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A new series of linear-type MooRh, tetranuclear complexes, [{Cp*Rh™(u- SCH;3)sMoY'0,},(u-0)] (1),
[{Cp*Rh™(u-SCH3);M0" 0}2(1-0),] (2), and [{Cp*Rh™(u-SCH3)3sMo" O}2(1-0)(1-S)] (3), has been prepared from
reactions of the triple cubane-type oxide cluster [(Cp*Rh);Mo4016]-2H2O with CH;SH. These tetranuclear complexes
have been characterized by elemental analysis, infrared, electronic, and 'H, **C, and O NMR spectroscopies as well as
X-ray analysis.

Complex 1 crystallizes in the monoclinic space group P2;/n (No. 14) with a = 15.348(3), b = 14.059(3), ¢ = 17.879(3)
A, £ =107.11(2)°, V = 3690(1) A% and Z = 4. Complex 2 crystallizes in the monoclinic space group C2/c (No. 15) with
a = 25.3344), b = 21.271(2), ¢ = 17.831(3) A, B = 129.70(5)°, V = 7393(2) A>, and Z = 8. Complex 3 crystallizes in
the orthorhombic space group Pcab (No. 61) with a = 16.902(3), b = 26.631(3), ¢ = 16.855(2) A,V =7587(3) A3, and
Z = 8. Complex 1 involves a nearly linear “O,Mo" (1-0)Mo""0,” framework, to which two Cp™Rh™ units are linked
by #-SCH; ligands. Complexes 2 and 3 have an analogous tetranuclear Mo">,Rh™, structure in which the Mo" and Rh™
atoms are bridged by three 1-SCHj3 ligands. Complex 2 contains a doubly-bridged “OMo" (1-O),Mo" O” framework with
an Mo-Mo distance of 2.564(1) A, while 3 contains a “OMo" (1-0)(u-S)Mo" O” framework with an Mo-Mo distance of
2.666(1) A. Complexes 2 and 3 retain the tetranuclear structure but are fluxional in solution. The fluxional behaviors are due
to intramolecular rotations of the “Cp*Rh(,u-SCHg)” moieties on the trigonal planes of the octahedral Mo centers. Line-
shape analyses of variable-temperature 'H NMR spectra measured in CsDsCl yield activation parameters of AH* = +80.2
kKImol™", AS* = +22.1 JK~"mol™", and AGly = +73.6 kIimol " for the rotation in 2 and AH* = +76.8 kJmol ™!,
AS* = +21.1 TK ' mol ™!, and AGly ¢ = +70.5 kI mol~" for that in 3.

1985

Organometallic complexes supported on polyoxoanion
surfaces and those incorporated into polyoxoanion frame-
works have been extensively studied from interest in their
versatile solid-state structures, the unique reactivities, and
homogeneous and heterogeneous catalysis.'— During the
course of our investigations of organometallic oxide clus-
ters that contain both soft and hard multimetal centers,* we
isolated and characterized triple cubane-type organometallic

oxide clusters, [(Cp*M);Moy"016]-nH,0, where M = Rh'l
(n =2) and I'" (n = 0).° It has been found that the triple
cubane rhodium analog reacts with CH3OH in the pres-
ence of p-hydroquinone to yield the incomplete double
cubane cluster [(Cp*Rh);Mo30g(u-OCH3),] (Scheme 1a).6
In this reaction, the cubic M4O4 (M = Rh™ or Mo"!) frame-
work is maintained and no drastic metal-oxygen bond re-
arrangements take place. The structure of the incomplete
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cubane cluster suggests that CH;OH molecules attack the
bridging oxygens of [(Cp*Rh);Mo406] to remove for-
mally the “(Cp*Rh)2M007” part from its framework.® On
the other hand, even under mild reaction conditions, 1,2-
benzenedithiol induces a complete reconstruction of the clus-
ter framework to separate the organorhodium and oxide
parts with formation of [(Cp*Rh)z(,u(S)—l,2—C6H452—S,S’ )21
(Scheme 1b).”

