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Abstract

The decahexacarbonylhexarhodium cluster [Rh4(CO),¢] reacts with dimethylsulfide to give a series of
substituted clusters [Rhg(CO),¢_ (SMe,), ], x =1-4 (1-4). The crystal structures of 1 and 4 have been
determined. The SMe, ligands replace terminal carbonyls, otherwise the cluster structure is maintained.
The four sulfide ligands in 4 replace four carbonyl groups at Rh atoms in the same plane of the Rhg
octahedron, with the SMe, groups lying alternately above and below this plane. The di- and tri-sub-
stituted species have been characterized by ir spectroscopy and elemental analysis. The reactivity of
[Rh(CO),,(SMe;),4] toward hydrogen and carbon monoxide has been studied. Under CO it undergoes
replacement of SMe, by carbon monoxide to afford [Rhg(CO);4]. In a corresponding reaction with H,
[Rhg(CO),,(SMe;),4] is converted into a mixture of 2-4. Hydrogenation of 1-hexene using
[Rh(CO),,(SMe,)4] as a catalysts precursor was observed at 60°C with a highest rate of 2200
turnovers/h.

Introduction

Rhodium carbonyl clusters [Rh,(CO);;] and [Rh4(CO);,] undergo carbonyl
substitution reactions with several nucleophilic ligands. The number of carbonyl
groups replaced depends on the molar ratio of ligand used and the vigor of the
reaction conditions, as well as on the steric requirements of the ligand.

The reactions between [Rhy(CO),¢] and PPh, have been studied [1-4]. Several
substitution products were identified on the basis of IR-spectra and elemental
analyses, but no X-ray crystal structures or NMR spectra were reported. With
P(OPh),, restriction of coordination to a maximum of four phosphite ligands has
been attributed to steric restrictions. The crystal structure of [Rh¢(CO),,(P(OPh);),]
has been established [5,6]. PPh, has a larger cone angle than P(OPh), [7] and it has
been suggested [5] that a maximum of three PPh, ligands can be introduced by
displacement of CO ligands from [Rh4(CO)¢].

Introduction of halide and pseudohalide ligands is limited to mono- and di-sub-
stituted species [Rhy(CO),5X]”™ (X=Cl, Br, I, CN, SCN, COOMe, COOEt,
CONH'Pr) and [Rhg(CO),,(CN),}*~ as a consequence of the strong donor ability
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of anionic ligands, which affects the electron density on the metal core [8].
Multidentate phosphorus ligands [9,10], dienes [11], arsines and bipyridine [12] have
also been introduced by reaction with [Rh(CO),,]. Hexanuclear Rh-clusters have
also been obtained from [Rh,(CO),,] in the case of dienes and anionic ligands, and
from [Rh,(CO),Cl,] in the case of PH;-ligand [13]. When tertiary phosphines and
phosphites are introduced into [Rh,(CO),,] the substitution products [Rh,(CO),,L],
[Rh,(CO);0L,], [Rh,(CO)sL;] and [Rh,4(CO)gL,] are obtained [14].

We have previously observed that SMe, is a versatile ligand in tetranuclear metal
cluster compounds [15,16], as well as giving rise to an extensive chemistry in the
case of mononuclear compounds {17]. In some of the cluster compounds SMe, is
coordinated as a terminal ligand, which is unusual for sulphur ligands in cluster
compounds. We describe below the results of a study of SMe, derivatives of a larger
cluster [Rh¢(CO),4]. The formation and crystal structures of SMe,-substituted
compounds of [Rh¢(CO),c], as well as their reactions with CO and H, are
discussed.

Results and discussion

Synthesis and characterization of [Rhs(CO),s_ (SMe,), ]

[Rh4(CO),4] reacts with dimethyl sulfide in refluxing THF to products up to the
tetrasubstituted stage. With 1:1 — 1: 1.4 cluster : ligand ratios and a 30 min reaction
time [Rh¢(CO),5(SMe,)] (1) and [Rh4(CO),4(SMe,),] (2) were obtained as the
main products. With an excess of ligand and longer reactions, [Rh(CO),;(SMe,);]
(3) and [Rh(CO),,(SMe,),] (4) were exclusively formed. The sulfide derivatives are
significantly more soluble than the parent cluster.

