.; Stephenson, T. A. @omprehensie Coordination
Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.;
Pergamon Press: Oxford, England, 1987; Vol. 4, Chapter 45.

(38) Gotzig, J.; Rheingold, A. L.; Werner, Angew. Chem., Int. Ed. Engl.
1984 23, 814.

dichloromethane and hexane (1:1) as an eluent. The single reddish
orange band was collected and dried. The residue for the case of
trimethyl phosphite complex was dissolved in pentane and kept for
crystallization at-4 °C. Bright reddish orange prismatic crystals were
isolated within a few days (69% vyield). For the case of triethyl
phsophite, crystals were obtained by slow evaporation of theOGH
solution of the residue layered by hexane (73% yield). Anal. Calcd for
CoH270sSPsRu (1): C, 17.04; H, 4.26. Found: C, 17.10; H, 4.361

NMR (CD:CN, 270 MHz): 6 3.8-3.6 (m, 27H, 3P(OMe). 31P{HY}

NMR (CDsCN, 109.4 MHz): 6 153.8 (t, 1LP(OMe), 147.1 (s, br, 1P-
(OMe)s), 137.4 (s, br, 1P(OMg). FABMS: m/e 633 (M'), 569 (M"
—2S), 573 (M — 3S). Anal. Calcd for GgHs0sSsPsRuU (2): C, 28.42;

H, 5.92. Found: C, 28.54; H, 6.154 NMR (CDsCN, 270 MHz): 6

1.24 (t, 27H, 3(OC|2CH3)3, 4.08 (q, 18H, 3 (@HzCHg)g. s1p {Hl}

NMR (CDsCN, 109.4 MHz): 6 148.4 (t, 1P(OE®Y), 147.8 (s, br, 1P-
(OEt)), 147.2 (s, br, 1P(OE$). FABMS: m/e 759 (M"), 695 (Mt —

2S), 663 (M — 3S).

Physical MeasurementsUnless noted otherwise, all the operations
were carried out in air. Commercially available chemicals were
purchased and used without further purification. Solvents were pur-
chased and used as receivedRH(P(OMe)), and HRu((P(OEt))s
were prepared following the reported procedufeshe *H and 3'P-

{H'} NMR spectra were recorded on a JEOL EX-270 instruments. The
3P chemical shifts are referenced to an external standard of free
P(OMe} in (CDs3),CO at 140 ppm.

Collection and Reduction of X-ray Data. Epoxy resin-coated
crystals of compound$ and?2 were subjected to single-crystal X-ray
analysis. The X-ray data were collected on a Rigaku AFC-7R
diffractometer using graphite-monochromated Ma Kadiation ¢ =
0.71069 A), and unit cell parameters were obtained from a least-squares
fit of 25 reflections in the range 29< 26 < 30° for both compounds
1 and 2. The data were processed and corrected for Lorentz
polarization effects and absorption. The intensities of the three
representative reflections were measured every 150 reflections, and
decay correction was not applied, as there was no serious deterioration
of the crystals forl and 2 during the measurements. Relevant
crystallographic information is summarized in Table 1.

Solution and Refinement of the Structures.The structure of
compoundl was solved by direct method, whereas that of compound
2 was solved by a heavy-atom method. All non-hydrogen atoms in the
compounds were located and were refined anisotropically.

Results and Discussion

Sytheses and Properties of Compounds 1 and Room
temperature stirring of a benzene solution oRd(P(OE}))4
(E = Me and Et) and elemental sulfur afforded compoufids
and 2 in high yield. It is easy to follow the reactions by the
distinct color change of the reaction mixtures from colorless to
reddish orange. Use of ethanol or dichloromethane instead of
benzene gave no product variation and also no effect on the
yield of the complexes. They are fairly air stable and nicely
soluble in all common organic nonpolar and polar solvents even
in pentane.
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Table 1. Summary of Crystal Data for Complexésand 2

1 2

formula CgH2709P385RU ClgH4509P385RU

fw 633.60 759.84

cryst. system trigonal orthorhombic

space group P3; (No. 144) P2,2:2; (No. 19)

a(A) 14.231(10) 15.393(5)

b (A) 18.126(6)

c(A) 10.24(1) 12.421(4)

V(A3 1794(2) 3465(1)