In an extension of our study to the reaction using CH;SH
as the substrate, we have found that the transformation of
the framework of the triple cubane cluster varies with re-
action conditions such as solvent, reaction temperature, and
the concentrations of the cluster and thiol as described in
our communications®® and note.'® The reaction in CH;CN
in the presence of a high concentration of CH3SH pro-
duces [(Cp*Rh),(14-SCHs)314[MogOs]" and [(Cp*Rh),-
(4-SCH3)312[M0g015]"! in which the organorhodium and
oxomolybdate moieties are completely separated. The re-
actions in CH,Cl, at room temperature, in CH;OH us-
ing the vapor of CH3SH at room temperature, and in
CH;3;OH under refluxing conditions give the Mo,Rh, tetranu-
clear complexes of [{Cp*Rh™(u-SCH;3);Mo0"10,},(u-0)]
1) [{Cp*Rh™(u- SCH3);Mo" O}, (- 0),] (2)° and
[{Cp*Rh™(u- SCH3);Mo" O}»(u- O)(u-S)1 (3),° respec-
tively, together with the octa- and hexa- molybdates as main
products. In this paper, we will describe the full account
of (i) the reactions of [(Cp*Rh);Mo,0;6] with CH;SH to
give the Mo,Rh; tetranuclear complexes of 1, 2, and 3, and
(ii) the structural and bonding study of these products based
on the results of X-ray analysis, and (iii) the elucidation of
the fluxional behaviors of 2 and 3 using complete line-shape
analyses of variable-temperature '"H NMR spectra. The 70O-
enriched analogs were also prepared and characterized by
70 NMR spectroscopy.

Experimental

Materials. The starting compounds of [{Cp*RhCl(u-Cl)},] 12
and [(Cp*Rh)sMo4O16]-2H,0 ° were prepared according to the
literature methods. The following chemicals were purchased
from commercial sources and used without further purification:
RhCl3-3H,0 (Shiga Kikinzoku), Na,MoO4-2H,0 (Wako), penta-
methylcyclooctadiene (Kanto Kagaku), CH3SH (30% in CH;OH)
(Nacalai), and 10% '"O-enriched water (CEA). The solvents of
CH;0H and CH,Cl, were distilled under Ar. Other solvents were
used as received.

Preparation of Tetranuclear Mo;Rh; Complexes. [{Cp* Rh-
(u-SCH3)3Mo00; }2(2-0)] (1).  To asolution of CH3SH (3.0 cm®:
30% in CH30H, 15 mmol) in CH,Cl, (10 cm®) was added drop-
wise a solution of [(Cp*Rh)sMo4015]-2H,0 ° (0.35 g, 0.21 mmol)
in CH,Cl, (15 cm®) at room temperature. After the mixture was
stirred for 30 min, the solvent was evaporated. The orange residue
was dissolved in a minimum quantity of CH,Cl, and the insolu-
ble yellow solid of polyoxometalates'® was removed by filtration.
The filtrate was treated with a column chromatography of silica gel
with CH»Cl,/(CH3)2CO (acetone) (15/1, v/v) as an eluent. The first
fraction was evaporated to give 1 as an orange solid in a 20% yield
(90 mg). Complex 1 was also obtained by using CH30H as the sol-
vent, but in a much lower yield. Single crystals suitable for X-ray
analysis were grown from a CH3CN solution at room temperature.
Anal. Caled for CysHasM0,OsRh;Sg: C, 30.30; H, 4.69%. Found:
C, 30.56; H, 4.68%. Negative ion FAB MS (NBA as a matrix):
the most intense peak, m/z = 1030 ([M] ™). IR (KBr pellet, cm™!,
1100—700 cm™! region) v(Mo-0y): 1023 (m), 951 (m), 919 (s),
891 (s); v(Mo—0p): 750 (s) (O, and Oy represent the terminal and
the bridging oxygen atoms, respectively). 'HNMR (CDCls, 23 °C,
S vs. TMS) 6 = 2.22 (s, br, SCH3), 2.19 (s, br, SCH3), 2.17 (s,
br, SCHs), 2.03 (s, br, SCHs3), 1.95 (s, br, SCH3), 1.78 (s, 30H,
Cs(CH3)s). BC{'"H} NMR (CDCl3, 23 °C, & vs. TMS) 6 = 97.3
(d, Jrn— = 6.1 Hz, C5(CH3)s), 15.3 (s, SCH3), 13.8 (s, SCH3), 13.6
(s, SCH3), 12.9 (s, SCH3), 9.4 (s, C5(CHz3)s). Electronic spectrum
(CH,Cly, 25 °C) Amax (6/M™' cm™1), ca. 370 (sh), 300 (3.3x10%),
246 (4.4x10%) (M = moldm >, sh = shoulder). The second frac-
tion of the chromatography gave complex 2 (yield, 40 mg: 9%, see
below).