The X-ray crystal structures of 1 and 4 have been determined. In these structures
the sulfur ligands have replaced terminal carbonyls, leaving the parent cluster
structure otherwise unchanged (see Figs. 1 and 2). In 4 the four sulfide ligands are
bound to four rhodium atoms in the same plane, and lie alternately above and
below the Rh, plane.
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Fig. 1. Structure and numbering scheme for [Rh4(CO);5(SMe;)] (1).
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Fig. 2. Structure and numbering scheme for [Rh(CO),,(SMe,),] (4).

Atomic coordinates are given in Tables 1 and 2, and selected bond lengths and
selected bond angles in Tables 3 and 4. The average rhodium-rhodium bond lengths
in 1 (271.2 pm) and 4 (276.2 pm) are close to those in [Rhs(CO),c] [18] (278 pm)
and [PPNIRuRh . (CO), [ (19] (average M—M distance 276.9 pm).

In 4 the Rh-Rh distances depend slightly on the SMe, positions. The average
(S-)Rh-Rh(-S) distance, 275.3 pm, is shorter than the average (S-)Rh-Rh (cis 1o
the sulfide) distance, 281.6 pm, but it is longer than the average (S-)Rh-Rh (trans
to the siihbhe thsrance. 271 % pm. in ) {nEre s a vorresponiimg Uifferente ‘vérween
the cis (S—-)Rh-Rh distances (274.0 pm) and trans (S-)Rh-Rh distances (271.8
pm). The Rh—Rh bonds with no SMe, ligands are slightly shorter (270.4 pm).

In [Rh(CO),,(P(OPh),),], in which the phosphite groups have similar arrange-
ment as the sulfides in 4, there is a similar difference between the Rh—Rh bonds cis
(average 2000 pery and sy {average 205.% priy 16 the PROSPIRIE ErORpS. TROWEVEr,
the (P-)Rh-Rh(-P) bonds (average 281.3 pm) are longer than the others (61. The
Rh-C bond distances show no observable differences in compounds 1 and 4.

In [Rhy(CO),,(P(OPh),),] the bulky phosphite ligands cause crowding that
apparentty ninder ¥ne coordination of additional phosphutes. With the much less
bulky SMe, we obtained no evidence for derivatives containing five or six SMe,
ligands, and so it is possible that electronic factors also limit the number of the
substituents. Likewise with [HRuCo,(CO),,] we obtained no evidence for trisub-
stituted SMe, derivatives, and even the disubstituted derivative decomposes readily,
although the more crowded phosphine derivative [HRuCo,(CO)4,(PMe,Ph),] is
formed readd)y and is siabde ID).

The C-Rh-C angles in [Rh4(CO),,(P(OPh),),] are low (mean 88°) due to the
crowding taused by 1he phospmie groups )6). The average C-RAh-C and S-Rh-C
angles of terminal carbonyls in 1 (92.6 and 90.7°) and 4 (92.8 and 93.7°) are
similar o the corresponding C-Rh-C angles in [PPNERuRR(CO), ) {average
93.2°), showing that the SMe, ligands cause no significant distortions in the
structures of 1 and 4. The similarity in coordination geometries of SMe, and CO
ligands is also shown by the Rh—Rh-S and Rh—-Rh-C angles (cis), which are very
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Table 1
Atomic coordinates (X 10°) for [Rh¢(CO),5(SMe,)] (1)

Atom x y z

Rh(1) 368.6(1) 186.6(4) 906.8(2)
Rh(5) 410.2(2) 388.6(4) 870.6(3)
Rh(4) 378.3(2) 285.5(5) 717.0(3)
Rh(3) 421.9(2) 117.9(5) 847.1(3)
Rh(2) 324.8(2) 358.2(5) 774.2(3)
Rh(6) 335.5(2) 90.0(4) 749.8(3)
S(1) 357.5(5) 314(1) 1005.5(9)
0(531) 467(1) 211(4) 1032(2)
0(542) 364(1) 588(4) 727(2)
0(621) 270(1) 159(4) 815(2)
0O(643) 394(1) ~7(4) 680(2)
0(12) 372(1) —78(4) 989(2)
021) 299(1) 56(3) 860(2)
0(22) 244(1) 391(4) 611(2)
o3l 508(2) 141(4) 867(3)
0(32) 438(2) —-172(6) 907(3)
0O(41) 453(1) 375(4) 694(2)
O(42) 319Q1) 315(4) 542(3) -
O(51) 406(1) 607(4) 981(2)
0(52) 492(1) 493(4) 890(2)
O(61) 324(1) —-191(5) 797(2)
O(62) 267(2) 48(5) 576(3)
C(531) 439(1) 219(5) 964(3)
C(542) 364(1) 482(4) 752(2)
C(621) 301(2) 193(5) 816(3)
C(643) 388(2) 62(6) 720(4)
C(12) 370(2) 230(6) 959(3)
C(21) 310(2) 485(5) 829(3)
C(22) 276(1) 3834) 673(2)
C(3n 476(2) 131(6) 852(3)
C(32) 432(2) —63(6) 883(3)
C(41) 426(2) 342(5) 703(3)
C(42) 341(2) 301(6) 606(4)
C(51) 407(2) 518(5) 938(3)
C(52) 461(2) 455(6) 886(4)
C(61) 330(1) —85(5) 775(3)
C(62) 294(2) 66(6) 643(4)
) 408(2) 298(6) 1105(3)
C(2) 319(2) 229(5) 1025(3)

