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Sulfur-bridged cubane-type molybdentigallium clusters [MgGaS(H20)12]°" (2) and [MaGaS(H20)12]%" (3)

have been synthesized from [M&(HO)]*" (1) and gallium metal and have been isolated2gsts)-14H,0
(2-pts) and3(ptsk-17H,0 (3-pts) (Hpts = p-toluenesulfonic acid), whose structures have been characterized by
X-ray crystallography. Crystal data f8fpts: orthorhombic, space groupca2;, a = 11.188(1) Ab = 30.936-

(4) A, c =23.987(2) A,V = 8301(2) B, Z= 4, Dcaca= 1.628 g cn3, Dgpsg= 1.63 g cn13, R (R,) = 5.8%
(6.3%) for 6102 reflectionsl (> 3.00(1)). Crystal data fo2-pts: triclinic, space group®l, a = 16.406(4) Ab

= 16.743(3) Ac = 13.173(4) A,a. = 90.64, 8 = 98.40(2), y = 89.32(2), V = 3579.2(14) &, Z = 2, Dcaicd

= 1.681 g cm®, Dopsg= 1.68 g cn13, R(R,) = 6.7% (10.1%) for 7612 reflection$ & 3.00(1)). The Mo—Ga
distances&-pts, 3.60[2] A; 2-pts, 3.52[2] A) are much longer than the corresponding-Nio (3-pts, 2.679[7]

A 2-pts, 2.713[3] A) distances. At low Hconcentrations, such as 0.5 M Helis stable, and at Hconcentration
higher tha 2 M HCI, 2 is oxidized by H to give 3 with evolution of hydrogen gas. Chloride ion plays an
important role in the oxidation d. Electronic spectra d8-pts and2-pts are very similar. Peak positions and

€ values fmax NM (€, M1 cm™1)): 3-pts, 762 (447), 550 (204)2-pts, 760 (404), 548 (205). The cyclic
voltammogram of3 shows three reduction processes (the cathodic peak potefialere —0.83,—1.20, and
—1.74 V, respectively), where the first and second processes are quasi-reversible (the anodic peak ggjentials,
are—0.55 and—1.00 V, respectively). The reduction current of each process is close to 1:1:3.

Introduction related cores have extensively been studied as models of

i 1
Metal—sulfur cluster compounds have attracted much interest “'tfoge”f?‘?é- . . . .
In addition to direct reaction of with metals or metal ions

in chemical, biochemical, and catalytic investigatiénsA 8 A . + 12
considerable number of metal incorporation reactions have been(e'g"thS A7), ’\tl.aBmﬁrEd.ltjﬁt'%n (:gsglfttlon pl ar'1v(I1 '\g
reported wherein the incomplete cubane-type aqua cluster@” e4£elz;c lon ofl with [Cr(H0)]*" to give [ 0sCrSr-
[Mo3Su(H20)]4+ (1) reacts with metals to give mixed-metal (H20)17%", 3 as well as other routes to clusters with ]NESn

= ldacdpg’ — 14bc \ ' — 15 M —
cubane-type clusters with MeIS, cores (M= Fe? Co3 Ni,* cores (M = CuacdM’ = Sbi®eM' = W,1* M' = Co'),
CW PdS In,” Sn8 SBP Hg?, PHY). The [MosFeS(H20)d* have been reported. Metal atom replacement of the incorporated

cluster is the first example of this type of compound. Other
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cubane-type molybdenuniron clusters with MoFg¢5, and Tanase, T.: Yano, S.. Hidai, . Am Chem Soc 1992 114, 8287
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(1) (a)The Chemistry of Metal Cluster Complex8sriver, D. F., Kaesz, (8) (a) Akashi, H.; Shibahara, Thorg. Chem 1989 28, 2906-2907. (b)
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1993 123 73—147. (d) Curtis, M. DAppl. OrganometChem 1992 43, 280.
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856. (g) Chen, ZJ. Cluster Sci 1995 6, 357—377. (h) Kang, B.- G. J.; Darkwa, J.; Sykes, A. Gnorg. Chem 1996 35, 5531-5535.
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Sulfur-Bridged Molybdenum Gallium Clusters