[{Cp*Rh(u-SCH;);M00},(u2-0);] (2). A solution of
[(Cp*Rh)sMo04016]-2H,0 ° (0.60 g, 0.37 mmol) in CH;0H (60
cm®) was stirred at room temperature and was allowed to react
gradually with the vapor of CH3;SH (30 cm®, 1.5x 10> mmol) in-
troduced into a reaction flask through a glass tube with glass wool.
After one week, red crystals of 2 and yellow orange solid of poly-
oxometalates'® were deposited. The red crystals were collected by
filtration and hand, washed with diethyl ether, and dried in vacuo.
Yield, 140 mg (19%). The deposited red crystals were used for X-
ray analysis. Anal. Calcd for CoHasMo0,04R0,Ss: C, 30.78; H,
4.77%. Found: C, 30.96; H, 4.76%. Negative ion FAB MS (NBA
as a matrix): the most intense peak, m/z = 1014 ([M]7). IR (KBr
pellet, cm™!, 1100—700 cm™ region) v(Mo—O;): 940 (s), 923
(m); v(Mo—Oy): 724 (m), 708 (m), 446 (m). 'HNMR (CDCls, 23
°C, 6 vs. TMS) & = 2.54 (s, 6H, SCH3), 2.20 (s, 6H, SCH3), 1.81
(s, 30H, Cs(CH3)s), 1.60 (s, 6H, SCH3). *C{'H} NMR (CDCl;,
23 °C, 6 vs. TMS) 6 = 96.9 (d, Jrn— = 6.1 Hz, C5(CHs)s), 17.3
(s, SCH3), 13.0 (s, SCH3), 12.5 (s, SCH3), 9.4 (s, Cs(CH3)s). Elec-
tronic spectrum (CHzCla, 25 °C) Amax (6/M ™! cmm ™), 370 (sh), 330
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(sh), 310 (sh), 295 (4.3x10%), 249 (5.5x10%).

[{Cp*Rh(u-SCH3)sMo0O}2(u-0)(u-S)] (3). A solution of
[(Cp*Rh)sMo04016]-2H,0 ° (0.20 g, 0.12 mmol) in CH;0H (20
cm’) was added to a solution of CH3SH (5.0 cm®, 25 mmol). The
mixture was refluxed for 1 h under an Ar atmosphere. The mix-
ture was cooled down to room temperature and the resulting yellow
solid of polyoxometalates'> was removed by filtration. The fil-
trate was evaporated to dryness to leave an orange residue. The
residue was dissolved in a small amount of CH,Cl,, and it was
subjected to a column chromatography of silica gel with elution
by CH,Cl/(CH3),CO (15/1, v/v). An orange solid 3 was iso-
lated from the major orange band on the column. Yield, 44 mg
(17%). Single crystals of 3 suitable for X-ray analysis were grown
from a CH,Cl, solution at room temperature. Anal. Calcd for
Ca6HasM0,03Rh2S7: C, 30.30; H, 4.69%. Found: C, 30.04; H,
4.56%. Negative ion FAB MS (NBA as a matrix): the most in-
tense peak, m/z = 1030 ([M]7). IR (KBr pellet, cm™!, 1100—
700 cm ™! region) v(Mo-0y): 948 (sh), 927 (s); v(Mo-Oy): 708
(m); v(Mo-Sp): 494 (m). '"HNMR (CDCl;, 23 °C, & vs. TMS)
6 =2.60 (s, 3H, SCH3), 2.51 (s, 3H, SCH3), 2.47 (s, 3H, SCH3),
2.27 (s, 3H, SCH3), 1.80 (s, 30H, Cs(CH3)s), 1.57 (s, 3H, SCH3),
1.55 (s, 3H, SCH;). “C{'H} NMR (CDCls, 23 °C, & vs. TMS)
6 =96.8 (d, Jrn—c = 6.1 Hz, Cs(CH3)s), 18.7 (s, SCH3), 17.5
(s, SCH3), 16.4 (s, SCH3), 15.0 (s, SCH3), 13.6 (s, SCH3), 12.8
(s, SCH3), 9.4 (s, C5(CHs)s). Electronic spectrum (CH,Cly, 25
°C) Amax (M1 em™1), 370 (sh), 330 (sh), 294 (3.1x10%), 256
(4.8x10%.