similar in both 1 (97.8 and 97.5°, respectively) and 4 (97.0 and 97.8°, respectively).
The Rh—Rh-P angles in [Rh4(CO),,(P(OPh),),] are slightly larger (average 102.3°).

During X-ray structural determination the Fourier map for the asymmetric unit
of 4 showed additional electron density peaks that were interpreted as disordered
solvent atoms. The solvent is possibly hexane, which was used in the crystallization,
but there are some peculiarities in the C—C distances. The peaks are assigned as
carbons C1-C6. Attempted refinement of these peaks was not successful. (As a
consequence of the presence of a solvent in the crystals of 4 the observed carbon
and hydrogen contents were high.)
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Atomic coordinates ( X 10%) for [Rhg(CO),,(SMe;),4] (4) ©
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Atom x y z

Rh(1) 5122 305.8(4) 100
Rh(2) 636.7(3) 292.6(4) 81.2(3)
Rh(3) 451.1(3) 291.7(4) —31.4(3)
Rh(4) 575.3(1) 306.8(4) —61.5(1)
Rh(5) 544.5(4) 97.8(1) 24.94)
Rh(6) 544.2(4) 501.0(1) 24.54)
S(1) 537.(8) 174(2) 216.6(7)
S(2) 736.1(7) 412(2) 77.6(9)
5(3) 347.1(9) 416(2) —24(1)
S(4) 552.9(8) 169(2) —166.4(8)
0(542) 686(2) 92(4) ~18(2)
0O(531) 406(2) 71(4) 65(2)
0(621) 623(2) 522(3) 184(2)
0(643) 469(2) S11(5) —-13%2)
0(12) 414(2) 477(4) 157(2)
0(21) 702(3) 118(6) 215(2)
0@31) 377(2) 137(4) —162(2)
0(42) 677(2) 486(5) —-113(3)
O(51) 604(2) —-122(2) 128(1)
0(52) 488(3) —119(5) -91(2)
0(61) 446(2) 720(4) 50(2)
0O(62) 633(2) 718(4) —22(2)
C(542) 636(2) 143(4) -2(2)
C(531) 443(2) 154(5) 518(3)
C(621) 601(3) 469(5) 140(3)
C(643) 494(2) 437(4) —89(2)
C(12) 451(3) 408(5) 125(2)
C(21 684(2) 196(4) 154(2)
C(31) 407(3) 184(8) —-124(5)
C(42) 639(2) 417(3) —98(1)
C(51) 586(2) ~40(5) 86(2)
C(52) 511(3) ~36(6) -352(2)
C(61) 486(2) 634(3) 42(2)
C(62) 606(3) 644(7) —-12(3)
C(101) 459(2) 138(3) 235(1)
C(102) 590(4) 262(7) 272(2)
C(201) 795(2) 311(6) 30(3)
C(202) 782(5) 440(12) 158(6)
C(301) 286(2) 304(5) —36(2)
C(302) 317(2) 498(6) -103(2)
C(401) 626(3) 155(9) —243(7)
C(402) 510(1) 273(3) —244(1)
(1) 2709 3549 155
(2) 3004 3416 2433
C(3) 2992 3374 2884
C(4) 2962 2030 2923
C(5) 3363 2270 3328
C(6) 3129 2226 4084

¢ C(1)-C(6) denote peaks thought to arise from a molecule of hexane (see text).
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Table 3
Bond lengths (pm) for [Rh(CO),5(SMe;)] (1) and [Rh(CO),3(SMe; ) 4] (4)

