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Higher-Nuclearity Heterometallic Sulfide Clusters

Seiji Ogol2 Takayoshi Suzukila? Yoshiki Ozawal¢ and Kiyoshi Isobe*1d

Department of Structural Molecular Science, The Graduate University for Advanced Studies, Institute
for Molecular Science, Myodaiji, Okazaki 444, Japan, Department of Material Science, Himeji Institute
of Technology, Harima Science Park City, Hyogo 678-12, Japan, and Department of Material Science,
Faculty of Science, Osaka City University, Sugimoto, Sumiyoshi-ku, Osaka 558, Japan

Receied February 22, 1996

This paper reports (i) a rational synthesis of heterometallic sulfide clusters witB-N1' (M and M = Rh, W,

and Cu) groups, (ii) structures and bonding of the $-M' groups determined by X-ray crystallographic analysis
and IR spectroscopy, and (iii) reactivity of the-Ns—M' groups unique to higher-nuclearity heterometallic sulfide
clusters toward BED and BS. A branched-type octanuclear sulfide clusf&€g*RhP(OE(u-WS,)(CuCl)Cuy »-
(u-Cl)] (4, Cp* = 55-CsMes) was stepwise prepared from the following sequence: [Cp*RhP§OE})(1,
mononuclear)—~ [Cp*RhP(OEt}WS,] (2, dinuclear)— [Cp*RhP(OEty(u-WSs)CuCl] (3, linear-type trinuclear)

— 4 by a systematic building-block method. A bridging sulfide ligand in the 8¢ Cu group of4 reacts with

a water-saturated Gil;, solution to convert the terminal O atom dfGp*RhP(OEt}(u-WOSs)(CuCl)Cu 2(u-

Cl);] (5, linked incomplete cubane-type octanuclear) with a drastic structural change in the cluster framework.
The transformation reaction dfto 5 includes the first example of the conversion of the bridging S atom in the
M—S—M’ group into the terminal O atom without releasing the metal atoms, and this reaction is peculiar to the
higher-nuclearity heterometallic sulfide cluster Clusters4, 5, and6 ([Cp*RhP(OEt}(«-WOSs)CuCl], butterfly-
type trinuclear) react with §$ in CHCI, giving 3 as a major product. The formation 8fin these reactions are
based on the reactivity of MS—Cu groups in the sulfide clusters toward34 the f«3-S)—Cu bonds are easily
broken by HS, but not theg,-S)—Cu ones. The crystal data fay 2, 3, 4, 5, and6 confirmed by X-ray analysis
are as follows. 1: CigH30Cl.OsPRh, orthorhombicP2;cn, a = 8.988(3) A,b = 28.591(5) A,c = 8.276(3) A,

Z = 4. 2. CieH300sPRhSW, monoclinic,P2y/n, a = 14.633(2) A,b = 15.191(2) A,c = 11.490(1) A8 =
104.97(1y, Z = 4. 3: CyeH3CICUO;PRhSW, monoclinic, P2;/m, a = 10.221(2) A,b = 11.943(2) A,c =
10.809(1) A8 = 94.40(1}, Z = 2. 4: CaHeoClaCwOsP:RMSsW2, monoclinic, P2:/n, a = 10.170(3) Ab =
14.495(3) Ac = 19.411(3) A8 = 104.42(1}, Z = 2. 5:2DMF: CagH74ClaCusN2010P,R,SeW,, monoclinic,
P2i/c, a=10.011(3) Ab = 17.115(3) Ac = 18.678(3) A, = 95.10(2}, Z = 2. 6: Ci6H3CICUOPRhSW,
orthorhombic,P2inb, a = 14.515(2) A,b = 17.225(3) A,c = 10.261(3) A,Z = 4.

Introduction rization (HDS) catalys®. The great majority of these studies
have been carried out with sulfide ligands linking homometal
atoms (represented by#5—M groups; M= Mo?) of dinuclear
complexes, while few have utilized sulfide ligands linking
heterometal atoms (MS—M' groups; M= Mo,® and W/ M’

= Fe8 Rh/ and CU) of heterometallic sulfide clusters, because

The reactivity of bridging sulfide ligands linking transition
metal atoms toward water, hydrogen sulfide, and atmospheric
oxygen have been extensively studfesh as to elucidate the
mode of action of these bridging sulfide ligands in the biological
systems (e.g. FeS—Mo systems in the active site of nitrogenase . .~ .
e)rgzyme%(angd Mo—S—Cuysystems that are known as thge Mo tis difficult to construct systematically the MS—M' frame-

Cu antagonism for ruminant animdlsand in the industrially ~ WOrks 2[” such sulfide clustefs. The reason thiotungstate
catalytic processes (e.g. RB—Mo systems in hydrodesulfu- (JWS4]%7) is used for preparation of the heterometallic sulfide
clusters in this study is that the W8nit is much more useful

*To whom all correspondence should be addressed. to construct rigid higher-nuclearity cluster frameworks than the
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Recently, in our preliminary communicatiohsye reported Results and Discussion

a rationally stepwise synthesis of the heterometallic sulfide  Synthesis of Heterometallic Sulfide Clusters.The studies
clusters with the MS—M" (M and M = Rh, W, and Cu)  of organometallic tetrathiometalate complexes by Raucf#iiss

groups: [Cp*RhP(OEELCI;] (1, mononuclear, Cp*= 7°-Cs- stimulated much interest in using the organometallic groups for
Mes)) — [Cp*RhP(OEWS] (2, dinuclear)—~ [Cp*RhP(OE- synthesis of sulfide clusters. An organorhodium group, Cp*RhP-
(u-WS4)CuCl] (3, linear-type trinuclear)> [{ Cp*RhP(OEt)(u- (OEt), in which the Rh atom has an octahedral coordination
WSy)(CuCl)Cud »(u-Cl)7] (4, branched-type octanuclear) (Scheme geometry with two vacant sites, appears to be a useful terminal
1) and a unique three-step cyclic reaction3ofIn this paper, building-block for the rational synthesis of several heterometallic

we will describe (i) the full account of the construction of the sulfide clusters with the MS—M' groups’-# The reasons the
M—S—M'’ framework in the higher-nuclearity heterometallic organorhodium group is so important to construct such sulfide
sulfide clusters, (i) the structural and bonding study of the clusters are as follows: (i) The Cp*RhP(Ofgroup prevents
M—S—M'’ groups of such sulfide clusters whose structures were the products from polymerizing and controls an expansion
unequivocally determined by X-ray analysis, and (iii) the scope direction of the cluster frameworks by acting as the terminal
of the reactivity elucidation of the MS—M' groups toward  Puilding-block. (i) The organorhodium group enables the

H,O and HS by extending the sulfide compoundse, 4, 5, clusters to be soluble in common organic solvents by hydro-
and6 ([Cp*RhP(OEu-WOS)CuCl], butterfly-type trinuclear) ~ Phobic Cp* and P(OEggroups.
(Scheme 2). (10) (a) Howard, K. E.; Rauchfuss, T. B.; Rheingold, A.J_Am. Chem.