Reaction of 1 with CH3SH. A solution of complex 1 (0.15 g,
0.15 mmol) in CH,Cl, (10 cm®) was combined with a solution of
CH3SH (0.5 cm?, 2.5 mmol) in CH;0H (10 cm®), and the mixture
was refluxed for 12 h. The resultant solution was cooled down
to room temperature and the solvent was removed by evaporation.
The residue was dissolved in a minimum amount of CH,Cl, and
the insoluble material of polyoxometalates'® was filtered off. The
filtrate was subjected to silica gel column chromatography with
CH,Cl,/(CH3),CO (15/1, v/v) as an eluent. The first and the second
fractions gave complexes 3 and 2, respectively. Yield: complex 2,
35 mg (24%); complex 3, 30 mg (20%).

70-Enrichment Procedures. [(Cp*Rh)sMos(70)s6]-2H,"-
O. A suspension of NaxMoO4-2H,O (1.40 g, 5.79 mmol) in
10% H,"70 (1.5 cm®) was stirred at 40 °C for 2 h under an Ar
atmosphere. To the resulting solution were added [{Cp*RhClI-
(#-Ch}2] (1.00 g, 1.62 mmol) and H,O (1.5 cm?), and then the
mixture was vigorously stirred at 90 °C for 10 h. An orange residue
was obtained by evaporation of the solvent, and it was extracted
with CH,Cl, (150 cm®). The extract was dried over Na; SO, for
12 h. The "O-enriched sample, [(Cp*Rh)sMoq('70)16]-2H,"70,
was obtained in 73% yield (based on the Rh atom, 970 mg) by
evaporation of the solvent.

70-Enriched Samples of [{Cp*Rh(u-SCH;);:Mo0'70;},
(u-"0)] (1), [{Cp*Rh(u-SCHs)3sM0'"0}2(u-70),] (2'), and
[{Cp* Rh(u-SCH;3);M0""0}»(u-10)(1-S)] (3').  To a solution
of CH3SH (3.0 cm®, 15 mmol) in CH,Cl, (10 cm®) was added a
solution of !’ O-enriched [(Cp*Rh);Mo4'7016]-2H,0 (0.20 g, 0.12
mmol), in CH,Cl, (15 cm®) at room temperature. After the mixture
was stirred for 30 min, the solvent was removed by evaporation,
and the residue was treated with column chromatography of silica
gel using a mixture of CH,Cl,/(CH3),CO (15/1, v/v) as an eluent.
Complexes 1’ and 2’ were obtained from the first (yield: 53 mg,
21%) and the second fraction (yield: 32 mg, 13%), respectively,
after evaporation of the solvent. Complex 3’ was obtained by a
similar manner to that for 3 (yield: 40 mg, 16%).
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Measurements.  Elemental analysis and mass spectral mea-
surements were performed at the Chemical Material Center in the
Institute for Molecular Science and the Chemical Analysis Service
Laboratory in Osaka City University. Infrared spectra were ob-
tained with the KBr method on a Perkin Elmer 1600 series FT-
IR spectrophotometer. Negative FAB mass spectra were measured
with a Shimadzu/Kratos CONCEPT 1S mass spectrometer. Absorp-
tion spectra were recorded on a Hitachi U-3400 spectrophotome-
ter. 'H (400.0 MHz), "C{'H} (100.5 MHz), and 70 (54.2 MHz)
NMR spectra were obtained in a JEOL GX-400 NMR spectrometer
equipped with a variable-temperature controller. Samples were al-
lowed to stand for at least ten minutes before spectra were recorded
at desired temperatures, in order to get their equilibrium states.
Chemical shifts were referenced to TMS for 'H and *C{"H} NMR
spectra. In the case of '"ONMR, chemical shifts were referenced
to D, O externally by the sample replacement method. Typical 7O
spectral parameters are, the spectrometer frequency = 54.2 MHz,
the pulse delay = 100 us, the predelay = 0.2 ms, and the pulse
width = 7.5 ps.