A 0.71069 0.71069

T (deg) 25+ 1 25+1

VA 3 4

Pealcd (@ €NTS) 1.758 1.456

crystal dimens (mm)  0.6% 0.25x 0.13  0.45x 0.25x 0.12

absorp coeff (cmt) 13.3 9.3

26 range (deg) 5 260 <55 5<26 <55

residual electron 1.01 0.26

density (e/&) cis c2
no. of params 245 326
R2 0.076 0.048 C16
b
f 0.077 0.053 Figure 2. ORTEP drawing of Ru(P(OE}Ss (2).
2R = X||Fo| — [Fe|l/Z|Fol. ® Ry = [ZW(|Fo| — |Fel)/Zw|Fo[7]"2 w
= 1/0?(Fy). Table 2. Major Bond Distances (A) of Complexdsand 2
1 2

Ru—-S1 2.456(6) 2.469(3)
Ru—S4 2.403(7) 2.389(3)
Ru—S5 2.485(6) 2.472(3)
Ru—P1 2.248(6) 2.255(3)
Ru—P2 2.236(6) 2.230(3)
Ru—P3 2.233(6) 2.242(3)
S1-S2 1.986(10) 2.031(4)
S2-S3 2.06(1) 2.000(4)
S3-54 2.05(1) 2.193(4)
S4-S5 2.19(1) 1.995(4)

Table 3. Major Bond Angles (deg) of Complexdsand 2
1 2 1 2

S1-Ru—S4 89.5(3) 91.26(9) S5Ru—P3 106.4(3) 108.1(1)
S1-Ru—-S5 88.2(3) 90.45(10) PIRu—P2 93.8(2) 92.8(1)
S1-Ru—P1 174.7(3) 176.0(1) PIRu—-P3 93.0(2) 90.4(1)
S1-Ru—P2 91.5(2) 89.6(1) P2Ru-P3 94.2(2) 95.9(1)
S1-Ru—P3 86.4(2) 86.2(1) RuS1-S2 105.7(4) 103.8(1)
S4-Ru-S5 53.3(3) 48.42(10) S1S2-S3 103.2(5) 103.6(2)
S4-Ru—P1 89.3(2) 91.04(9) S253-S4 102.0(6) 97.8(2)
Figure 1. ORTEP drawing of Ru(P(OMg}Ss (1). S4-Ru—P2 106.0(3) 107.6(1) RuS4-S3 111.0(4) 107.9(1)
. , S4-Ru-P3 159.5(3) 156.4(1) RuS4-S5 65.3(3) 68.0(1)
Behavior of 1 and 2 as a Sulfur Transferring Reagent. S5-Ru—P1 87.0(3) 88.67(10) S354-S5 99.6(6) 105.5(2)
The nucleophiles PRR = Ph, OMe, and OEt) are too reactive S5-Ru—P2 159.3(3) 156.0(1) RuS5-S4 61.4(2) 63.6(1)
toward 1 and 2 and abstract sulfur from the polysulfide ring, ) ) . .
forming the respective sulfides. The products were identified ruthenium atom in each case is pseudo-octahedrally coordinated

by comparing theiflP peaks with the reported values. We were DY Phosphite ands5” ligand. The & unit is linked to the Ru
not able to isolate any product from the ruthenium part, and &0m via S1, S4, and S5 sulfur atoms and thus it is a novel
the compound was thought to be decomposed. Room temper_tndentate chelating ligand. The distances of-f81 (2.463 A)
ature stirring of compounds and2 in dichloromethane with (V) 3”35‘2'3 S5 (2.479 A) (av) are comparable to the reported
RUCL(P(OE))4 (E = Me and Et) yielded the known disulfide- Va'UeS?’sE; iaan but Ru-S4 (2.396 A) (av) is significantly
bridged dinuclear ruthenium compound&LCI(P(OMe})2} »- shorter:®424°It suggests that the Rt54 bond is composed of
(-S5)(u-C)7]%° and [ RUCI(P(OED)s} 2(-S5)(u-Cl)7]4! with donor an_d acceptor bonds and is represented assaa&‘tw
SP(OE), The above transformations reveal that polysulfig&S The multipilicity of the Ru-S4 bond causes elongation of both
is fragmented to & and $? ions. adjacent S3S4 (2.05(1) A) and S4S5 (2.19(1) A) bonds in