S0c.1986 108 297. (b) Howard, K. E.; Rauchfuss, T. B.; Wilson, S.
R. Inorg. Chem.1988 27, 1710. (c) Howard, K. E.; Rauchfuss, T.
(9) Harmer, M. A.; Sykes, A. Glnorg. Chem.198Q 19, 2881. B.; Wilson, S. R.Inorg. Chem.1988 27, 3561.
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Figure 1. ORTEP drawing of [Cp*RhP(OESEI;] (1).
[WORS4—n]? (n = 0 or 1) and CuCl are employed as other C14

building-blocks. [WQS4-n]2~ commonly function as polyden-  Figure 2. ORTEP drawing of [Cp*RhP(OE{WVS,] (2).

tate ligands owing to the strong coordination ability of the S 16 .
atoms!! CuCl readily binds to the S atoms of the tetrahedral RNPPBCL].™ The distances between Rh atom and carbons of

WO.S,12- ligands with formation of a trigonal plan the C_p* ring of complext in the solid state are not equivalent;
[S)zca%l rgr . 't%trah e(\?/l\:‘lalbt(S)zCU(lu-Cl)z fran'qge - W‘?ﬂchaf’h{e the distances of RRC3 and Rh-C4 (2.22(1) and 2.21(1) A,

- o i respectively) trans to the P(OEf)gand are longer than those
u-Cl atoms link the [W@S,—]* units:® Thus, the clusters = o "1 g’ oo and RR-C5 (2.16(1), 2.17(1), and 2.14(1)
de;crlbed n th_'s baper are construc;?d fr(\)/fn three types OfA, respectively) trans to the Cl ligands. This result indicates
building-blocks: tetrahedral [W¢34—n]>~ (WY belongs to

. that the P(OERligand has a greater trans influence than the Cl
early* and 6th-), octahedral Cp*RhP(OE(RN" to middle- ;0014 'I('hus? the bond distance of 4G4 (1.39(2) A) of the

13 an(_j _5th;), and trigonal planar or tet_rahiedral Cuc!l(@ljate- Cp* ring is shorter than those of €3 and C4-C5 (1.43(1)
transitiod® metal atoms and 4th-period in the periodic table). and 1.45(2) A, respectivelyy.

We have obtained the starting material with the terminal  Structure of [Cp*RhP(OEt) sWS4] (2). The molecular
building-block, [Cp*RhP(OEECI;] (1), from the reaction of  structure of the dinuclear sulfide compl2xietermined by X-ray
[(Cp*RhCl)x(u-Cl)2]*# with P(OEty. The chloride ligands in  analysis is shown in Figure 2. Rh and W atoms have an
complex1 are readily replaced by S atoms of [W5 to give octahedral and tetrahedral coordination geometries, respectively.
the neutral dinuclear complex [Cp*RhP(OBYS] (2), quan- The Rh--W distance, 2.9044(7) A, is similar to that of the
titatively. The dinuclear complex regiospecifically reacts with  trinuclear sulfide cluste§[Cp*RhCl(u-S)} W] (2.908(2) A)10¢
CuCl to afford the trinuclear cluster [Cp*RhP(OER-WS,)- The W-S(bridge) bond distances (average 2.249 A) are
CuCl] (3) because of the strong coordination ability of the considerably longer than the WAS(terminal) ones i2 (average
terminal S atoms of the [Wi~ group (Scheme 1). The 2.152 A) and in [NH]J[WS,] (average 2.165 Af with some
trinuclear clusteB performs regiospecific CuCl addition at S1  double bond charactét® A similar framework is found in
(or S1*) and S2 atoms to form the octanuclear cluster the dinuclear complex of ftcymene)Ru(PR(u-SpWSZ|%in
[{ Cp*RhP(OER(u-WSs)(CuCCu (u-Cl)7] (4). This regiospe- which the W~S(bridge) and the WS(termlnal) b.ond distances
cific addition is attributed to the steric demands of the Cp* and average 2.237 and 2.153 A, respectively. The infrared spectrum
P(OEt) ligands. Cluste#, however, did not react with further ~ Of complex 2, therefore, exhibits twas,—s bands, one for
CuCl under several conditions, e.g., reflux in dichloromethane ths(brldge) (430 crm¥) and the other for WS(termlnaI) (492
or acetonitrile for several hours. Clust&and6 were also ¢ )- The Rh-W=S3 angle (113) of 2 is smaller than the

prepared by the similar method by analogously regiospecific Rh—W-—54 angle (139 owing to a steric effect of the

o gl triethylphosphite group.
CuCl-additions to the [WOg?" building-block. Structure of [Cp*RhP(OER) s(u-WS4)CuCl] (3). Although

Structure of [Cp*RhP(OET) 5Cl] (1). The Rhatomhasan  ihere are geometrically several possible isomers for clster
octahedral coordination geometry (Figure 1) and bonding pased on the difference in the binding site of CuCl on they WS
parameters similar to those of [Cp*RhPM,]'> and [Cp*- core, the CuCl addition takes place specifically at the terminal
S3 and S4 atoms d, but not at S1 (or S2) and S3 (or S4),
(11) Muller, A.; Diemann, E.; Jostes, R.;"Bge, H.Angew. Chem., Int. giving a sole isomer 08.

a2) %:')- CEIQ%'-glg\’f/Jj é%ai’ti‘:éood C. D Gamer, C.Ata Crysiallogt As depicted in Figure 3, the trinuclear sulfide clusr
Sect. C1987, 43, 786. (b) Seheresse, F.. Befse S.; Robert, F.;  Possesses a crystallographic plane of symmetry, and the three
Jeannin, YJ. Chem. Soc., Dalton Tran£991, 2875. (c) Jeannin, Y.;
Secheresse, F.; BetseS.; Robert, Finorg. Chim. Actal992 198— (16) Kang, J. W.; Moseley, K.; Maitlis, P. M. Am. Chem. S04969 91,
200, 493. 5970.

(13) Wilkinson, G. (Editor-in chiefComprehensie Coordination Chem- (17) The other €&C bond distances: CiC2 and C%+C5 of the Cp* ring
istry; Pergamon Press: Oxford, U.KL987. of complex1 are 1.43(1) and 1.42(2) A, respectively.