X-Ray Structural Determinations. [{Cp*Rh(x-SCH3)s-
MoO:;}2(u-0)] (1). An orange prismatic single crystal of 1
was mounted on a Rigaku AFC-5 four-circle diffractometer. A
total of 11637 reflections were collected at 25 °C with graphite-
monochromated Mo K¢ radiation (4 = 0.71073 A) using the 20
scan technique in the 2° < 26 < 60° range. The cell dimensions
were determined by least-squares fitting of 25 centered reflections
(25° < 26 < 30°). Three standard reflections measured period-
ically throughout data collection revealed negligible decay for all
three complexes. The intensity data were corrected for Lorentz-
polarization factors and the absorption effect (numerical Gaussian
integration method). The structure was solved by Patterson meth-
ods using SHELXS-86'** and refined with a block-diagonal least
squares technique using UNICS II'*® program on a HITAC M680
computer at the Institute for Molecular Science Computer Center.
Space group P2;/n was confirmed by subsequent successful struc-
tural solution and refinement. Hydrogen atoms were not included
in the refinement.

[{Cp*Rh(u-SCH;3);M00}2(-0),] (2). A red prismatic
single crystal of 2 was mounted on a Rigaku AFC-5 four-circle
diffractometer. A total of 11088 reflections were collected at 25
°C with graphite-monochromated Mo K¢ radiation (1 = 0.71073
A) using the 6-26 scan technique in the 2° < 26 < 60° range.
The cell dimensions were determined by least-squares fitting of 25
centered reflections (25° < 26 < 30°). The intensity data were
corrected for Lorentz-polarization factors and the absorption effect.
The structure solution and refinement were carried out by the same
method as that for 1.

[{Cp*Rh(u-SCH;3);M0O}2(22-0)(-S)] (3). A red prismatic
single crystal of 3 was mounted on a Rigaku AFC-5 four-circle
diffractometer. A total of 9679 reflections were collected at 25
°C with graphite-monochromated Mo K¢ radiation (A = 0.71073
A) using the 26 scan technique in the 2° < 26 < 55° range.
The cell dimensions were determined by least-squares fitting of 25
centered reflections (25° < 26 < 30°). The structure solution and
refinement were carried out by the same method as that for 1.

Crystallographic data of the above three complexes have been
deposited at the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
and copies can be obtained on request, free of charge, by quoting
the publication and the deposition numbers CCDC 128211, 128212,
and 128213.

Line-Shape Analysis of Variable-Temperature 'H NMR Spec-
tra. Line-shape analysis of variable-temperature 'H NMR spectra
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for complexes 2 and 3 was carried out using a computer program
based on a modified Bloch equation with the three-site exchange
model.’® Rate constants were determined by visual fitting of ob-
served and calculated spectra. Activation parameters were calcu-

lated from the Eyring plots.