metal atom Min the cubane-type M'S, core with Cd* to
give a cluster with an MgCuS** core has also been reported,
and the existence of a new oxidation state in;@aSS " is
known?!8 The reactivity of clusters with an MBdS!® or Mos-
NiS42° core toward small molecules such as CO, alkenes, and
alkynes has been described. There are two possible driving
forces for the formation of the cubane-type mixed-metal clusters
from the incomplete cubane-type aqua clugtand metals. One
is the affinity of the metal for the bridging sulfur atoms, and
the other is the reducing ability of the mefdl In addition,
the reaction ofl. with acetylene is known to give a cluster with
carbon-sulfur bond&t

Clusterl has attracted much attention not only in the synthetic
but also in the theoretical area: many molecular orbital
calculations have been carried out bnwhich has six cluster
valence electrons, and its model or derivative clusters to
elucidate their electronic and magnetic properties and reactivi-
ties22 In addition to the six-electron clusters, seven-electron
clusters with M@S, cores have been prepared, their structures
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Tesque Co. Ltd. The molybdenum cluster [§8gH-O)q]** (1) was
obtained according to a published procedire.

Electrochemical Measurements.Cyclic voltammetry of the cluster
[Mo3GaS(H20)17(pts)-17HO (3-pts) was performed with a BAS
100B electrochemical analyzer. An acetonitrile/0.1 M tetrabutylam-
monium hexafluorophosphate mixture was used as solvent, and a glassy-
carbon working electrode, an Ag/Agreference electrode, and a
platinum wire counter electrode were employed. The redox potential
of the ferrocinium/ferrocene couple wa®.071 V with respect to the
reference electrode.

Analytical Measurements. ICP spectrometry was used for the
analysis of molybdenum and gallium using a Shimadzu ICPS-500
analyzer. A weighted solid sample of [M&aS(H20)12](pts)s14H,0
(2-pts) was dissolvedri 3 M HCI, and the amount of fevolved was
measured (color change from yellow to brown) using a GASTEC No.
30 instrument.

Syntheses of CompoundsAll experiments were carried out under
a dinitrogen atmosphere.

[MO3(_\'Ja31(Hzo)12]GJr (3) and [M03Ga81(H20)12](pts)6-17H20 (3'-
pts). A mixture of Gallium metal (ca. 2 g, beads) ah@0.131 M per
trimer, 25 mL n 2 M HCI) was stirred for 1 day at room temperature

have been determined, and comparisons have been made with., >0-25 °C), during which the color of the solution changed from

the six-electron clusters.

We report here the synthesis and characterization of the
sulfur-bridged cubane-type molybdentigallium clusters [Me-
GaS(H20)12"" (2, n = 5; 3, n = 6; see structuré) obtained

from the reaction of clusterl with gallium metal. No
molybdenum-gallium mixed-metal clusters, especially clusters
with MosGaS cores, have been reported to date although the
synthesis, structural characterization, and properties of the sulfur-
bridged cubane-type gallium cluster [§5a(!Bu)s]?* and many
clusters with M@S, cores have been report&d A preliminary
report of portions of this work has appeafé&d.

Experimental Section

Materials. p-Toluenesulfonic acid (Hpts) was used after recrystal-
lization from water. Gallium metal (beads) was purchased from Nakalia

(15) Deeg, A.; Keck, H.; Kruse, A.; Kuchen, W.; Wunderlich, A.
Naturforsch 1988 43B, 1541-1546.

(16) Curtis, M. D.Appl. Organomet Chem 1992 6, 429-436.

(17) Shibahara, T.; Asano, T.; Sakane, Ralyhedron1991 10, 2351~
2352.

(18) Nasreldin, M.; Li, Y.-J.; Mabbs, F. E.; Sykes, A. Gorg. Chem
1994 33, 4283-4289.