(14) White, C.; Yates, A.; Maitlis, P. Minorg. Synth.1992 29, 228. (18) Sasva, K. Acta Crystallogr.1963 16, 719.

(15) Isobe, K.; Bailey, P. M.; Maitlis, P. Ml. Chem. Soc., Dalton Trans. (19) Belton, P. S.; Cox, I. J.; Harris, R. K.; O’'Connor, MALst. J. Chem.
1981, 2003. 1986 39, 943.
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Figure 3. ORTEP drawing of [Cp*RhP(OEf{u-WS,)CuCl] (3).

Table 1. Values of Formula Weights, Molecular Weights in
Dichloromethane by Vapor Pressure Osmometry, aads (cm2)
in Mineral Qil, Dichloromethane, and Acetonitrile f8-6

compound
3 4 5 6
fw 815.4 1828.8 1796.7  799.3

mol wt in dichloromethane 80% 39 915+ 30 903+ 28 810+ 18

vw-s in mineral oil 466, 446 478, 456, 434 440 460, 444
vw-gsin dichloromethane 471, 448 478, 458, 440 442 466, 445
vw-s in acetonitrile 470, 450 470, 450 465, 444 465, 446

metal ions are arranged in an approximately linear fashion
(Rh—W—-Cu = 166.17(4)). The SEW-SI bite angle
(105.31(7j) for the octahedral Rh atom is smaller than the-S2
W—S3 bite angle (108.4(3) for the trigonal planar Cu atom.
All of the M—S—M' groups in3 haveu,-S coordination modes.
The W—S2(—Cu) and W-S3(—Cu) bond distances i are
considerably elongated from the-¥§(terminal) ones (average
2.152 A) in2. The IR spectrum 08 shows two bands at 466
cm ! (W—S2(-Cu) and W-S3(—Cu)) and 446 cm! (W—S1-
(—Rh)) which are downshifted and upshifted, respectively, from
those of2 (Table 1). The CuS bond distances (average 2.234
A) of cluster3 correspond well to those if CuCl(u-S)} W]
(average 2.237 AY®

The linear-type framework of8 is preserved in dichlo-

Ogo et al.

Figure 4. ORTEP drawing of {Cp*RhP(OEt}(u-WS4)(CuCl)Cu »(u-
Cl)2] (4).

one. The M-S (M = Rh", WV, and CU) bond distances are
shown in Figure 5. The RRS bond distances are not different
between Rk (u2-S) and Rh-(u3-S) bonding modes, indicating
a negligible contribution of the RhS 7-conjugation by using
the lone pairs of the S atoms.

Bernholc and Stiefel reported that the HOMO of the [MIBS
ion is mainly composed of the S 3p orbitals, the LUMO contains
a great portion of the Mo orbitals, and the interaction of the
[MoS4)%~ ion with acceptor orbitals would primarily involve
the S atom3! In our case, the Cp*RhP(Oktiragment has no
m-symmetry acceptor orbitals to interact with S 3p orbitals of
the [WS]2~ ion, and therefores-symmetry orbitals, but not
m-symmetry ones, would be mainly used for the interaction of
the [WS]?~ ion with the Cp*RhP(OE) fragment??

In contrast, the W(u3-S) bond distances (WS2(—Rh,
—Cu2) and W-S3(—Cul,—Cu?2) are 2.267(2) and 2.236(2) A,
respectively) are significantly longer than the-\{(:>-S) ones
(W—S1(Rh) and W-S4(—Cu1l) are 2.223(2) and 2.173(2) A,
respectively), suggesting that the-\8 bond would be weakened
by coordination of the S center to Cu atoms due to a
m-conjugation of the W-S—Cu groups like that of the allyl
cation10023 The Cul atom has a slightly distorted tetrahedral
coordination geometr§# but the Cu2 atom has a trigonal planar
one?> Cu-S bond distances in the tetrahedral coordination are
longer than these in the trigonal planar coordination. When
Cu has a trigonal one, vacant Cu 4p orbitals may be used to
form a strongr-conjugation of the W-S—Cu groups??

The observed molecular weight dfin dichloromethane is
ca. 915, which is half the value of the molecular weight in the
solid state (formula weight of: 1828.8) (Table 1). The IR

romethane or acetonitrile. Vapor pressure osmometry showedSPectrum of4 in dichloromethane shows threg—s bands at

that the value of the molecular weight ®in dichloromethane

478, 458, and 440 cm which agree well with the bands at

is ca. 805, which corresponds to that of the undissociated 478, 456, and 434 cnt in the solid state (in mineral oil). The

molecule (formula weight 08: 815.4) (Table 1). The infrared
spectrum of3 measured in dichloromethane showed twos
bands at 471 and 448 crhand in acetonitrile at 470 and 450
cm™1; these values agree well to those obtained in the solid
state (in mineral oil, 466 and 446 c’). Furthermore, théH
NMR spectrum of3 in CD,Cl, or CDsCN did not show any
temperature dependence.

Structure of [{ Cp*RhP(OEt) 3(#-WS4)(CuCl)Cu} 2(u-Cl)7]
(4). Cluster4 has a branched-type octanuclear framework{Rh
W—Cul and RR-W—Cu2 are 172.43(3) and 90.73{3)espec-
tively) with a crystallographic inversion center (Figure 4). The
distance Cu%Cl1* (2.387(3) A) is almost same as CuCl1
(2.332(3) A) in the bridging system, indicating that Cul and
ClI1* atoms have a bonding interaction to stabilize the octa-
nuclear structure cfin the solid state. Clusterhas four kinds
of bridging S atoms: two of them (S1 and S4) have a
uz-coordination mode, and other two (S2 and S3) have; a

(20) Seheresse, F.; Salis, M.; Potvin, C.; Manoli, J. Morg. Chim. Acta
1986 114, L19.

spectrum of4 in acetonitrile gives twan,—s bands at 470 and
450 cnr! and corresponds to that 8fin acetonitrile (Table 1).
Thus, the coordination geometry arounad\VS,)%~ of 4 is
preserved in dichloromethane, but Cu2CI2 groups release from
[u-WS4]?~ in acetonitrile. Judging from the consequences of
both vapor pressure osmometry and infrared spectrometry of
4, in dichloromethane clustdrexists as a tetranuclear complex,
[Cp*RhP(OE(u-WSy)(CuCl),] cleaved at the crystallographic

(21) Bernholc, J.; Stiefel, E. Inorg. Chem.1985 24, 1323.

(22) Otsuka, S.; Tatsumi, Kstractural Chemistry of Metal Complex. Based
on Molecular Orbital MethodKodansha Ltd.: Tokyo, 1986.

