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A sulfur-bridged sandwich cubane-type molybdenrtamtimony cluster [(HO)oMo03S,:SbSMoz(H.0)g]8t (2) has
been synthesized through the reaction of incomplete cubane-type molybdenum clus@(tvo)e]** (1) with
antimony metal, and has been isolate@grsk-24H,0 (2-pts) (Hpts = p-toluenesulfonic acid), whose structure
has been characterized by X-ray crystallography. Crystal d2epts: triclinic, space groufrl, a = 14.468(3)

A, b=18.531(5) A,c = 13.713(6) A,a = 105.26(2}, 8 = 119.71(1}, y = 72.48(3), V= 3016(1) B,z =1,
Deaica= 1.696 g cnm®, Dopsg= 1.72 g cn3, R (Ry) = 4.7 (7.5) for 6593 reflectiond & 2.00(1)). The Mo—Sb
distances (3.68[2]) A) are much longer than the-Mdo (2.717[7] A) distances. Peak positions ansgalues
(Amax NM €, M~1 cm™1)) of the electronic spectrum @ ptsin 2 M HCl are 384 (13 220), 625 (10 440), and 700
(10 080). The!?'Shb Mtssbauer parameterd & —2.64 mm st, €gQ = 18.1 mm s, » = 0.29), and the
binding energies (eV) and full widths at half-maximum (in parentheses, eV) obtained from XPS spectsuym (Sb
540.3(2.3); M@gz/z 233.2(2.1); Mags/z 230.2(1.9); (Gs= 285.0)) of2-pts indicate that the oxidation number of
antimony is Ill, and the mean oxidation number of molybdenurm-35.

Introduction
As the extension of the metal incorporation reacfiome

report here the reaction of the sulfur-bridged incomplete cubane-

type molybdenum cluster [M&(H20)o]*" (1) with antimony
metal to give a sulfur-bridged sandwich cubane-type molyb-
denum-antimony cluster [(HO)sM03S,SbSMoz(H,0)g]8" (2).
Antimony has high affinity toward sulfur, $8; and ShSs being
known as sulfides, and progress of the metal incorporation
reaction has been anticipatédSo far, many antimony halides

(OEt))4(CsH30ON)] (4, where X= 0.5S+ 0.50) have been
reported so faf the starting materials f@& and4 being [M;Ss-
(S:P(OEt))4(L)] (L = H20, GH3ON) and Sbhd.

We have successfully isolatétlas a solid sample2(pts)y-
24H,0 (2-pts) (Hpts= p-toluenesulfonic acid), determined the
X-ray structure, and characterized the cluster by means of
electronic spectroscopy, X-ray photoelectron spectroscopy, and
121Sh Mossbauer spectroscopy. A preliminary report of portions
of this work has appearéed.

have been reported, however, reports on mixed-metal C|U5ter5Experimental Section

containing antimony are very rafeand as for cubane-type
molybdenum-antimony clusters, only [MsSbSCls-
(S2P(OEt)4(EtOH)*EtOH  (3) and [MoSbhSCl3(SXP-
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Materials. p-Toluenesulfonic acid (Hpts) was used after recrystal-
lization from water. Antimony (powder) was purchased from Nakalai
Tesque Co. Ltd. The molybdenum clusteiin dilute HCI and the
solid sample [M@Ss(H20)q](ptsk-9H.O (1-pts) were obtained according
to published procedurés.

Mu'ssbauer Measurements.'?'Sh Mdssbauer spectra were meas-

Electric Corporate Research and Development, Ltd., Nagasaka, Yokosukaured with an Austin Science S-600 §kbauer spectrometer using a

240-0101, Japan.
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1706 and references therein.

Ca?'msnG; source (16 MBq) and a germanium detectbrBoth the
source and the samples containing 15 mg Sb%owere kept at 20 K
in a cryostat incorporating a closed-cycle refrigerdtorhe Doppler
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velocity was measured with an Austin Science LC-9 laser interferometer Table 1. Crystal Data for
and calibrated by measuring th#e spectrum of an iron foil at 20 K [(H20)9M03S:ShSM0o3(H20)e] (CH3CeH4SOy)g: 24H,O (2+pts)

using a57C0(Rh? source. _The spectra were c_omputer-fitted with twelve empirical formula GeH140M06066S16S b1
guadrupole-split lines using a transmlssmp |ntegrallmethod developed fw 3080.14
by Shenoy et al The isomer shifts are given relative to InSb at 20 space group P1
K. a(h) 14.468(3)