(19) Murata, T.; Mizobe, Y.; Gao, H.; Ishii, Y.; Wakabayashi, T.; Nakano,
F.; Tanase, T.; Yano, S.; Hidai, M.; Echizen, |.; Nanikawa, H.;
Motomura, SJ. Am Chem Soc 1994 116, 3389-3398.

(20) Shibahara, T.; Mochida, S.; Sakane,Ghem Lett 1993 89-92.

(21) Shibahara, T.; Sakane, G.; Mochida)JSAm Chem Soc 1993 115
10408.

(22) (a) Sakane, G.; Shibahara, T.; AdachiJHCluster Sci1995 6, 503.
(b) Chen, ZJ. Cluster Sci 1995 6, 357. (c) Bursten, B. E.; Cotton,
F. A.; Hall, M. B.; Najjar, R. C.Inorg. Chem 1982 21, 302. (d)
Cotton, F. A.; Feng, X.-Jnorg. Chem 1991, 30, 3666. (e) Miler,

A.; Jostes, R.; Cotton, F. AAngew Chem, Int. Ed. Engl. 1980 19,
875. (f) Chen, W.-D.; Zhang, Q.-N.; Huang, J.-S.; Lu, J.-X.
Polyhedron199Q 9, 1625. (g) Chen, Z.-D.; Lu, J.-X.; Liu, C.-W.;
Zhang, Q.-NPolyhedron1991, 10, 2799. (h) Li, J.; Liu, C.-W.; Lu,
J.-X. J. Chem Soc, Faraday Trans 1994 90, 39. (i) Li, J.; Liu,
C.-W.; Lu, J.-X.Polyhedron1994 13, 1841.

(23) (a) Cramer, R. E.; Yamada, K.; Kawaguchi, H.; TatsumilnGrg.
Chem 1996 35, 1743. (b) Mizutani, J.; Imoto, H.; Saito, J. Cluster
Sci 1995 6, 523.

(24) Power, M. B.; Ziller, J. W.; Barron, A. FOrganometallics1992 11,
2783-2790.

green to dark brown. The resultant solution was filtered, the filtrate
was diluted to 10 times its original volume with water, and the unreacted
metal was removed. Chromatography was then performed on a Dowex
50W-X2 column (length 30 cm, diameter 2 cm). The resin was washed
with 0.1 M HCI, and elution wit 2 M HCl yielded a red-brown solution
(ca. 200 mL). When the mixture was placed the column, the color of
the resin turned black and no distinct bands could be distinguished.
Therefore, chromatography was again performed (column length 60
cm, diameter 2 cm). The first (green) and second (brown) bands
containing starting material and the cubane-type cluster [M-
(H20)1]** (the color of which changes to green on exposure to the
air), respectively, were eluted witL M HCI. Then the third (brown)
and fourth (purple) bands containiBdyield 27.5%) and the sandwich
cubane-type cluster [(#)Mo3SsM0SMo3(H,0)d]8",%8 respectively,
were eluted wih 2 M HCI.

To obtain crystals 08-pts, the solution of3 in 2 M HCI from the
third band was adsorbed onto a short-column cation exchanger, Dowex
50W-X2 (column length 3 cm, diameter 2 cm). The resin was washed
with 0.1 M Hpts to remove chloride ion, and slow elution with 4 M
Hpts gave a red solution. The concentrated part of the solution was
stored in a freezer. After several days, red-brown crystals deposited,
which were collected by filtration and washed with ethyl acetate; yield
ca. 4% based on the solutidhin 2 M HCI. Anal. Found (calcd):
Mo, 14.03 (14.17); Ga, 3.20 (3.43); C, 24.68 (24.78); H, 5.03 (5.01).