(23) (a) Du, S.; Zhu, N.; Chen, P.; Wu, X.; Lu, J. Chem. Soc., Dalton
Trans.1992 339. (b) Zhu, N.; Du, S.; Chen, P.; Wu, ¥. Cluster
Sci. 1992 3, 201.

(24) Cul-S4=2.291 A Cut-S3=2.299 A, Cut-Cl1=2.332 A, and
Cul—Cl1* = 2.387 A. The distances between Cul and a centroid of
the S3CI1CI1* plane (represented by Gt(B3CI1CI1%)) is 0.835 A.
Cul—(S4CI1CI1*) = 0.787 A, Cut(S3S4Cl1*)= 0.704 A, and
Cul—(S3S4Cl1)= 0.735 A.

(25) The two different geometries around Cu atoms in a discrete molecule
are also found in{MS4(CuCl)%Cu} 2(u-Cl)z]*~ (M = W, Mo; see ref
12).
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Figure 5. (a) M—S bond distances (A) of compoun@s-6. *M—(us-S). T The numbering of the compound$.Cul—Sp (for 3 and 4) and
Cul-Sa (for 5). (b) S\ = S1 (for2 and4), S1* (for 3); Ss = S1 (for3), S2 (for2 and4); Sc = S2 (for 3), S3 (for4), S4 (for2); Sp = S3 (for
2 and3), S4 (for4). (c) S\ = S1 (for5), S2 (for6); Ss = S1 (for6), S2 (for5); Sc = S; (for 5 and6).

Cluster5 exists as a tetranuclear complex, [Cp*RhP(QEL)
0_8 02 o Q (u-WOS)(CuCly,], in dichloromethane, but in acetonitrile
\g@ Q/ converts to [Cp*RhP(OE#ju-WOS;)CuCl] (6) and CuCl. The
) IR spectrum of5 in dichloromethane shows one strong s
" band at 442 cmt, which almost coincides with that in the solid
= \O_O state (440 cmb). The spectrum ob in acetonitrile displays
? two bands at 465 and 444 ch These values correspond to

those (466 and 445 cmh in acetonitrile) for6. The observed

molecular weight of5 in dichloromethane is ca. 903, corre-

o sponding to half of the molecular weight 6fin the solid state

(formula weight of5: 1796.7) (Table 1).

°19Q@°5 Structure of [Cp*RhP(OEt) s(u-WOS)CUCl] (6). As
Qj@x shown in Figure 7 the trinuclear clustéhas a butterfly-type

c18 c17 framework23228in which the three metal atoms are arranged

Figure 6. ORTEP drawing of {Cp*RhP(OEf)(u-WOSs)(CUCl)CW (- in a right-angled fashion (RAW—Cu = 91.87) and the S1

Cl)z]-2DMF (5-2DMF). atom has auz-coordination mode. The WO bond distance

inversion center. In acetonitrile further dissociation takes place (1-72(1) A) is in the normal double bond distance ratfge.

to form 3 and CucCl. The butterfly-type framework 06 is preserved in dichlo-
Structure of [{Cp*RhP(OEt)3(u-WOS3)(CuCl)Cu} 2(u- romethane and acetonitrile. The IR spectrum of cluger

Cl),] (5). As depicted in Figure 6 clustes has a linked measured in dichloromethane shows o bands at 466 and

incomplete cubane-type octanuclear framework in which two 445 cnT'and in acetonitrile at 465 and 446 chithese values

incomplete cuboidal subunits, ##s-S) (M = Rh, W, and Cu), agree well with those obtained in the solid state (in mineral

are linked by two Ctr (u2-Cl)-+-Cu bridges. Although both Cu1l  0il) at 460 and 444 cmt (Table 1). Vapor pressure osmometry

and Cu2 have a trigonal planar coordination geometry, Cul hasshows that the value of the molecular weightéoin dichlo-

a weak interaction with the neighboring CI* atom to reflect a romethane is ca. 810, indicating the undissociation (formula

weak dimerization in clustes (the distances of CuiCI1 and weight of 6 799.3) (Table 1).

Cul—Cl1* are 2.232(3) and 2.531(3) A, respectivet§). Dimerization Ability. In dichloromethane clustedsand5
The W atom has a distorted tetrahedral coordination geometry exist as the tetranuclear clusters [Cp*RhP(QEt)VSs)(CuCl))

with one W—0 bond (1.699(7) &Y and three W-(u3-S) bonds and [Cp*RhP(OE®u-WOS3)(CuCly], respectively, which

(all are approximately the same as one another: average 2.26@imerize to octanuclear in the solid state. In contrast, clusters

A) reflecting one strongr,—s band at 440 cm! in the IR 3 and6 exist as the trinuclear forms both in dichloromethane

spectrum of5 in mineral oil (Table 1).

(27) The W-0 bond distance is in the normal double bond distance range
(26) The distance between Cul and a centroid of the S1S3CI1 plane (see ref 12c).
(represen}\ed by Cud(S1S3CI1)) is 0.323(1) A. Cu(S2S3CI2) is (28) Zhu, N.; Du, S.; Chen, P.; Wu, X.; Lu, J. Coord. Chem1992 26,
0.092(2) A. 35.
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Cé

Figure 7. ORTEP drawing of [Cp*RhP(OEi{u-WOS;)CuCl] (6).

and in the solid state. These differences in the dimerization
ability may depend on the amount of the positive charges on
the Cu atoms. The binding energy of Cusggfor X-ray
photoelectron spectra of the dimedid Cp*RhP(OEt}(u-WSy)-
(CuCl)),, displays Cu atoms having a slightly higher positive
charge (932.6(1) eV) than that of clus®(932.3(1) eV, Table

2) even though the Cu atoms in the dimeficbind to the
bridging negative Cl ligands to construct the$),Cu(u-Cl),
frame. Thus, it is reasonable to suppose that the monomeric
with the @-S),CuCl frame has much higher positive charged
Cu atoms to bind the ClI ligands in the other monomeric form,
to afford the dimerid.

The X-ray crystallographic analysis indicates that the further
association of clustet does not take place at the Cu2CI2 (or
Cu2*CI2*) group owing to the increasing steric hindrance of
the P(OER groups on the dimerization. Similarly, in cluster
the steric hindrance of the P(OE@Qroups prevents the Cul

and Cu2 atoms from having a tetrahedral coordination geometry,

reflecting the weak interaction between CulCl1 and Cul*Cl1*
groups in clusteb.
Reactivity toward Water. The branched-type sulfide cluster

Ogo et al.

vide infra. The several attempts to obtd&rfrom 4 by using
two-phase conditions (water and dichloromethane), aqueous
acetonitrile solution, and basic conditions in common solvents
were not successful. Under two-phase conditions (water:
dichloromethane= 1:1) the reaction off with vigorous stirring

at room temperature rapidly gavel NMR signals due ta3

(ca. 50% for 48 h, calculated B4 NMR based on the signal
intensity of Cp*),6 (ca. 28%),1 (ca. 9%), and uncharacterized
products.