Other Measurements. XPS data were obtained on a Shimadzu b (A) 18.531(5)
ESCA 850 spectrometer. ICP spectrometry was used for the analysis c(A) 13.713(6)
of molybdenum and antimony using a Shimadzu ICPS-500 analyzer. o (deg) 105.26(2)
Electronic absorption spectra were obtained on a Hitachi U-2000 B (deg) 119.71(1)
double-beam spectrophotometer. Ehealues of2 in 4 M Hpts were v (deg) 72.48(3)
calculated based on the concentration of molybdenum and antimony V(A9 3016(1)
determined by ICP spectroscopy. Thealues of2 in 2 M HCI were Z 1
calculated based on the concentratiod (620 nm,e = 315 M~ cm™?) Bca'c 1336

: . : : obs .

formed through air-oxidation a2 in the solvent. 4 (cm) 11.92

S_y_ntheS|s of Compounds.All experiments were carr_led out‘under radiation, ! (A) Mo Ka, 0.710 69
a dinitrogen atmosphere. Trace amount of dioxygen in the dinitrogen Re 0.047
gas for use was removed by passing the gas into an alkaline pyrogaloll RP 0.075
solution.

[(H 20)sM03sS:ShSMo3(H20)¢]%" (2) and [(H-0)sM03S:SbSMo - a R2= Z|Fol _2 ||:c||/2|1|:o|-2b Ry ?1[ IW(|Fo| — [Fe)?ZWFe? 1Y% w
(H20)g)(CH 3CeH4S03)g-24H,0 (2+pts). A mixture of antimony (2 g, = LoXFo) = [0X(Fo) + ap*(Fo] ™.

powder) andl (0.1 M in 6 M HCI, 20 mL) was stirred for 7 days at
room temperature (ca. 2@5 °C), during which the color of the
solution changed from green to bluish-green. The resultant solution
was filtered and the unreacted powder was removed, then, the filtrate
was diluted to 30 times its original volume with water as soon as
possible. Chromatography was then performed on a Dowex 50W-X2
column (length 20 cm, diameter 2.2 cm). The resin was washed with
0.5 M HCI to remove any antimony species (colorless, detected by the
addition of 1% NaS aqueous solution to give red-orange turbidity or
precipitate), unreacted (ca. 54%) were eluted witl M HCI, and 500
elution with 2 M HCl yielded a green solution (ca. 150 mL) containing
2 (yield 40% based or used). The solution was analyzed to give
Mo/Sb = 5.70.
To obtain crystals of2-pts, the solution of2 in 2 M HCI was
absorbed onto a short-column cation exchanger, Dowex 50W-X2 (length Figure 1. Electronic spectra of clusters—} 2in 2 M HCI; (-++) 2in
1 cm, diameter 2.2 cm). The resin was washed with 0.1 M Hpts to 4 M Hpts; (—-—) 1in 2 M Hpts. (For comparison the values of2
remove chloride ion, and slow elution Wwi4 M Hpts gave a bluish and 1 are multiplied by/s and /s, respectively).
green solution. The concentrated part of the solution was stored in a
freezer. After several days, deep bluish green crystals deposited, whichyith antimony in hydrochloric acid under a dinitrogen atmo-
were collected by filtration and washed with ethyl acetate; yield 30% gsphere, we have obtained a sandwich cubane-type cister
?;f%i)?r:_'thj ;g't‘;'%ﬁg):; 2MHCI. Anal. Found (calcd): C,22.64 4 moderate yield (40%). The use of a higher HCI concentration
. A, 4. . 0. :
Sicura Deemnsion of (4 QO SSESNo(HO 5t MY I It 6 1 1O, ceelrtes e reacton.

(CH3C¢H4S05)5:24H,0 (2-pts). A deep bluish green crystal @ pts o . -
was mounted in a glass capillary. Crystal data and collection and in Figure 1 together with that df in 2 M Hpts. The spectrum

refinement parameters are summarized in Table 1 (and also in Table®f 2 in 2 M HCI has two peaks in 568800 nm region, while
S1, Supporting Information). The atomic coordinates, thermal param- the spectrum of in 4 M Hpts has only peak in the region.
eters, and=, — F. Tables are listed in the Supporting Information ~Peak positions and values fmax, Nm (€, M~ cm™1)) are as
(Tables S2-S4, respectively). A large decay (25.6% decline) was follows: 384 (13 220), 625 (10 440), and 700 (10 080)Zadn
observed, and correction was applied. The structure was solved by2 M HCI; 377 (11 040) and 623 (7560) f@rin 4 M Hpts. The
SHELXS-86;* and the remaining non-hydrogen atoms were located spectra of2 in 0.1 M HCI (peak at 616 nm)ni1 M H,SOy