[MO3(338&(H20)12]5Jr (2) and [M03Ga&(H20)12](pts)5-14H20 (2'-
pts). A procedure similar to that used for the synthesis3ofvas
followed. A mixture of gallium metal (ca. 2 g, beads) a@h(.110 M
per trimer, 25 mL m 2 M HCI) was stirred for 1 day in room
temperature (ca. 225 °C), during which the color of the solution
changed from green to dark brown. The resultant solution was filtered,

(25) (a) Shibahara, T.; Kuroya, H.; Akashi, H.; Matsumoto, K.; Ooi, S.
Inorg. Chim Acta 1993 212, 251-263. (b) Coyle, C. L.; Eriksen,
K. A.; Farina, S.; Francis, J.; Gea, Y.; Greaney, M. A.; Guzi, P. J.;
Halbert, T. R.; Murray, H. H.; Stiefel, E. Inorg. Chim Acta 1992
200 565-575. (c) Baird, P.; Bandy, J. A.; Green, M. L. H.; Hamnett,
A.; Marseglia, E.; Obertelli, D. S.; Prout, K.; Qin, J. Chem Soc,
Dalton Trans 1991, 2377-2393. (d) Brorson, M.; Hyldtoft, J.;
Jacobsen, C. J. H.; Olesen, K. lBorg. Chim Acta1995 232, 171~
173. (e) Ghosh, M. C.; Gould, E. $horg. Chim Acta 1994 225,
297-303. (f) Hong, M. C.; Li, Y. J.; Lu, J. X.; Nasreldin, M.; Sykes,
A. G. J. Chem Soc, Dalton Trans 1993 2613-2619. (g) Coyle, C.
L.; Eriksen, K. A.; Farina, S.; Francis, J.; Gea, Y.; Greaney, M. A.;
Guzi, P. J.; Halbert, T. R.; Murray, H. H.; Stiefel, E.lhorg. Chim
Acta 1992 200, 565-575.
Sakane, G.; Kobayashi, S.; Shibahara, T. Presented at the 31st
International Conference on Coordination Chemistry, The University
of British Columbia, Vancouver, Canada, Aug 1996; see Abstract
4P14, p 86.
(27) Shibahara, T.; Yamasaki, M.; Sakane, G.; Minami, K.; Yabuki, T.;
Ichimura, A.lnorg. Chem 1992 31, 640-647.
(28) Shibahara, T.; Yamamoto, T.; Kanadani, H.; Kuroya)-Am Chem
Soc 1987, 109, 3495-3496.

(26)
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Table 1. Summary of Crystal Data, Intensity Collection Details,
and Structure Refinement Parameters for
[M03GaS(H20)12(CH3CeH4SOs)6-17H,O (3-pts) and
[MOgGas(Hzo)]_z](CH3CGH4SQ,)5'14H20 (2'ptS)

3+pts 2:pts
formula Ma;GaS0047CazH100 M03GaS041CssHs7
mol wt 2035.36 1810.13
space group Pca2; P1
a A 11.188(1) 16.406(4)
b, A 30.936(4) 16.743(3)
c A 23.985(2) 13.173(4)
o, deg 90 90.64(2)
S, deg 90 98.40(2)
y, deg 90 89.32(2)
Vv, A3 8301(1) 3579(1)
VA 4 2
deaice glcn? 1.628 1.679 Y,
dobsa glCTT? 1.63 1.68 o3 si o2
a
g(t)hg(::ge(#,’ cénl 217%(7) 69 22751,23) 69 Figure 1. Perspective view of [MgzaS(H20)12]%" (3).
no. of unique data, 6102 7612
I = 3o(1)
no. of variables 855 844
R (Rw),° % 5.8 (6.3) 6.7 (10.1)
goodness of fit 1.45 1.38

a Graphite-monochromatizelR = S||Fo| — |F¢/l/S|Fol; Ry =
[SW(IFol — IF)¥IWFAY2 w = 1/[0*(Fo)].