Structures of 1 and 2.The molecular structures dfand2 1 but exceptionally only S3S4 (2.193(4) A) bond in complex
are shown in Figures 1 and 2. 2. These are longer than the usuat$ bonds (2.0%2.05

The major bond distances and angles are listed in Tables oA).#2:4446 All other S-S bonds are normal but the terminal
and 3, respectively. S1-S2 (1.986(10) A) bond il and the S4 S5 (1.995(4) A)

There are no basic differences between the structurds of 42) Rauchfuss. T B. Rodaers. D. P. S. Wilson. SJRm. Chem. Soc
and2, and they have a few common interesting features. The ¢ 1986 108 3114, gers, B 5 T T

(43) Amarasekera, J.; Rauchfuss, T. B. Reheingold, Ainbrg. Chem.
(40) Matsumoto, K.; Matsumoto, T.; Kawano, M.; Ohanuki, H.; Schichi, 1987, 26, 2017.
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bond in2 are shorter compared to the normat S bond. This
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During the reaction, there was a distinct smell gfStHHand

is reasonable considering the Hordvik hypotheses that thethe formation of SP(OMg)and SP(OEY was confirmed by
terminal S-S bonds should reach a minimum value of about 3P NMR. It indicates that presumably the reactions occur

2.02 A in polysulfide chainé’ The Ru-S bond distances trans
to trimethyl phosphite ligands ihand trans to triethyl phosphite

according to eq 1.

ligands in2 are almost same, which suggests that there is no H,RUu(P(OE})), + §;—

significant difference in trans effect between the two phosphite

ligands. The Ru-P distances (2.239 A) (av) fdrand (2.243
A) (av) for 2 are shorter compared to the reported Ru{R)
distances (2.322.35 A)4849 |n both compounds RuP1
distances (2.251 A) (av) are larger than those of-Ra (2.233

Ru(P(OE)),S; + H,S+ SP(OE} + S (1)

Rationale of Accommodation of 8~ and Optical Activity
in 1 and 2. The complexes M(PM#:S; (M = Ru and Os)
possess &~ ion,%8 whereas Ru(P(OE)sSs contains &~ ion.

A) (av) and Ru-P3 (2.238 A) (av). It reveals that P1 trans to  steric factors and electronic effect are expected to dictate the
S1 exerts a stronger trans effect than P2 trans to S5 and P3jng size around the metal atom, but no definite explanation

trans to S4, as S1 is more linear to P1{Ru—P1= 175.3)
(av) than S5 to P2 (S5Ru—P2 = 157.6) (av) and S4 to P3
(S4-Ru—P3 = 157.9) (av). It is also notable that although

can be given here for the difference of the sulfur ring size of
the two Ru complexes. The coligand in the complex Ru-
(PMe3)sS; is PMe;, whereas that il and2 is P(OE), and as

the slight bendings of S5 to P2 and S4 to P3 are to the samethe phosphites are bulkier than the corresponding phosphines,

extent, the RaP3 in average is still a little longer than that of

the Ru-P2 distance due to the bond multipilicity of the Ru

the accommodation of smallet? ion seems reasonable in the
case ofl and2. The S?~ in Os(PMe)sS; is coordinated to an

(S1-S2-S3), 99.9 (S2-S3-S4), and 102.5(S3—-S4-Sb), are
smaller than the normal-S5—S angle ina—Sg (107°).5° The

Ru—S1-S2 bond angles are also smaller (10%(av) than that
reported for the RUSSRu core compounds, where theSRtS

is ca. 109.4050
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24, 742.

S2- is linked to Ru atom making three- and five-membered
strained rings. The flexibility in 8~ will be more effective in
minimizing the ring strain, resulting in two five-membered
bicycles, and in attaining more symmetry than that for the case
of S$2~. Since both crystals have optically active space groups
and bothl and?2 are optically active molecules, both crystals
were checked for their activity in solution. However, both
crystals were racemic mixtures and did not show any optical
activity.

Supporting Information Available: An X-ray crystallographic file
in CIF format for structures of and2. This material is available free
of charge via the Internet at http://pubs.acs.org.
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