A tentative mechanism of the transformation reactién~<
5) is shown in Scheme Z. The water molecules in the water-
saturated dichloromethane solution interact with the W and S4
atoms of4 to give an intermediary species that has-@—H
and Cu-S4—H groups, and then it is transformed3o X-ray
results of4 and5 indicate that the S4 atom is replaced with the
O atom, specifically. The reasons the®molecule specifically
interacts with the S4 atom of the four S atoms in tia&S,]%~
group in clusted are as follows. (i) The steric hindrance due
to the presence of the bulky Cp* and P(QHiyands prevents
the interaction of water at S1 and S3 atoms. (i) TheS4
atom has much enough electrons to easily interact with ga@ H
molecule compared with the;-S3 atom; i.e., the lone pairs of
electrons on bridging sulfide ligands might be influencing the
reactivity observed.

It was confirmed that the W atoms of clus#&have higher
positive charge than those @fand3 by the measurements of
binding energies of W 4f, for the X-ray photoelectron spectra
of 2 (33.5(1) eV),3 (33.3(1) eV), and! (33.8(1) eV, Table 2).
Hence the W atoms of clustér can readily attract the OH
group of water molecules. The differences in the reactivity of
the W—S(—Cu) groups oR, 3, and4 toward water seem to be
dependent on the charge densities of W atoms.

Reactivity toward Hydrogen Sulfide. Cluster5 reacts with
H2S in dichloromethane at room temperature gividigand
CwS*0 immediately (Scheme 2). This reaction is based on a
unique reactivity of the W S—Cu groups in the cluster toward
excess HS, that is, the Cugz-S) bonds are easily broken by
H,S, but not the Cug(>-S) one.

'1,[{ Cp*RhP(OEt)(u-WOS,)(CuCI)C4 ,(u-Cl),] +
%,H,S — [Cp*RhP(OEty(u-WS,)CuCl] + /,Cu,S +
H" + CI” + H,0 (2)

4 reacts with a water-saturated dichloromethane solution at room Although we performed the reaction df or 6 with H,S
temperature for 60 days to give incomplete cubane-type sulfide gas—each reaction also gaBeand CuS as major productsto
cluster5in a 51% yield (eq 1, Scheme 2). This transformation elucidate the mechanism of the reaction represented by eq 2,
we did not find clearly reaction intermediates and which
sulfurization of the W=0O or the CuClI groups irb is faster.
Probably, the CuCl sulfurization to giveas an intermediate is
much faster than the WO one to givet as shown in a possible
mechanism (Scheme 4).

[{ CP*RhP(OEt)(1-WS,)(CUCHCu ,(u-Cl),] + 2H,0 —
[{ CP*RhP(OE)(u-WOS,)(CuChCu ,(u-Cl),] +

AH" + 2% (1)

reaction of4 to 5 is peculiar to the higher-nuclearity (tetranuclear Experimental Section
in_ CHCIy) hgterometallic sulfide C:_|USte4’ but _not to the Materials and Methods. Compoundsl, 2, 3, 5, and6 are stable
dinuclear sulfide compleg and the trinuclear sulfide clustér to air, and cluster is slightly moisture-sensitive. All preparative
under similar conditions. The reaction includes the first example procedures were routinely carried out under an argon atmosphere.
of the conversion of the bridging sulfide ligand in the-\8— Acetone was dried with anhydrous Casahd then distilled. Aceto-
Cu groups into the terminal oxide ligand without releasing the nitrile, dichloromethane\,N-dimethylformamide (DMF), and toluene
Cu atom<$ As the reaction proceeds, the amount gfoHn were distilled from calcium hydride. Diethyl ether was distilled from
the reaction System decreaseS, which was Conﬁrmedl_by |IthIUm alumirlur_n hydrlde Methano! was distilled from magnesium
NMR, but H,S was not detected By NMR or by an HS gas turnings and iodine. The organorhodlum com_plex [(Cp*Rb(@#ﬁl)z]
detector tube. was prepared by the method described in the literdtur@he

The use of the water-saturated dichloromethane solution is
essential. If the content of water in the reaction system is
increased, the decomposition reaction of clugdtéakes place,

(29) This is referred to the mechanism of the conversion of [NfoSo
[MoOS;]2~ by Harmer and Sykes (see ref 9).
(30) The reaction gives a black precipitate of,Summediately.
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Table 2. Binding Energies (eV) for X-ray Photoelectron Spettra MK 1l electron spectrometer by use of Mgkradiation, and the binding
d Rh W (4f Cu (2 energies were corrected by assuming the C 1s binding energy of the
compoun (3¢k) (4fr) U (2r2) carbon atoms of the ligand in specimens as 284.6%V.
%gngﬂﬁggggs\% ](%)2) ggg-ii 1 3350 1 [Cp*RhP(OEt) sCl,] (1). To a suspension of [(Cp*RhGk-Cl)J]
p : : (10.6 g, 17.1 mmol) in toluene (250 épwas added triethyl phosphite
[Cg?gl’]:’gai(ﬂ‘w&)‘ 309.1+1 3331 9323+1 (6.08 g, 36.6 mmol) at room temperature, and the mixture was stirred
for 2 h giving a deep red solution. On evaporation of the solvent, red
[{Cp*RhP(OEt)(u-WSs)- 309.7+1 338+1 932.6+1 . L e oo
(CUCHCY (u-Cl)s] (4) crystals ofl were obtained and dried in vacuo (yield: 98%). Anal.