the filtrate was diluted to 10 times its original volume with water, and
the unreacted metal was removed. Chromatography was then performed
on a Dowex 50W-X2 columm (length 30 cm, diameter 2 cm). The
resin was washed with 0.1 M HCI, and elution with a solution
containing 0.5 M HCl and 1.5 M NacCl yielded a red-brown solution
(ca. 200 mL), to which chromatography was again applied (column
length 60 cm, diameter 2 cm). The first (green) and second (brown)
bands containing starting materiahnd the cubane-type cluster [b8-
(H20)12]*",?° respectively, were eluted with a solution containing 0.5 o3 [ ol2
M HCl and 0.5 M NaCl. Then the third (brown) and fourth (purple) S1
bands containing@ (yield 27%) and the sandwich cubane-type cluster Figure 2. Perspective view of [MgcaS(H20)12°" (2).
[(H20)M03SMoSsMo3z(H20)0] 8,28 respectively, were eluted with a
solution containing 0.5 M HCI and 1.5 M NacCl. MosGaS cores, 2 and 3, whose charges aret5and 6t,

To obtain crystals of-pts, the red solution o2 in 0.5 M HCI and respectively. We propose tentatively the following reaction
1.5 M NaCl from the third band was adsorbed onto a short-column mechanism for the formation & and 3:
cation exchanger, Dowex 50W-X2 (column length 3 cm, diameter 2
cm). Elution usig 4 M Hpts gave red-brown crystals 2fpts; yield [M0384(H20)9]4+ + Ga+ 3H,0—
ca. 16% based on the solution in 0.5 M HCl and 1.5 M NaCl. Anal.
Found (calcd): Mo, 15.30 (15.90): Ga, 3.74 (3.84); C, 23.36 (23.22); [Mo3GaS(H,0),]*" (1)
H, 4.71 (4.84).

Structural Determination of [Mo 3GaS,(H20)17(pts)s 17Hzo (3+pts) [Mo,GaS(H,0),,]* + H" —
and [Mo3GaSy(H20)17](pts)s-14H,0 (2-pts). A red-brown crystal of 5+, 1
3-pts and a red-brown crystal @ pts were mounted in glass capillaries, [Mo,Ga$(H,0)pl™ + 72H, (2)
respectively. Crystal data and collection and refinement parameters
are summarized in Table 1 (and also in Table S1, Supporting [MosGaS(HZO)Q]5+ +H"—
Information). The atomic coordinates and thermal parameter3-for 6+ | 1
pts (Tables S2 and S3) artipts (Tables S6 and S7) are listed in the [M03Ga§(H20)12] +1,H, (3)
Supporting Information. The structures were solved by SHELXS-86,
and the remaining non-hydrogen atoms were located from difference [Mo3Ga§(HZO)12]6+ + 1/3Ga—'
maps. Since the space group3pts is noncentric, the mirror image

of the structure initially refined (which gave unweighted and weighted [Mo;Ga§(H,0)y,l *+ 1/36a3+ (4)
agreement factors @ = 0.059 andR, = 0.064) was then tested. It
was found to be superior and is the one reported Here 0.058 and We have not detected thet4species, and we assume that
Ry = 0.063). All the other calculations were performed using the the oxidation of the 4 species by H is very rapid to give the
teXsan crystallographic software package. 5+ specie2. At low H* concentrations, such as 0.5 M HCI,
2 is stable. At H concentrations higher tha2 M HCI, 2 is
Results and Discussion oxidized by H" to give the 6~ species3: semiquantitative
) ) analysis of hydrogen gas evolved supports eq 3. Chloride ion

Syntheses and Properties of MolybdenumGallium Clus- plays an important role in the oxidation 8f since2 is stable

ters with MosGaS, Cores. Through the reaction of with even h 4 M Hpts: coordination of chloride ion to the cluster

ga.”ium in hydrOChloriC aCid, we have obtained two clusters with core appears to prompt the oxidation. At the initial Stages of
the synthetic procedures for ba#hand3, 2 M HCI was used,
(29) Sakane, G.; Shibahara, T. Unpublished results. where2 survived, and we assume that eq 4 is operativezand
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Table 2. Interatomic Distances (A) and Angles (deg) in
[M03GaS(H20)12](CHgCeH4SO_:,)6-17H20 (3'pt5)a