1 4
Rh(1)-Rh(5) 273.5(7) 280.8(6)
Rh(1)-Rh(3) 271.39) 274.6(6)
Rh(1)-Rh(2) 274.4(6) 274.47
Rh(1)-Rh(6) 272.3(6) 272.27)
Rh(5)-Rh(4) 269.6(7) 282.1(6)
Rh(5)-Rh(3) 273.0(7) 2127
Rh(5)-Rh(2) 269.9(7) 271.4(T)
Rh(4)-Rh(3) 269.1(6) 274.9(7)
Rh(4)-Rh(2) 270(1) 277.1(6)
Rh(4)-Rh(6) 268.8(8) 271.4(7)
Rh(3)-Rh(6) 272.6(T) 282.3(7)
Rh(2)-Rh(6) 270.3(7) 281.3(7)
Rh(1)-5(1) 240(2) 240(1)
Rh(2)-S(2) 236(2)
Rh(3)-S(3) 248(2)
Rh(4)-5(4) 240(2)
Rh(1)-C(531) 222(5) 217(5)
Rh(1)-C(621) 219(3) 237%(5)
Rh(2)-C(542) 204(5) 219(4)
Rh(2)-C(621) 214(6) 229(6)
Rh(3)-C(531) 21%(5) 215(5)
Rh(3)-C(643) 214(6) 213(4)
Rh(4)-C(542) 215(5) 218(4)
Rh(4)-C(643) 220(6) 205(4)
Rh(5)-C(531) 224(4) 234(5)
Rh(5)-C(542) 220(4) 212(5)
Rh(6)-C(621) 236(6) 230(6)
Rh(6)-C(643) 223(8) 22%4)
Rh(1)-C(12) 185(6) 169(5)
Rh(2)-C(21) 184(6) 178(4)
Rh(2)-C(22) 185(3)
Rh(3)-C(31) 189(8) 211(8)
Rh(3)-C(32) 184(6)
Rh(4)-C(41) 193(7)
Rh(4)-Ci42) 184(5) 195(3)
Rh(5)-C(51) 182(6) 186(4)
Rh(5)-C(52) 182(8) 19%(5)
Rh(6)-C(61) 181(5) 185(3)
Rh(6)-C(62) 182(6) 2127
S(1)-C(101) 185(4) 175(3)
$(1)-C(102) 180(T) 159(6)
$(2)-C(201) 196(6)
S(2)-C(202) 165(10)
S$(3)-C(301) 164(4)
S(3)-C(302) 173(5)
S(4)-C(401) 237
S(4)-C(402) 185(3)
O(531)-C(531) 117(5) 1177
0(542)-C(542) 114(6) 1247
O(621)-C(621) 115(7) 101(6)
0(643)-C(643) 108(8) 123(5)
0(12)-C(12) 111(7) 129(7)
0(21)-C(21) 113(7) 138(6)
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Table 3 (continued)

1 4

0(22)-C(22) 117(4)

0O(31)-C(31) 105(9) 95(8)
0(32)-C(32) 113(8)

O(41)-C(41) 109(8)

0(42)-C(42) 106(6) 112(6)
O(51)-C(51) 119 114(5)
0(52)-C(52) 11309) 112D
O(61)-C(61) 116(T) 121(5)
0(62)-C(62) 116(7) 96(8)

Compounds 2 and 3 were isolated by TLC, and characterised by IR spectroscopy
and elemental analysis. When the IR spectra (Fig. 3) of the four compounds 1-4
weree compareb 1n ine »IXUH reshon iney were seen dh 10 $now Tne same numiper o
bands oi dijenne wiensines. The irepuencies dGecrease With an Mcreasing depree oi
substitution. The IR spectra previously reported for other mono-tetra substituted
derivatives of [Ruay{€0)¢7 nave atso sucn a wend, our ne dependence of tne
frequency on the degree of substitution is not as pronounced as in the SMe,-sub-
stituted derivatives [1-4,8-10].

A mixture of compounds 1-4 were also formed when tetranuclear [Rh,(CO),,]
was used as a starting material. The reaction occured in CH,Cl, within a few hours
even at room temperature.