Calcd for GeH3oCl.OsPRh: C, 40.44; H, 6.36. Found: C, 40.31; H,
@These values are corrected by assuming C 1s binding energy in6.08. *H NMR (CDCl, 23 °C): 6 1.30 (t, 3Jun = 7.0 Hz, 9H,

the compounds as 284.6 eV. —CH,CHa), 1.66 (d,*Jp = 5.2 Hz, 15H,—CH3(Cp")), 4.25 (dq.2Jpn
= 7.0 Hz,3J4n = 7.0 Hz, 6H,—CH,—).
thiometalates [PAP][WS,] and [NHy],[WOS;] were prepared by a [Cp*RhP(OEL) sWS4] (2). A methanol solution (50 cfhof 1 (2.00

method similar to that for [PRB[M0S4]3! and by the method described g, 4.21 mmol) was added to a methanol solution (£.20° cn¥) of
in the literature®? respectively. [NH]JJWS,] and AgPR were purchased [PPh][WS4] (4.17 g, 4.21 mmol) at room temperature. The mixture
from Aldrich Chemicals. Triethyl phosphite and copper(l) chloride was stirred for 12 h to yield a red precipitateyfwhich was collected
were purchased from Wako Pure Chemical Industries, Ltd. Hydrogen by filtration, washed with methanol (8 50 cn?¥) and diethyl ether (3
sulfide gas (99.99%) was purchased from Nippon Sanso Corporation x 20 cn¥), and dried in vacuo. Further crystals2ivere obtained by
and was used without further purification. Hydrogen sulfide gas evaporating the filtrate to ca. 100 éimelow 30°C (yield: 91%). Anal.
detector tube (the lower limit is 0.1 ppm) was purchased from Gastec Calcd for GeHz0OsPRhSW: C, 26.83; H, 4.22. Found: C, 26.89; H,
Corporation. 4.04. 'H NMR (CDCls, 23 °C): 0 1.27 (t,%Jun = 7.0 Hz, 9H,
IH NMR and *C NMR spectra were recorded on JEOL 270 and —CHxCHs), 2.02 (d,*Jpn = 5.2 Hz, 15H,—CHs(Cp')), 4.04 (dg,*Jp 1
400 MHz spectrometers (JNM-EX 270 and 400) and reported in ppm = 7.0 Hz,3J44 = 7.0 Hz, 6H,—CH>—).
vs TMS. IR spectra of solid compounds in mineral oil (Merck Paraffin [Cp*RhP(OEL) 3(#-WS4)CuCl] (3). Cluster3 was obtained from
fltissig) were measured on a Hitachi 270-30 IR spectrophotometer in a reaction o (1.00 g, 1.40 mmol) and CuCl (0.140 g, 1.40 mmol) in
the range 4000400 cnt?, and those in dichloromethane or acetonitrile  acetonitrile (100 crf). After being stirred for 12 h at room temperature,
were measured by using a KBr cell for liquid on a Perkin-Elmer 1600 the mixture was concentrated to 30%giving red crystals, which were
series FTIR spectrophotometer in the range-8000 cn™. The values collected by filtration, washed with a small amount of diethyl ether,
of molecular weights of compounds were obtained from the measure- and dried in vacuo (yield: 91%). Anal. Calcd forgH3CICuGs-
ment of vapor pressure of the samples by using a Knauer vapor pressurdRhSW: C, 23.57; H, 3.71. Found: C, 23.36; H, 3.481 NMR
osmometer and calibrated with benzil in dichloromethane. X-ray (CD:Cl, 23°C): 6 1.33 (t,%un = 7.0 Hz, 9H,—CH,CHz), 2.05 (d,
photoelectron spectra were measured on a VG Scientific ESCALAB “Jpn = 5.2 Hz, 15H,—CH3(Cp*)), 4.05 (dq,%Jps = 7.0 Hz, 33y =
7.0 Hz, 6H,—CHy-).

(31) Hadijikyriacou, A. I. and Coucouvanis, org. Synth199Q 27, 39.
(32) McDonald, J. W.; Friesen, G. D.; Rosenhein, L. D.; Newton, W. E. (33) Mullenberg, G. E., Eddandbook of X-ray Photoelectron Spectroscopy
Inorg. Chim. Actal983 72, 205. Perkin-Elmer Corporation979
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Table 3. Crystal Data for Cluster§—6
compound
1 2 3 4 5(DMF), 6
chem formula (;6H30C|203PRh QeHgoO3PRh QaHgoClCUQ:,P Q2H50C|4CU405 C38H74C|4CU4N2 C16H30C|CUO4P
S\W RhSW P.Rh.SW2 O10P:RSW2 RhSW

fw 475.20 716.41 815.40 1828.81 1942.86 799.34
cryst syst orthorhombic monoclinic monoclinic monoclinic monoclinic orthorhombic
space group P2;cn (No. 33) P2;/n (No. 14) P2/m(No. 11) P2/n(No. 14) P2;/c (No. 14) P2;nb (No. 33)
alA 8.988(3) 14.633(2) 10.221(2) 10.170(3) 10.011(3) 14.515(2)
b/A 28.591(5) 15.191(2) 11.943(2) 14.495(3) 17.115(3) 17.225(3)
cA 8.276(3) 11.490(1) 10.809(1) 19.411(3) 18.678(3) 10.261(3)
pldeg 90 104.97(1) 94.40(1) 104.42(1) 95.10(2) 90

VIA3 2127(1) 2467.3(5) 1315.6(3) 2771.5(8) 3188(1) 2565.4(7)
z 4 4 2 2 2 4

radiation (Mo Ko) A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
tempfC 23 23 23 23 23 23

Dy/g cn3 1.484 1.929 2.058 2.192 2.024 2.069

Dn/g cn3 e 1.863 2.015 2.239 1.943 2.032

u(Mo Ko)/lem™ 11.4 58.2 62.8 67.5 58.5 63.6

no. of indep reflcns used for 1952 4407 3168 5504 5670 3325

calculatiort

R 0.049 0.040 0.045 0.043 0.047 0.054

Ru¢ 0.053 0.053 0.052 0.043 0.051 0.061

S 1.305 1.160 1.925 1.418 1.607 2.389

220 < 60, |Fo| > 30(|Fo|). PR = Z||Fo| = |Fel|/Z|Fol. ¢ Ry = (EW(|Fo| — |Fe)¥=W|Fo|D)Y2 4 S= (ZW(|Fo| — |Fel)®Y%(Ndata — Npa). €It can not
be determined because the crystald$ highly soluble in common solvents used for the measureme@tystals2, 4, and5 were slightly soluble
in the mixture of the liquids.

Table 4. Selected Interatomic Distancd#X) and Angles ¢/deg)

[{Cp*RhP(OE) 3(u-WS4)(CuCl)Cu} o(u-Cl)2] (4). A reaction of for [CP*RhP(OENCH] (1)

cluster3 (0.20 g, 0.25 mmol) with CuCl (0.025 g, 0.25 mmol) in

acetonitrile (20 crf) at room temperature gave immediately a precipitate Rh—CI1 2.381(3) RR-C5 2.14(1)
of 4, which was recrystallized from DMF/diethyl ether to give red Rh—CI2 2.411(4) P-O1 1.55(1)
crystals (yield: 97%). Anal. Calcd for @HeeCl.CUOsP:RSeW.y: Rh—P 2.268(3) P-02 1.570(9)
C, 21.02; H, 3.31. Found: C, 20.76; H, 3.184 NMR (CD.Cl,, 23 Rh—C1 2.16(1) P-03 1.59(1)
°C): 8 1.34 (1,3 = 7.0 Hz, 18H,~CH,CHa), 2.09 (d,Jpu = 5.2 Rh-c2 ;%;EB orcu ﬁigg
_ x 3 - 3 — — . .