Results and Discussion

Reaction of [(Cp*Rh)sMo40:6]-2H,0 with CH;SH.
Three linear-type RhyMo, tetranuclear complexes, [{Cp*-
Rh(u- SCH3)3M0O, }o(u- 0)] (1), [{Cp*Rh(u- SCHs)s-
MoO}»(u-0),] (2), and [{Cp*Rh(u-SCH;3);MoO},(1-0)-
(u-S)] (3) are obtained from the reactions of the triple
cubane-type cluster, [(Cp*Rh)4M04016]-2H20,5 with ex-
cess CH3;SH in organic solvents. The formations of the
singly-bridged u-oxo complex 1 (20% yield) and dou-
bly-bridged di(x-oxo) complex 2 (9% yield) are observed
in CH,Cl, under the relatively mild conditions, while
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when [(Cp*Rh)4M04016]-2H20 is reacted with CH3;SH at
higher temperature (refluxing CH3OH). These results in-
dicate that the reactions with CH3SH cause more dras-
tic rearrangements of the cubic framework than that with
CH;0H. Although the reactions with CH3SH also produced
the byproducts of the previously characterized octamolyb-
date [(Cp*Rh)z(,u -SCH3)3]4[M063046] '° and hexamolybdate
[(Cp*Rh)z(y-SCH3)3]2[M06019] 11 where the Rh and Mo
moieties are separated, its affinity for the Rh atom seems to
be weaker than that of 1,2-C¢H4(SH), which gives quantita-
tively the completely rearranged product of [(Cp™Rh),(u(S)-
1,2-C¢H4S5-S,5'),1,” since the reaction of CH3;SH gives the
RhyMo, tetranuclear complexes of 1—3 under certain reac-
tion conditions, which are severer than those employed in
the reaction of 1,2-C¢H4(SH);.

Lower yields of the tetranuclear complexes, 1-—3, are due
to the simultaneous formations of the octamolybdate and

doubly-bridged (u-oxo)(u-sulfido) complex 3 is obtained hexamolybdate. ~ The reaction sequence is shown in
/ Sh<e\ 4
MogO5¢]™ or
Cp*RNC__Me_“RhCp* [MogOz]
2~
N/ [MogO1s]
SMe 4o0r2
CH4SH
AN S
1 1 /] o/
(o) j\ro——-—O Rh
lg] 1o ]|
O Mo —|—Rh
s A s /o
R 0——Mo
cp* O'g
CHaSH Step| | CHaSH
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3 2
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- Scheme 2.
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Scheme 2. We propose that these tetranuclear complexes
are mainly formed through two steps (Steps I and II) which
are described as Egs. 1 and 2, where complex 1 is a key
intermediate. The first step involves the destruction of the
triple cubane core by CH3SH, followed by the reconstruction
into the singly-bridged tetranuclear of 1 (Eq. 1).

[(Cp*Rh™);Moy}"'016]-2H,0 + 12CH;SH
— 2[{Cp*Rh™(1-SCH;3):M0"" 0, },(u-0)1(1) + 8H,0 (1)

The second step is the formation of doubly-bridged species
2 and 3 through the reaction of 1 with CH3SH which plays a
role as a reductant of Mo"! in 1 to MoV in 2 and 3 and as a
sulfide source for 3 (Eq. 2).'

2[{Cp*Rh" (u-SCH3)3Mo0"" 0, }2(-0)1(1) + 6CH; SH
— [{Cp*Rh™(u-SCH3);Mo" 0}2(1-0),1(2)
+[{Cp*Rh" (u-SCH3);Mo" O}, (4-0)(-9)13)
+2(CH3S); + (CH3),S + 3H,0 2

This scheme is supported by the observation that 2 and 3
can be generated by the reaction of complex 1 with CH3SH.
Complex 3 was also detected in a prolonged reaction of 2 with
CH;SH. The octamolybdate!® and hexamolybdate!! salts are
generated from both the triple cubane cluster and complex 1.
The core rearrangements by CH3SH may be explained by the
high reactivity of the soft sulfur atom in CH3;SH towards the
metal ions (particularly the Rh™ atoms) in the triple cubane
cluster. In addition, the more acidic nature of CH5;SH,"
compared with CH30H, would accelerate protonation to the
bridging oxygen sites, leading to the easier metal-oxygen
bond cleavage in the cluster.

Of particular interest in the formation of 3 is that the bridg-
ing sulfur atom is introduced by the cleavage of the S—-C
bond, similar to that seen in the desulfurization process.'® It
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is noted that the doubly sulfido-bridged analogs or those hav-
ing terminal sulfur ligand(s) have not been detected under
the present conditions. Although many dinuclear molyb-
denum complexes having the frameworks of “O,MoVl-
(u-0)Mo"'0,”, “OMo" (u-0);Mo¥0”, and “OMo" (u-0)-
(u-S)MoVO” have been prepared to date,'® the complexes
with additional metal complex groups on their frameworks
like 1—3 are rare except for the cubane-type clusters'* and
[{(tiptacn)MoO(u- O), }2Mo(bpy)]1(PFs), (tiptacn = 1,4,7-
triisopropyl- 1,4, 7- triazacyclononane)® and several other
oligomeric complexes'* based on the “OMoY (1-0);Mo"0”
cores.