from difference maps. All calculations for the refinement were (peak at 592 nm), anchi2 M HCIO, (peak at 615 nm) also
performed using the teXsan crystallographic software packagkn have peaks only in the visible region, respectively. Addition

empirical absorption correction program was appliedill the carbon of NaCl to the solution of in 0.1 M HCl to give 0.1 M HCI

atoms of the phenyl groups (except positions 1 and 4) of thegptons . . .
are disordered and isotropic temperature factors are applied. No attempt—'_ 1.9 M NaCl solution gives two peaks at 625 and 700 nm in

2500
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0 - o
300 400 500 800 700 800 900 1000
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was made to locate hydrogen atoms. the visible region. We do not have a definite answer to explain
) ) these phenomena: coordination of Gbn to the central Sh
Results and Discussion atom may be one of the causes. The clugtsrextraordinarily

Synthesis and Properties of Sandwich Cubane-Type & sensitive compared with other mixed-metal clusters: for
Molybdenum—Antimony Cluster. Through the reaction af ~ €xample, [MaNiS4(H20)iq*" in 2 M Hpts is air-oxidized by
only ca. 15% in a montk} and [MaFeS(H20):0** in diluted
(10) Shenoy, G. K.; Friedt, J. M.; Maletta, H. Ruby, S. L.Nfbssbauer HCl is air-oxidized to give [MeSy(H20)10]*" and F&* in several

Effect MethodologyGruverman, 1. J., Seidel, C. W., Dieterly, D. K., hoyrs!® and both the solid samples iS4(H-O tsu:7H.0O
Eds.; Plenum Press: New York, 1974; Vol. 9, pp 2BD5. . ples [M&iS,(HOhd(pts) 7Hy

(11) Sheldrick, G. M. IrCrystallographic Computing;3Sheldrick, G. M., and [MosFeS(H20)10](ptshr7H;O can be handled in the air.
Kruger, C., Goddard, R., Eds.; Oxford University Press: London, 1985;
pp 175-189. (14) Shibahara, T.; Yamasaki, M.; Akashi, H.; Katayaman®rg. Chem.
(12) Crystal Structure Analysis PackagMolecular Structure Corpora- 1991 30, 2693-2699.
tion: The Woodlands, TX, 1985 and 1992. (15) Shibahara, T.; Sakane, G.; Naruse, Y.; Taya, K.; Akashi, H.; Ichimura,

(13) Walker, N.; Stuart, DActa Crystallogr.1983 A39 158-166. A.; Adachi, H.Bull. Chem. Soc. JpriL995 68, 2769-2782.
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Table 2. Selected Interatomic Distances (A) and Angles (deg) fopQ(jsM03S:SbSM0o3(H20)e](CH3CsH4SOs)g-24H,0 (2-pts)

distances angles

Sb1-Mo1l 3.7025(8) Mo1-S2 2.350(2) S2-Sb1-S3 77.83(6) S2-Mol-S4 88.90(7)
Sb1-Mo2 3.6961(7) Mo1-S4 2.342(2) S3b1-S4 77.79(6) S2-Mo2-S3 89.18(7)
Sb1-Mo3 3.642(1) Mo2-S2 2.346(2) S3-Sh1-S4 79.64(6) S4-Mo03-S3 90.23(7)
mean 3.68[2] Mo2-S3 2.339(2) mean 78.4[6] mean 89.4[4]
Sbh1-S2 2.643(2) Mo03-S3 2.342(2) S2-Sh1-S3 102.17(6) Mo1-S1-Mo2 70.69(5)
Sb1-S3 2.593(2) Mo3-S4 2.343(2) S2-Sh1-S4 102.21(6) Mo1-S1-Mo3 71.49(5)
Sbh1-s4 2.590(2) mean 2.344[2] S3-Sh1-S4 100.36(6) Mo2-S1-Mo3 71.13(5)
mean 2.61[2] Mo1-0O11 2.175(5) mean 101.6[6] mean 71.1[2]
Mol-Mo2 2.7035(8) Mo2-021 2.203(5) Mo2-Mo1-Mo3 60.10(2) Sbh1-S2-Mol 95.56(6)
Mo1-Mo3 2.7280(9) Mo3-031 2.176(5) Mo1-Mo2-Mo3 60.39(2) Sb1-S2-Mo2 95.43(6)
Mo2-Mo3 2.7201(8) mean 2.18[1] Mo1-Mo3-Mo2 59.50(2) Sbh1-S3-Mo2 96.95(6)
mean 2.717[7] Mo1-012 2.145(5) mean 60.0[3] Sbh1-S3-Mo3 94.98(6)
Mo1l-S1 2.333(2) Mo1-013 2.185(5) S1-Mol-S2 108.93(7) Sb1-S4-Mol 97.17(6)
Mo2-S1 2.340(2) Mo2-022 2.146(5) S1-Mol-S4 107.80(6) Sb1-S4-Mo3 95.04(6)
Mo3-S1 2.337(2) Mo2-023 2.168(5) S1-Mo2-S2 108.83(7) mean 95.9[4]
mean 2.337[2] Mo03-032 2.174(5) S1-Mo2-S3 108.01(6) Mo2-S2-Mol 70.29(5)