Téﬁf_H) CH3(Cp*)), 4.02 (dg3Jp= 7.0 Hz,3Jy = 7.0 Hz, 12H, Rh—ca 221(1) Oacl1s 138(3)

[{ Cp*RhP(OEL) 3(u-WOS3)(CuCl)Cu} (u-Cl)7] (5). Cluster4 (1.00 Cl1-Rh—CI2 92.8(2) Cl2-Rh-P 90.7(1)
g, 0.55 mmol) slowly reacted with the water-saturated dichloromethane  CI1—Rh—P 88.2(1)

solution (0.12 mol dm?)3* at room temperature giving. After 60
days the solvent was removed to give a mixturd ehd5. The desired
cluster5 is soluble in chloroform bud is not. Thus, the difference in
the solubility for chloroform enables to separate clugidrom the

ether for compound, acetonitrile/diethyl ether fa2, and DMF/diethyl
ether for3—6. Crystal data and finaR values are listed in Table 3.
The X-ray intensities were measured at Z3 using graphite mono-
mixture. Clustes was recrystallized from acetonitrile (yield: 51%). chromatized Mo K radiation ¢ = 0.71073 A) on Rigaku AFC-5 (for
Cluster5 was also prepared from a reaction of cluséewith an 1), AFC-5R (for3—6), or Enraf-Nonius CAD4 (foR) automated four-
equimolar amount of CuCl in acetonitrile at room temperature (yield: circle diffractometer. They scan technique was employed at a scan
95%). ECp*RhP(OEt)(u-WOSs)(CuCl)Cy z(u-Cl)z]-2CH,CN was rate of 4.0 min~! (for 1), and thew —26 scan technique was employed
subjected to elemental analysis and NMR measurements. Anal. Calcdat scan rates of 1:65.0° min~t (for 2), 6.0° min~? (for 3 and5), and
for CseHeeClaCwN20sP.RSWo:  C, 23.02; H, 3.54, N, 1.49. 4.0° min~! (for 4 and6) in 0. The lattice constants were determined
Found: C, 22.65; H, 3.40, N, 1.62H NMR (CD.Cl,, 23°C): 6 1.36 by 25 setting angles in the range°®28 26 < 30°. The intensities
(t, 3y = 7.0 Hz, 18H,—CH,CH3), 2.05 (d,*Jp = 5.2 Hz, 30H, were corrected for Lorentzpolarization factors and absorption cor-
—CH3(Cp*)), 3.98 (dq.2Jp s = 5.8 Hz,3Jyy = 7.0 Hz, 12H,—CH,—). rections were made by the numerical Gauss integration métkfod
[Cp*RhP(OEL) 3(u-WOS3)CuCl] (6). A mixture of1(0.68 g, 1.43 1, 3, and6) or by the empirical? scan methot (for 2, 4, and5). The
mmol) and [NH] [WOS;] (0.47 g, 1.43 mmol) in water (25 cihwas densities of2—6 were measured by using a Kyoto Electronics
stirred at room temperature for 12 h to give an orange precipitate. The Manufacturing Co., Ltd. Density/Specific Gravity Meter, Model DA-
precipitate was collected by filtration, washed with wate(3 cnv¥), 110, with 1,1,2,2-tetrabromoethane and carbon tetrachloride at@5.2
and dissolved in acetone (50 &m The solution was dried over ha Crystals2, 4, and5 were slightly soluble in the mixture of the liquids.
SQ,, and then the solvent was removed to give a red solid which was The density ofl cannot be determined because the crystal is highly
treated with CuCl (0.14 g, 1.43 mmol) in acetonitrile (50%tmAfter soluble in common solvents used for the measurements.
being stirred fo 6 h atroom temperature, the mixture was concentrated Al calculations were carried out using Xtal3.2 softwiren a Fujitsu
to 10 cn? under reduced pressure giving red crystal§,afthich were S-4/IX workstation (forl, 3, 4, 5, and 6) or using the UNICS lII
collected by filtration, washed with a small amount of diethyl ether, computational prograffion a HITAC M680H computer (foR). All
and dried in vacuo (yield: 80%). Anal. Calcd ford83,CICuQ;- non-hydrogen and all hydrogen atoms were refined anisotropically and
PRhSW: C, 24.04; H, 3.78. Found: C, 24.19; H, 4.01H NMR isotropically (except fo2 in which all hydrogen atoms were refined
(CDCl,, 23°C, TMS): 6 1.29 (t,3Jun = 7.0 Hz, 9H, —CH,CHg), positionally with fixed isotopic temperature factors), respectively, using
1.98 (d,*Jp.n = 5.5 Hz, 15H,—CH3(Cp*)), 3.98 (dq,2Jpn = 7.0 Hz,
BJH,H =7.0 HZ, 6H,—CH2—).
Crystal Structure Determination of 1—6. Single crystals used for
X-ray analysis were obtained from mixed solvents: acetone/diethyl

(35) Busing, W. R.; Levy, H. AActa Crystallogr, 1957, 10, 180.

(36) A set of® scans was employed.

(37) Hall, S. R.; Flack, H. D.; Stewart, J. M. Xtal3.2, Program for X-ray
crystal structure analysis. Universities of Western Australia, Geneva,
& Maryland, 1992.

(34) The water content of dichloromethane was determined by the Karl (38) Sakurai, T.; Kobayashi, KRikagaku Kenkyusho Hokoki979 55,
Fischer method. 69.
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Table 5. Selected Interatomic Distancd#X) and Angles ¢/deg) Table 8. Selected Interatomic Distancd#X) and Angles ¢/deg)
for [Cp*RhP(OERWS,] (2) for [{ Cp*RhP(OEt}(u-WOS)(CuCl)Cu 2(u-Cl);] - 2DMF (5:2DMF)
Rh—W 2.9044(7) W-S4 2.148 (3) Rh—W 2.9241(9) W-S3 2.264(3)
W-S1 2.250 (2) RhS1 2.407 (2) W-Cu2 2.656(1) W-04 1.699(7)
W-S2 2.248 (2) RRS2 2.397 (2) w-Cul 2.676(1) CutCll 2.232(3)
W-S3 2.155 (3) RhP 2.253(2) Cul—Cul* 3.227(2) CutCl1* 2.531(3)
Rh—P 2.270(2) CutsS1 2.305(3)