Description of Structures. The tetranu-
clear structures of [{Cp*Rh(u-SCH3);Mo00; }»(u-0)] (1),
[{Cp*Rh(u- SCH3)3sMoO}, (- 0),] (2), and [{Cp*Rh-
(1-SCH3)3;M00},(4-0)(u-S)] (3), have been unambigu-
ously determined by single-crystal X-ray crystallography.
A summary of crystallographic data is given in Table 1 and
selected interatomic distances and angles are presented in
Table 2. Other structural data are described in Supporting
Information. The ORTEP drawings of 1, 2, and 3 are dis-
played in Figs. 1, 2, and 3, respectively.

C(26)
An ORTEP drawing (50% ellipsoids) of [{Cp™*Rh-
(4-SCH3)3Mo00: }2(4-0)] (1) with atomic labeling scheme.

Fig. 1.

Table 1. Crystallographic Data and Refinement Parameters for 1, 2, and 3

1 2 3
Formula CasHag M0,0s RhySe CysHag M0,04 RhySe CasHag M0,03 Rhy Sy
Fw 1030.72 1014.72 1030.78
Cryst system Monoclinic Monoclinic Orthorhombic
Space group P21 /n (No. 14) C2/c (No. 15) Pcab (No. 61)
Temp/°C 25 25 25
alA 15.348(3) 25.334(4) 16.902(3)
b/A 14.059(3) 21.271(2) 26.631(3)
c/A 17.879(3) 17.831(3) 16.855(2)
Fldeg 107.11(2) 129.70(5) 90
VIA3 3690(1) 7393(2) 7587(3)
VA 4 8 8
Cryst dimens/mm® 0.40%x0.35x0.25 0.48 x0.38 x0.21 0.43x0.33x0.23
MMoKa)/A 0.71073 0.71073 0.71073
deaeal/g cm ™3 1.855 1.823 1.805
ujcm™! 18.73 18.67 18.70
Data collcd 11637 11088 9679
Independent data 2378 8807 5015
R? 0.064 0.045 0.044
Ry 0.065 0.090 0.055

) R =3 [[Fo| = |Fel|/2|Fol.

b) Rw = [ |w(|Fo| — |Fe)?)/ 2 wlFo|21H/%; w1 = 0(Fo)?+(0.020F, ).
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Table 2. Selected Interatomic Distances (A) and Angles (°) of 1,2, and 3

Complex 1

Distances (A)
Rh(1)---Mo(1) 3.520(3) Rh(2)---Mo(2) 3.526(3)
Mo(1)-O(1) 1.91(1) Mo(2)-0(1) 1.86(1)
Mo(1)-0(2) 1.70(2) Mo(2)-04) 1.71(2)
Mo(1)-0(3) 1.70(2)  Mo(2)-0(5) 1.66(2)
Rh(1)-S(1) 2.359(6) Rh(2)-S(4) 2.362(6)
Rh(1)-S(2) 2.327(6) Rh(2)-S(5) 2.362(7)
Rh(1)-S(3) 2.348(7) Rh(2)-S(6) 2.338(6)
Mo(1)-S(1) 2.689(7) Mo(2)-S#4) 2.720(7)
Mo(1)-S(2) 2.554(6) Mo(2)-S(5) 2.682(6)
Mo(1)-S(3) 2.691(7) Mo(2)-S(6) 2.553(6)
C(23)---0(2) 3.123) C(25)---0(4) 3.08(3)
C(22)---0(3) 3.02(3) C(26)---0(5) 2.96(3)