Inorganic Chemistry, Vol. 36, No. 8, 19971705

Table 3. Interatomic Distances (A) and Angles (deg) in
[MO3GaS(Hzo)lz](CH3CGH4805)5‘14H20 (2'ptS)a

Mol—Mo2 2.674(2) Gats? 2.518(4)
Mol—Mo3 2.692(2) Gats3 2.491(4)
Mo2—Mo3 2.672(2) GatS4 2.477(4)
mean 2.679[6] mean 2.50[1]
Mol—Gal 3.618(2) Mo 011 2.22(1)
Mo2—Gal 3.625(2) Mot 012 2.23(1)
Mo3—Gal 3.566(2) Mo 013 2.189(8)
mean 3.60[2] Mo2 021 2.231(9)
Mol—S1 2.327(4) Mo2-022 2.188(9)
- Mo2—023 2.201(9)
Mo2—S1 2.332(4)
- Mo3—031 2.206(9)
Mo3—S1 2.338(4)
Mo 3 3323 Mo3—032 2.174(8)
: Mo3—033 2.186(9)
Mol—-S2 2.340(4) mean 2.20[1]
Mol—S4 2.330(4) o104l 1.95()
Mo2—S2 2.346(4) -
Gal-042 2.01(1)
Mo2—S3 2.332(4) -
Gal-043 2.011(9)
Mo3—S3 2.329(4) e 1 99[2]
Mo3—S4 2.333(4) :
mean 2.335[4]
Mo2—Mol-Mo3  59.72(4)  S:tMol-S2  109.8(1)
Mol-Mo2-Mo3  60.48(4)  StMol-S4  108.9(1)
Mol-Mo3—Mo2  59.80(4) S:tMo2-S2  109.5(1)
mean 60.0[2] StMo2-S3  109.5(1)
Mo2—Mol-Gal  68.48(4) gi:mogjgi igg'ﬂ)
Mo3—Mol-Gal  66.97(4) 0 108 3( 2)
Mol-Mo2—Gal  68.18(4) ™Mean 3[2]
Mo3—-Mo2—Gal  67.01(4)  S2Mol-S4 86.2(1)
Mol-Mo3-Gal  69.01(4)  S2Mo2—S3 86.2(1
Mo2—Mo3-Gal  69.37(4)  S3Mo3—S4 87.7(1
mean 68.2[4] mean 86.7[5]
Mol-Gal-Mo2  4297(3)  S2Gal-S3 79.3(1)
Mol-Gal-Mo3  4374(3)  S2Gal-S4 79.4(1)
Mo2—Gal-Mo3  43.25(33)  S3Gal-S4 81.1(1)
mean 43.3[2] mean 79.9[6]

2 The estimated deviation in brackets is calculated as being equal to
[SAZNn(n — 1)]¥2 in which A; is the deviation of théth (of n) value
from the arithmetic mean of the values.

can exist in the presence of gallium metal ever2iM HCI.
Attempts to synthesiz at lower H" concentrations (e.g., 0.5
M HCI) were unsuccessful: no reactionbfvith gallium metal
was observed. Reaction bfwith gallium in 2 M Hpts at room