Reactions of [Rhy(CO),,(SMe,),] with CO and H,

The reactivity towards carbon monoxide of some clusters obtained by substitu-
tion of CO ligands in [Rh¢(CO),c] has been studied. Phosphine and phosphite
compounds seem to break down to mono-, di- and tetra-nuclear species [21], unlike
[Rh4(CO),4(bipy)] and [Rh,(CO),,(bipy),] for which the reversibility of the sub-
stitution has been demonstrated {12} The reactivity of {Rhy(CO),,(SMe,},1 (4)
towards CO and H, was studied in various solvents (CH,Cl,, hexane and THF) in a
temperature range of 21-69 ° C (Table 5) and monitored by FT-IR spectroscopy.

Under a CO atmosphere 4 even at ambient temperature undergoes ligand
subsiuion wainin 2 Sew hovrs 1o 2550rd, via ine 15UDsRIRIES Species, he HsuDst-
tuted Rh, cluster 2. Cluster 2 was observed to be partly converted into the
monosubstituted species at 40° C in CH,Cl,. When the mixture of 1 and 2 obtained
in this way was heated at 69°C in hexane under CO [Rh,(CO),,} separated as a
black piwurprae. Tt wudhs Wt ™ et W Gow dvaimd o
[Rh((CO),,{P(OPh);},], which breaks down in the reaction with CO to give tri-
and di-substituted tetranuclear clusters [21].

When solutions of {Rh4(CO),,(SMe,),] were stirred at room temperature under
an H, atmosphere some conversion into the trisubstituted form was observed. At
40° C 4 was shown by IR monitoring to give 2 and 3, which were separated by TLC
alomg wiln some unénanged staring compound. A Suriliar mixture dt 4.73 ana’z was
also obtained at 60°C in THF; in addition a small amount of an unidentified
brownish viotet materiat was obtained oy TLC. Prolonged neating ot sotutions of 4
above 40° C always results in formation of a brownish black precipitate, which is
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Table 4
Selected bond angles ( °) for [Rhg(CO);5(SMe,)] (1) and [Rhg(CO),,(SMe,),] (4)
1 4
Rh(5)-Rh(1)-S(1) 97.5(4) 95.6(4)
Rh(2)-Rh(1)-§(1) 98.0(4) 98.4(4)
S(1)-Rh(1)-C(531) 97(1) 94(2)
S(1)~Rh(1)-C(621) 92(2) 99(1)
Rh(3)-Rh(1)-C(12) 99(2) 92(1)
Rh(6)-Rh(1)-C(12) 99(2) 90(2)
S(1)-Rh(1)-C(12) 91(2) 100(1)
Rh(1)-Rh(5)-C(51) 96(2) 106(1)
Rh(2)-Rh(5)-C(51) 96(2) 95(1)
Rh(4)-Rh(5)-C(52) 100(2) 96(2)
Rh(3)-Rh(5)-C(52) 98(2) 94(2)
Rh(5)-Rh(4)-C(41) 95(1)
Rh(5)-Rh(4)-5(4) 94.9(4)
Rh(3)-Rh(4)-C(41) 98(1)
Rh(3)-Rh(4)-S(4) 99.4(4)
Rh(2)-Rh(4)-C(42) 99(2) 102.6(7)
Rh(6)-Rh(4)-C(42) 98(2) 97.0(8)
Rh(5)-Rh(3)-C(31) 99(2) 97(2)
Rh(4)-Rh(3)-C(31) 98(2) 94(2)
Rh(1)-Rh(3)-C(32) 98(2)
Rh(1)-Rh(3)-S(3) 95.5(5)
Rh(6)-Rh(3)-C(32) 96(2)
Rh(6)-Rh(3)-S(3) 97.2(4)
Rh(1)-Rh(2)-C(21) 96(2) 102(2)
Rh(5)-Rh(2)-C(21) 96(1) 98(1)
Rh(4)-Rh(2)-C(22) 97(2)
Rh(4)-Rh(2)-S(2) 97.2(5)
Rh(6)-Rh(2)-C(22) 95(1)
Rh(6)-Rh(2)-S(2) 97.7(4)
Rh(1)-Rh(6)-C(61) 95(1) 96(1)
Rh(3)-Rh(6)-C(61) 99(1) 100.1(9)
Rh(4)-Rh(6)-C(62) 96(2) 90(2)
Rh(2)-Rh(6)-C(62) 101(2) 102(2)
Rh(1)-8(1)-C(101) 106(2) 106(1)
Rh(1)-8(1)-C(102) 111(2) 106(2)
C(101)-5(1)-C(102) 103(3) 118(3)
Rh(2)-S(2)-C(201) 113(2)
Rh(2)-5(2)-C(202) 11(4)
C(201)-8(2)-C(202) 106(4)
Rh(3)-5(3)-C(301) 108(2)
Rh(3)-S8(3)-C(302) 108(2)
C(301)-S(3)-C(302) 94(2)
Rh(4)-5(4)-C(402) 11(1)
Rh(1)-C(531)-0O(531) 133(5) 136(4)
Rh(5)-C(531)-0O(531) 135(4) 122(4)
Rh(3)-C(531)-0O(531) 136(4) 141(4)
Rh(5)-C(542)-0(542) 129(3) 144(3)
Rh(4)-C(542)-0(542) 130(4) 124(3)
Rh(2)-C(542)-0(542) 140(4) 127(3)
Rh(1)-C(621)-0(621) 135(4) 136(5)
Rh(2)-C(621)-0(621) 140(4) 133(4)
Rh(6)-C(621)-0O(621) 128(4) 141(2)