W-S1-Rh 77.09 (5) STW-54 110.37 (9) Rh—S1 2.410(2) CutS3 2.301(3)
SLRhS2  5s2()  Sew.s4  109.60(10 Rirs? e qecz 21520
SW S 1015800 WS¢ 1099103 e 2.261(2) cuas? 2:283(3)

53 (7) 91 (13) W-S2 2.271(2) Cu2s3 2.240(3)

S1-W-S3 111.01 (10)

S1-W-S2 106.40(8) S2Cu2-Cl2 120.7(1)

Table 6. Selected Interatomic Distancd#X) and Angles ¢/deg) S1-W-S3 109.2(1) S3Cu2-CI2 130.5(1)
for [Cp*RhP(OEty(u-WS,)CuCl] (3) S1-W—-04 111.8(2) W-S1-Rh 77.33(7)

— S2-W-S3 107.92(9) W-S1-Cul 71.64(7)
Wi 2eun)  mes zaee W9l Hofo mhsiow  izmaso
oo %ggg% cuel 2212%11((3‘3?) S1-Rh-S2 97.81(8)  W-S2-Cu2 71.35(8)
W—53 2187(3) Cus3 2.236(3) S1-Cul-S3 106.6(1) RRS2-Cu2 115.8(1)

: : S1-Cul-Cl1 120.0(1) W-S3-Cul 71.76(8)
Rh—W—Cu 166.17(4) W-Cu—Cl 177.8(1) S3-Cul-Cl1 127.3(1) W-83-Cu2 72.27(9)
Cu-W-S1 127.34(5) W-Cu—S2 53.17(8) $2-Cu2-S3 108.3(1) CuxS3-Cu2 110.6(1)
Cu—W-S2 54.08(8) W-Cu—S3 52.66(7) o
Cu-W-S3 54.35(8) ClCu—S2 129.0(1) Table 9. Selected Interatomic Distance#&) and Angles $/deg)
S1-W-S2 111.18(6) GtCu-S3 125.2(1) for [Cp*RhP(OEt}(u-WOS;)CuCl] (6)
S1-W-S3 110.37(7) S2Cu—S3 105.8(1) Rh—W 2.910(1) RR-S1 2.419(4)
S1-W-S1 105.31(7) W-S1-Rh 77.63(6) W—Cu 2.672(2) RR-S2 2.393(4)
S2-W-S3 108.4(1) W-S2—-Cu 72.8(1) W-S1 2.346(4) REP 2.264(4)
S1-Rh-S1 95.24(7) W-S3-Cu 72.99(9) W—S2 2.185(4) CuCl 2.166(6)
Table 7. Selected Interatomic Distancd#X) and Angles ¢/deg) w:gi 533(71()4) g:gé 522228
for [{ Cp*RhP(OEt)(u-WSs)(CuCl)Cu 2(u-Cl)7] (4) ' '
R—W 2.9187(8) W-S3 2.236(2) S1-W-S2 105.9(1) CkCu-S3 127.9(2)
W—Cul 2.686(1) W-o4 2173(2) S1-W-S3 107.0(2) StCu-S3 107.8(2)
W-Cu2 2.638(1) CutCl1 2.332(3) ggjw:gg ﬂ;'g(g) mgigh ;g-f(i)
Cul—Cul* 3.146(2) CutCl1* 2.387(3) 5(2) u (1)
Rh—P 2.261(1) Cuisa 2.209(2) S2-W-04 114.2(5) Rk-S1-Cu 116.2(2)
Rh-S1 2.412(2) Cuts4 2.291(3) S3-w-04 109.4(4) W-S2-Rh 78.8(1)
Rh-S2 2.410(2) Cu2Cl2 2.151(2) S1-Rh—-S2 97.5(1) W-S3-Cu 74.2(2)
w-s1 2.223(2) cu2s2 2.284(2) C=Cu=s1 12410 _
W—-S2 2.267(2) Cu2S3 2.253(2) the centrosymmetric ones. When the inverted structural modgl of
was assumed, thR factor did not alter significantly; therefore, the
S1-W-S2 106.70(7) Cl2Cu2-S3 125.18(9) polar direction of thea axis could not be assigned. F8rhowever,
gl—W—§3 102'28(;) SQé:uz—ﬁ3 107.9713(;) the polar direction of tha axis could be determined by HamiltorRs
S%:W:Sg i(%sl%(?) msggh ;;'15(6) factor test!® The reporting structure model convergedRe= 0.054
So-W-5S4 109-65273 W-S2-Cu2 70.85%6)) and the inverted structure model ® = 0.071 for 3325 reflections
S3-W-S4 109:69(8) RRS2—Cu2 114'.95(8) and 372 parameters. The ratio®fR = 1.31 is much larger than the
S1-Rh-S2 96.67(7)  W-S3-Cul 72.63(6 Hamilton criteriat!
Cl1—Cul-S3 113_42((9% W-S3-Cu?2 71-98E7; ~ Selected interatomic distances and angles for compolin@sare
Cl1—-Cul-S4 113.95(9) CutS3-Cu?2 112.38(9) listed in Tables 49, respectively. The atomic parameters of com-
S3-Cul-S4 103.49(8) W-S4—-Cul 73.95(6) pounds1—6 are given in Supporting Information.
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by the usual heavy-atom method. The space group® df and5 I . f
were uniquely determined #&2;/n, P2:/n, andP2,/c, respectively, by ;::Ig:ge A;ﬁgscgﬁs:gi?ﬁagg;n the Ministry of Education,

the Laue symmetry check and systematic absences, but for the other:
both centrosymmetric and non-centrosymmetric space groups were Supporting Information Available: Conditions of measurements
possible, i.e.PmcnandP2,cn for 1, P2;/m and P2, for 3, andPmnb and descriptions of X-ray analysis including tables of experimental and
andP2;nb for 6. The structure o8 was solved reasonably, assuming refinement conditions, atomic coordinates, bond lengths, bond angles,
the centrosymmetric space grolg2:/m. For 1 and6, the Patterson anisotropic thermal parameters, and hydrogen atom locations for
functions could be analyzed based on the noncentrosymmetric spacecompoundsdl, 2, 3, 4, 5, and6 and a figure showing CpRhP fragment
groups P2;cn for 1 andP2;nb for 6), but not on the centrosymmetric ~ orbitals (43 pages). Ordering information is given on any current
ones Pmcnand Pmnh respectively). The structure models of non- masthead page.

centrosymmetric space groups could not be transferred into those Of|09601807

(39) International Tables for X-ray CrystallographiKynoch Press: Bir- (40) Hamilton, W. C.Acta Crystallogr, 1965 18, 502.
mingham, U.K., 1974; Vol. 4. (41) R1,2953,0,005< R1'120,0,005= 1.034.