Mol—Mo2 2.708(2) Gats2 2.546(3)
Mol—Mo3 2.713(1) GatS3 2.534(4)
Mo2—Mo3 2.718(2) GatS4 2.521(3)
mean 2.713[3] mean 2.534[7]
Mol—Gal 3.519(2) Mot 011 2.213(7)
Mo2—Gal 3.549(2) Mot 012 2.217(7)
Mo3—Gal 3.494(2) Mo 013 2.186(7)
mean 3.52[2] Mo2 021 2.23(1)
Mo1—-S1 2.338(3) mogjggg g-%g(i)
Mo2-S1 2.278(3) Mo3—031 2'20(7 )7
Mo3—S1 2.330(3) 0 -207(7)
oS 2 3202] Mo3—032 2.222(7)
: Mo3—033 2.186(8)
Mol-S2 2.315(3) mean 2.206[5]
Mol—S4 2.312(3) -
Moz o 2.200(3) Gal-041 2.06(1)
Gal-042 1.93(1)
Mo2—S3 2.283(3) a
Gal-043 2.03(1)
Mo3—S3 2.311(3) et . 0114]
Mo3—S4 2.308(3) :
mean 2.303[5]
Mo2—Mol—Mo3  60.18(4) StMol-S2  105.8(1)
Mol-Mo2—Mo3  50.99(4)  StMol-S4  107.5(1)
Mol-Mo3—Mo2  50.83(4) StMo2-S2  108.7(1)
mean 60.0[1] StMo2—-S3 107.9(2)
Mo2-Mol-Gal  68.06(4) o1 MOS~S3 105201
Mo3—-Mol-Gal  66.75(4) 0 o 2( 6)
Mol-Mo2-Gal  66.89(4) ™Mean -2[6]
Mo3-Mo2—Gal  66.23(4)  S2Mol—S4 91.7(1)
Mol-Mo3—Gal  67.74(4)  S2Mo02—S3 90.5(1
Mo2—Mo3—Gal  68.38(4)  S3Mo3-S4 92.4(1
mean 67.3[3] mean 91.5[6]
Mol-Gal-Mo2  45.06(3)  S2Gal-S3 79.5(1)
Mol-Gal-Mo3  4551(3)  S2Gal-S4 81.9(1)
Mo2—Gal-Mo3  4539(3)  S3Gal-S4 82.6(1)
mean 45.3[1] mean 81.3[9]

@ The estimated deviation in brackets is calculated as being equal to
[EA&n(n — 1)]*2, in which A; is the deviation of théth (of n) value
from the arithmetic mean of the values.

X-ray Structures of [Mo sGaSy(H20)12](pts)e17H,0 (3-pts)
and [Mo3GaSy(H20)17](pts)s-14H,0 (2-pts). The structures
of the cations oB-pts and2-pts are shown in Figures 1 and 2,
respectively. Both cluster cations have an approximate sym-

temperature gave mainly the cubane-type molybdenum clustermetry ofCs,. A statistical disorder was observed between Mo2

[M04S4(H20)12)*", while reaction ofl with indium metal in 4
M Hpts was observed to give clusters with MuS, cores’ The
temperature of the reaction a@fwith gallium was kept at 20
25 °C. At temperatures lower than B, no reaction was
observed, and at high temperatures (ca. K00 the formation
of the molybdenum cluster [M&(H.0)1J*" was observed
(13%).

The role of gallium metal in the metal incorporation reaction
is unique. Reaction ofl with such metals as magnesium
(Mg?™0, E° = —2.36 V), aluminum (A¥°, E° = 1.68 V), and
zinc (Zrét0, E° = —0.76 V) and rare-earth metals (e.g. 34,

E° = —2.38 V) having stronger reducing ability than gallium
(Gat0, E° = —0.56 V) gives molybdenum clusters with the
sandwich cubane-type M8MoS;Mo3 or cubane-type Mgb,
cores, while iron (F&70, E° = —0.44 V), cobalt (C&™°, E°
—0.28 V), nickel (N&™0, E° = —0.26 V), indium (IF*/0, E° =
—0.34 V), and other metals having weaker reducing ability than
gallium give mixed-metal clusters with MBIS, cores (M=
metals other than Mo). No sandwich cubane-type,{#}4-
Mo3S;GaSMoz(H20)q]™ clusters have been detected, while
molybdenum-indium [(H20)sM03S4InS4Mo3z(H20)g]™ clusters
have been isolated, though the chargef the cluster is not
certain at presersf

and Gal of the cation d-pts, and the following occupancy
factors were used for the disordered atoms: Mo2, 0.75; Mo4,
0.25; Gal, 0.75; Ga2, 0.25. Atoms with smaller occupancy
factors, Mo4 and Ga2, are omitted in Figure 2 for clarity.
Selected interatomic distances and angle8-pts and 2-pts

are collected in Tables 2 and 3, respectively.