Rh(4)-C(643)-0(643) 132(6) 137(4)
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Table 4 \ronhmne

1 4

Rh(3)-C(643)-0(643) 136(4) 132(3)
Rh(6)—C(643)-0(643) 135(5) 128(3)
Rh(1)-C(12)-0(12) 176(5) 161(3)
Rh(2)-C(21)~0(21) 178Q2) 162(4)
Rh(2)-C(22)-0(22) 175(4)

Rh(3)-C(31)-0(31) 169(6) 165(8)
Rh(3)-C(32)-0(32) 177(6)

Rh(4)-C(41)-0O(41) 179¢5)

Rh(4)-C(42)-0(42) 177(6) 173(3)
Rh(5)-C(51)-0(51) 177(5) 170(4)
Rh(5)-C(52)-0(52) 176(4) 171(5)
Rh(6)-C(61)-0(61) 172(5) 176(3)
Rh(6)-C(62)-0(62) 1797 171D

insoluble in normal organic solvents and is probably formed by thermal fragmenta-
tion @ IneRn, cmosier IramMEWorx.

Heating a solution of 4 under a N, atmosphere at ambient temperature and at
60° C gave results similar to those for the reaction with H, (see Table 5) and it
seems 2227 $ Does poy 78203 VIR 12, DRI 35 LORVEIIED 21 MENEr IEIMPEIINIE 210 2
mixture of 2—-4 and to an insoluble solid in a purely thermal reaction. There is an
equilibrium between the tetra- and tri-substituted forms which is shifted towards the
less-SMe,-substituted clusters as the temperature is raised owing to the high
volatility (b.p. 38°C) of SMe,. Coordination at the free ligand sites by CO from
other molecules leads eventually to a fragmentation of the cluster molecuies, which
becomes apparent in the formation of a black precipitate. We previously observed
similzt “odnavior 10T 2 fRxed mad wuenucear Rullo, duster ey fi150 contined
SMe, as a monodentate ligand [22].

Hydrogenation of 1-hexene catalyzed by [Rh4(CO),,(SMe,),]

Catalytic hydrogenation of 1-hexene with 4 as a catalyst precursor was studied in
the temperamre range 20-60° C a1 a Y, pressure of ) aum. The caidync acoy
was compared with that of [Rh(CO)] and of [H4Ru ,(CO),;,). Under similar
conditions (f1,Ru ,(CO},,[ has been shown to catafyze the hydrogenation of ethvl-
ene, an observation which has implications for the mechanism of metal cluster
catalysis [23]. The rates of hydrogenation of 1-hexene in the present catalysis studies
are shown as a function of substrate-to-complex molar ratio in Table 6. Cluster 4
shows no catalytic activity below 40° C, but at 60° C actively catalyzes the hydro-
genation, the highest turnover number being about 2200 mol hexane /(mol catalyst
precursor X h). [Rh(CO),4] shows a somewhat lower activity at 60°C. At that
temperature [H,Ru ,(CO),,] does not catalyze hydrogenation of 1-hexene at all, but
is active at 72°C.