Mo03-033 2.169(5) S1-Mo03-S3 108.01(6) Mo2-S3-Mo3 71.06(5)

mean 2.165[6] S1-Mo3-S4 107.64(7) Mo1-S4-Mo3 71.22(5)

mean 108.2[2] mean 70.9[3]

Table 3. Selected Interatomic Distances (A) in Cubane-Type Molybder&ntimony Cluster3 [(H20)sM03S;ShSMos(H20)e] (pts)24H,0
(2-pts), [Mo3SbSCl3(S:P(OEt})4(EtOH)]-EtOH (3), [M03SbSCls(SXP(OEt})4(CsHsON)] (4, X = 0.5S+ 0.50), and
[M03S4(H20)q](pts)-9H,O (1-pts)Pe

cluster core/charge MeMo Mo—M Mo —us-S Mo—us-S Sb—us-S ref

2-pts Mo03S,:ShSMog/+8 2.717[7] 3.680[19] 2.337[2] 2.344[2] 2.609[17] this work
3 Mo3ShS/+7 2.731[7] 3.822[5] 2.337[3] 2.308[8] 2.775[21] 4

4 Mo3ShS/+7 2.741[7] 3.825[11] 2.339[5] 2.314[7] 2.780[15] 4

1-pts Mo3sSy/+4 2.735[8] - 2.337[5] 2.283[4 - 6¢

aHpts = p-toluenesulfonic acid, C¥CsH4SO;H. ® The incomplete cubane-type molybdenum clusteats is included.c The symbolus-S is
used for the bridging sulfur atoms connecting two Mo atoms and an incorporated Sh atom, while the gy8ilmlused for the bridging sulfur
atoms connecting three Mo atonfsAn averaged Maq,-S distance.

Even in vigorous air-free condition, the peak height at 625 nm 012 m, 033*
decreases and that at 700 nm increases slowly. The peak at (€ o3 9L 4 B 032+

700 nm shifts to longer wavelength (to ca. 715 nm) with \»\
increasing peak height, then the peak decreases, while the peak *\‘4 O
at 625 nm decreases constantly. Introduction of air to the C13 Mo1e 021 U Mo3*
solution accelerate the decrease of the peak heights to give ’//‘ *n S4*
finally the spectrum ofl. Air-oxidation of 2 is one reason for = \ AMo2 Y /
the spectral change, however;* Hon oxidation cannot be 0224 / 222 s 1+
negligible: if solid sample-pts was dissolved in 0.1 M HCI - Sof M02* ~\C 1//"
+ 1.9 M NaCl, similar spectrum to thahi2 M HCI was Mot & e\ 021+ Mol * 13*
obtained, and the spectral change is much slower than thatin2 3 S Y
M HCl \ % &
: . ) L) S2*

Lu et al. and Lin et al. (see ref 4) have reported the synthesis 032 \'L; _ 5102 5@
of clusters3 and 4 with Mo3zSbS"" cores by the reaction of 033 &) 2*
[M03Sy(S:P(OEtp)4(L)] (L = H,0, CsHsON) with SbCh, the 031
solvent being the mixture of acetone and ethdnwhere, we Figure 2. Perspective view of [(bD)eM0:S4SbSMos(H;0)e|%". The
suppose, no formal redox reaction between \)oin 3 (and asterisked atoms are related to the unasterisked ones by a center of

4) and SH' in SbCk occurred. To the contrary, reductive SYMMetry.

addition of Sb tol occurred in the formation d? through the
reaction of 1 with Sb metal, which is verified by X-ray

photoelectron spectroscopy and $ébauer spectroscopy (see “ X
below). We have tried to isolate an intermediate having an direct bonds exist between the metal atoms. Hydrogen bonds