The Mo—Ga distances3pts, 3.60[2] A; 2-pts, 3.52[0] A)
are much longer than the corresponding-Mdo (3-pts, 2.679-

[71 A; 2-pts, 2.713[3] A) distances, similar to the case of [Mo
INSy(ptsp(H20)10)3" having an MgInSs2+ core (Mo—Mo,
2.681[7] A; Mo-In, 3.72[2] AY and distinctly different from
the case of [MgFeS(H.0h*" (Mo—Mo, 2.767[7] A; Mo—

Fe, 2.67[1] A). The Me-Ga and Me-Mo distances ir2-pts

are slightly shorter and longer, respectively, than the corre-
sponding distances i&-pts.

Electronic Spectra and Electrochemistry. Electronic spec-
tra of 3-pts in 2 M HCI and2-pts in 0.5 M HCI are shown in
Figure 3. The corresponding peak positions andlues §max
nm (, M~ cm™Y)) are very similar for both compounds--
pts, 762 (447), 550 (204)2-pts, 760 (404), 548 (205). The
spectrum of2-pts in 2 M HCl is identical to that oB-ptsin 2
M HCI in the visible region. The spectra @and3 are very
similar to that of [MaInSu(ptsh(H20)10]*" (Amax 758, 552 nmy.
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Figure 3. Electronic spectra of cubane-type clusters withs@aS"

(n = 5, 6) cores and of an incomplete cubane-type cluster with an
MosS#t core: () [Mo3sGaS(H20)12)(pts) 17H,0 (3+pts) in 2 M HCI;

(**) [MosGaS(Hz0)12)(ptsk-14H,0 (2-pts) in 0.5 M HCI; (—-—)
[M03S4(H20)q](pts)k 9H,O (1-pts) in 2 M HCI.
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Figure 4. Cyclic voltammogram of [MeGaS(H-0):2]¢" (3, 0.3 mM)

at a glassy carbon electrode in acetonitrile/0.1 M tetrabutylammonium

hexafluorophosphate. Scan rate: 100 mV. s

-2.0

In contrast to the very small spectral differences betw2en
and3 with MozGa§ cores, the electronic spectra of the cubane-
type molybdenum clusters [M84(edta}]" (n = 2—4), where
the charges of the M&, cores are &, 5+, and 4+, respec-

Shibahara et al.

tively, differ greatly?>® The electronic structures & and 3
were investigated by using the spin-polarized discrete variational
(DV)—Xo. method, C3, symmetry being applied for both
clusters. The degree of spin polarization ®fhaving odd
electrons is very small. In the molecular orbitals2oénd 3,
HOMO and next to HOMO orbitals and LUMO and next to
LUMO orbitals consist mainly of Mo 4d atomic orbitals and
the HOMO-LUMO gaps are very close to each other, which
may be the reason for the similarity of the electronic spettra.
The cyclic voltammogram of3 (Figure 4) shows three
reduction processes (the cathodic peak potentgdsare—0.83,
—1.20, and—1.74 V, respectively), where the first and second
processes are quasi-reversible (the anodic peak poteijgls,
are —0.55 and—1.00 V, respectively), but the third one is
irreversible. The spectrum obtained by means of convolution
and semi-integration of the voltammogram showed that the ratio
of the height of each process is close to 1:1:3. The formal
oxidation states of the metals Bare assigned tentatively as
MoVMo", and G4', and the those after the three reduction
processes, as Mg and GA. The cyclic voltammogram of the
molybdenum-iron cluster [M@FeS(H20)10]*" shows three
consecutive one-electron reduction processes; the cathodic peak
potentials Eyc, are—0.91,—1.47, and—1.81 V, respectively®
and these potentials are very similar to those in the cyclic
voltammogram oB. Detailed research will be required to assign
the oxidation states of metals in each reduction process of
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