It is difficult to judge the actual nature of the catalytic process catalyzed by 4,
since in the temperature range used for the catalysis 4 is known from the studies of
its reacnons bescriped Zpove 10 'pe convened D Owsiers ‘peanng Jewer SHie.
ligands, along with an insoluble solid. In two experiments the black insoluble solid
was recovered and its activity in catalytic hydrogenation of i-hexene in hepiane was
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Fig. 3. Infrared spectra in the »(CO) region for 1-4 in CH,Cl,.

examined. A hydrogenation rate of 29 mmol /h was observed, agreeing well with the
rates of 30 and 29 mmol/h determined for 4 and {[Rh4(CO),¢], respectively. This
observation implies that the hydrogenation of 1-hexene by the present Rhg cluster
precursors is heterogeneous in nature.

Experimental section

Except for chromatographic separations all manipulations were carried out under
nitrogen. The SMe, was of commercial origin. [Rh,(CO),¢] was either of commercial
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Table §

Alteration of [Rh(CO),,(SMe,),] to [Rh(CO),,_ ,(SMe,),] (n =1-4) in CO, H, and N, atmospheres
as a function of temperature.

21°C/CH,Cl, 40°C/CH,Cl, 60-69 ° C /hexane or THF
CcO n=2 n=21 n=1,0
H, n=4,3 n=234+is." n=2,34+is.
N, “ ¢ n=23,4+is.

% no changes. * Insoluble solid. ¢ Not studied.

origin or prepared as previously described [24]. THF was distilled from potassium-
benzophenonekenh. Thromaiogiapnit SEPATAoNS Were tarmed out on shica phaes
with hexane—dichloromethane mixtures as eluents, since the separation on a silica
colurmn was incomqoEte.

The FT-IR spectra were recorded in an appropriate solvent on Nicolet 20SXC
spectrometer.

For GL angiyses a CTaho Tiva 1% pas thivmaosiash, tunnped with wh TID
detector and a CP-SIL SCB capillary column, was used.

Preparation of compounds 1-4

[Rh¢(CO),) (360 mg, 0.338 mmol) was dissolved in 50 ml of refluxing THF and
dimethyl sulfide (150 pl, 2.116 mmol, cluster : ligand = 1 : 6) was added. The mixture
was stirred for 30 min, the solvent then removed from the mixture under vacuum,
and the residue chromatographed on silica plates with 1: 1 hexane—dichloromethane
as eluent 1o give: {1y R, {COy,;{3Me,) (1), viehd 27 mg, 7%; {1y R, {CO),,{SMe, ),
(), vicid 55 mg, 24%,; {iiy Rag(CO);9Me, 7, O, yiekd 166 mg, 42%; and (v
Rh4(CO),,(SMe, ), (4), vield 30 mg, 7%.

Compounds 1 and 4 were recrystallized from 2:1 hexane dichloromethane
mixture. IR (#(CO) (cm™'): 1: 2102w, 2066vs, 2033w, 2008vw and 1792m; 2:
2088w, 2055vs, 2027m, 2000w and 1772m; 3: 2073m, 2044vs, 2016s, 1984m and
1749s; 4: 2058w, 2032vs, 2002s, 1974m and 1729m (CH,Cl,). 1: Found: C, 18.8; H:
0.6. Rh,C,;H;OsS calcd.: C, 18.6; H, 0.55%. 2: Found: C, 19.2; H, 1.2
Rh €, N,,0. 5, cacd.: C,19); 1, 1.10%. 3: Found: C,19.5; 1, 1.6 R0, C,,1,,0,,5,
calcdh.: T, S M, 155%. & Tounh: W, WO M WS K oM000,00%,
C¢H,,(hexane) caled.: C, 24.2; H, 3.0%.

Table 6

Rates of catalytic hydrogenation of 1-hexene ¢

Catalyst Sabstrare 1o compiex 7 Rate?

precursor ‘mole ratio (°O (™ h

Rh4(CO),,(SMe, ), 1800:1 20-40 0.0

1800:1 60 2200

460:1 60 1800

Rh(CO), 93D:2 ) 120D

H;Ru 4(CO),, 710:1 60 0.0
710:1 72 14

“ pu,=1atm. heptane solution = 20-30 ml. ® Rate is reported as males of substrate reduced per mol of
complex per hour.
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Preparation of Rhs(CO),s(SMe,) (1} and Rh(CO), ,(SMe,), (2)

[Rh(CO)6] (200 mg, 0.188 mmol) was refluxed in THF with SMe, (20 pl,
cluster: ligand = 1:1.4) for 30 min. The yield of substituted species was 88%. The
main component was 2 with 1 and only a small amount of 3 was present.