Mo3SbhS* core from2 in vain. Either the organic solvents prevail among coordinated water molecules, water molecules
used or the ligand £(OEt) employed in3 and4, or both of of crystallization, and oxygen atoms of ptanions (Table S6).
them, may be operative for the stabilization of theJ8S’* X-ray Photoelectron Spectroscopy. The following binding
core. energies (eV) and full widths at half-maximum (fwhm; in
X-ray Structure of [(H 20)gM03S:ShSMos(H0)e]- parentheses, eV) are obtained from XPS spectrurg-pfs:
(CH3CeH4S03)g:24H,0 (2:pts). The structure of the cation Shsaara 540.3 (2.3); M@aa/a 233.2 (2.1); M@s/a 230.2 (1.9);
of 2-pts is shown in Figure 2. Two incomplete cubane-type (C1s= 285.0). Compared with the binding energies of antimony
cores, MaSy's, are bridged by an antimony atom which lies Metal (SBus2 537.50),° and molybdenum (M2 233.6 (2.1);

on a center of symmetry. Interatomic distances and angles are (16) Practical Surface Analysis, Vol. 1, Auger and X-ray Photoelectron
collected in Table 2 (and in Table S5). Some of the distances Spectroscopy2nd ed.; Brigs, D., Seah, M. P., Eds.; John Wiley &
are extracted from the Table 2 and are tabulated in Table 3 Sons: New York, 1988.

together with those of the relevant clust8yg, andl. Although
the Mo—Sb distances i2 are shorter than those 8and4, no
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100LE T T T R Table 4. 12'Sp Mossbauer Parameters of
R :-':._" e [(H20)sM03S4SbSM03(H20)g](CH3CsH4S Os)g:24H,0 (2+pts)
I 3 ’ ) relative
96 - L 7 compound site 52mms?! €qQ mms?! gy  area (%)
i 1 2pts  Sb(ll)  —2.64 18.1 029 100
92 - @ 2:pts®  Sb(V) 8.67 0 0 17
} i sb(l)  —3.87 18.0 0.12 83
o
& 88 aRelative to InSh? Partially oxidized (see text).

= 100 Figure 2, the X-ray structural study has revealed quasi-octahedral

coordination about Sb by six ligating-sulfur atoms. The
parameters indicate that the oxidation number of antimony in
2-pts is lll, though both thed and éqQ values seem slightly
large for the sulfur ligatiod. The oxidation numbers of
molybdenum atoms ir2-pts are then calculated to be either
3Mo(lll) + 3Mo(lV) or 6Mo(+3.5). The XPS peaks of

95

90

85

e S IS I S — molybdenum atoms (Mgs2, and Magsn) in 2-pts show no
-20 -10 0 10 splitting, and the fwhm of the peaks are not large compared
v/imms’ with those in 1-pts (see the section X-ray Photoelectron
Figure 3. 12'Sh Massbauer spectra: (2)pts, (b) partially air-oxidized Spectroscopy). Therefore, the mean oxidation nun®b was
sample of2-pts. assigned to the molybdenum atoms 2mpts. Partial air-

oxidation of 2-pts gives mixture of Sb(V) and Sb(lll). This

Mosgs/z 230.7 (1.9)) inl-pts,1” those of antimony and molyb-  indicates that the air-oxidation &f-pts causes oxidation of
denum in2 are higher and lower, respectively, and it is clear antimony at first then oxidation of molybdenum.
that reductive addition of antimony has occurred. However, Acknowledgment. This work was partly supported by a
the oxidation number of antimony pts, that s, either Sb(lll)  Gant.in-Aid for Scientific Research (No. 08454215) from the
or Sb(V), could not be determlneglfrom the XPS experiment. \inistry of Education, Science and Culture, and by a Special

M@ssbauer Spectroscopy.The **'Sh M&ssbauer spectros-  Grant for Cooperative Research administered by Japan Private
copy is very useful for the determination of the oxidation number gchq0| Promotion Foundation. We thank Research Instruments

of antimony. The?!Sb Mossbauer spectrum @fptsis shown  center Okayama University of Science, for the use of instru-
in Figure 3a, and that d®-pts taken after exposure to the air 1 ants.

half a day is also shown in Figure 3b. The parameters such as
isomer shift §), quadrupole coupling constant?¢€), and
asymmetry parameter) are listed in Table 4. As shown in

Supporting Information Available: X-ray crystallographic files,
in CIF format, for compoun@-pts are available on the Internet only.
Ordering and access information is given on any current masthead page.
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