Preparation of [Rhs(CO),3(SMe,);] (3) and [Rh(CO),,(SMe,),] (4)

Clusters 3 and 4 were prepared from 150 mg of [Rh¢(CO),¢] and 1 ml of SMe, in
refluxing THF during 3.5 h reaction. Chromatographic separation gave 3 (17 mg,
10%) and 4 (102 mg, 60%).

Preparation of 1-4 from [Rh,(CO),,]

Reaction between [Rh,(CO),,] (80 mg, 0.107 mmol) and SMe, (785 pl, 10.7
mmol) in CH,Cl, at room temperature for 2 h gave 1 in 9% yield, a mixture of 2
and 3 in 29% yield, and 4 in 18% yield.

Reactions of [Rhy(CO),,(SMe,),] (4) with H, or CO

The reactions of 4 with H, or CO or N, were carried out in a 100 ml flask.
Typically a saturated solution of 4 was prepared in a degassed solvent (CH,Cl,,
THF or hexane) and the flask charged with the gas to a slightly above one
atmosphere pressure using a mercury bubbler. The reactions were first studied at
ambient temperature for several hours and then at higher temperatures (normally at
the reflux temperature of the solvent). The reactions were monitored by taking
samples for IR-characterization. The products in the reaction mixtures were sep-
arated by thin layer chromatography and characterized by IR spectroscopy.

Catalytic hydrogenation of 1-hexene by Rh,(CO),,(SMe,),

Compound 4 was weighed into a 100 ml reaction vessel and 20-30 ml of dried
and deoxygenated heptane was added. The vessel, which was equipped with a reflux
condenser, was evacuated and then charged with H, to 1 atm. The vessel was heated
to the chosen reaction temperature in an oil-bath and the solution allowed to stand
at that temperature for 15 min before 1 ml of 1-hexene was added from a syringe.
The extent of hydrogenation of 1-hexene was monitored semiquantitatively by
taking samples with a syringe from the reaction mixture for IR analysis; and
observing the extent of disappearance of the C=C stretching frequency at 1642
cm™!. That hydrogenation of 1-hexene had taken place was confirmed by GLC
after the reaction had been stopped.

Crystallographic studies

Data were collected on a Nicolet R3m diffractometer using Mo-K, radiation
(A=0.71073 A). Intensities were corrected for background, polarisation, and Lorenz
effects. Empirical absorption correction was made from y-scan data for 4. Table 7.
gives further details.

The metal atom positions were determined by direct methods by use of the
SHELXTL program package [25]. All remaining non-hydrogen atoms were located by
the usual combination of full-matrix least-squares refinement and difference elec-
tron syntheses. Rhodium and sulfur atoms were anisotropically refined in the case
of 1; in the case of 4 anisotropic refinement was carried out for all non-hydrogen
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Crystallographic data for [Rh(CO),5(SMe,)] (1) and [Rh4(CO),,(SMe,),] (4)

1 4
M 1099.74 1202.09
Crystal system Monoclinic Monoclinic
Space group C2/c Cc
a, A 35.73(1) 20.444(7)
b, A 9.71%(4) 9.764(4)
¢ A 18.559(9) 19.589(9)
B, deg 119.13(3) 104.27(3)
v, A 5626(4) 2790(2)
z 8 4
Dy, gem ™3 2.60 2.11
Centenng 29, deg 321 1524
Centering refl 25 23
26 limits, deg 4-50 5-50
hkl range 43,12, +2)3 25,12, 324
F(000) 4112 1980
No. @) nmpue réhethons 1B SR
No. ©i dSoserveb baia,
I1>30(1) 1130 2745
o, mm™ a5z 26
No. of parameters 192 377
R? 0.0675 0.0361
R,® 0.0618 0.0361
T R=ZE 0B SZ0E, 3,4+ BIEEEF

atoms. Methy! protons were placed n 1dealtized positions (C-T1 =056 A u=00%
A?) and not refined.

TiHe structure of” & way ai%0 redned ur die cemtusymmetic space grouy CZy ¢
This refinement led to a significantly higher R value (5.2%) and furthermore
eleciron density peaks were generaied nwar (e artel atoms and (wo of de aethst
carbons did not refine well (U, = 0.3Z for C(201) and U, = 0.62 for C(202)).

Tadies or" amsoropic diermal’ paramerers and’ SUIRT IFIEUN and” £ogits ror £ and’
4 and tists of for structure factors are available from the authors.
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