Angles (deg)
Mo(1)-O(1)-Mo(2) 175(1)
S(1)-Mo(1)-S(2) 70.92) S(4)-Mo(2)-S(5)  69.3(2)
S(1)-Mo(1)-S(3) 69.7(2) S(4)-Mo(2)-S(6)  70.5(2)
S(2)-Mo(1)-S(3) 70.7(2) S(5)-Mo(2)-S(6)  71.9(2)
O(1)-Mo(1)-0(2) 104.4(8) O(1)-Mo(2)-0(4) 105.8(8)
O(1)-Mo(1)-0(3)  105.0(7) O(1)-Mo(2)-0(5) 104.3(7)
0(2)-Mo(1)-0(3) 105.4(8) O#)-Mo(2)-0(5) 107.0(8)
Complex 2

Distances (A)
Mo(1)-Mo(2) 2.564(1)
Rh(1)---Mo(1) 3.466(2) Rh(2)---Mo(2) 3.471(1)
Mo(1)-S(1) 2.736(3) Mo(2)-S(4) 2.704(3)
Mo(1)-S(2) 2.569(2) Mo(2)-S(5) 2.615(3)
Mo(1)-S(3) 2.583(3) Mo(2)-S(6) 2.548(2)
Mo(1)-0(1) 1.938(5) Mo(2)-0(1) 1.919(4)
Mo(1)-0O4) 1.948(5) Mo(2)-0(4) 1.951(5)
Mo(1)-0(2) 1.704(10) Mo(2)-0(3) 1.703(9)
Rh(1)-S(1) 2.351(2) Rh(2)-S4) 2.353(2)
Rh(1)-S(2) 2.391(3) Rh(2)-S(5) 2.370(3)

Rh(1)-S(3) 2.359(3) Rh(2)-S(6) 2.376(3)
C(21)---0(1) 3.23(2) C(22)---0O(4) 3.27(1)
C(23)---0(2) 3.05(1) C(24)---0(4) 3.07(2)
C(25)---0(3) 2.99(1) C(26)---O(1) 3.08(1)
Angles (deg)

S(1)-Mo(1)-S(2)  70.38(8) S(4)-Mo(2)-S(5)  70.84(8)
S(1)-Mo(1)-S(3)  71.59(9) S(4)-Mo(2)-S(6)  71.69(8)
S(2)-Mo(1)-S(3)  75.20(6) S(5)-Mo(2)-S(6)  74.31(6)
O(1)-Mo(1)-04) 93.5(2) O(1)Mo(2)-0(4) 94.0(2)

O(1)-Mo(1)-0(2) 109.6(3) O(1)-Mo(2)-O(3) 109.2(3)

Complex 3
Distances (A)
Mo(1)-Mo(2) 2.666(1)
Rh(1)---Mo(1) 3.480(1) Rh(2)---Mo(2) 3.477(1)
Mo(1)-S(1) 2.717(2) Mo(2)-S(4) 2.734(2)
Mo(1)-S(2) 2.558(3) Mo(2)-S(5) 2.589(2)
Mo(1)-S(3) 2.594(2) Mo(2)-S(6) 2.556(2)
Mo(1)-0O(1) 1.937(5) Mo(2)-0(1) 1.948(6)
Mo(1)-S(7) 2.335(3) Mo(2)-S(7) 2.327(2)
Mo(1)-0(2) 1.688(6) Mo(2)-0(3) 1.689(6)
Rh(1)-S(1) 2.372(2) Rh(2)-S(4) 2.362(2)
Rh(1)-S(2) 2.370(3) Rh(2)-S(5) 2.360(2)
Rh(1)-S(3) 2.368(2) Rh(2)-S(6) 2.379(2)
C(21)---0(1) 3.14(1) C(22)---S(7) 3.37(1)
C(23)---0(2) 3.01(1) C@24)---S(7) 3.41(2)
C(25)---0(3) 3.04(1) C(26)---0(1) 3.05(1)
Angles (deg)
S(1)-Mo(1)-S(2)  70.78(8) S(4)-Mo(2)-S(5)  69.78(7)
S(H-Mo(1)-S(3)  71.01(7) SA&)-Mo(2)-S(6)  70.44(7)
S@2)y-Mo(1)-S(3)  74.73(8) S(5)-Mo(2)-S(6)  75.98(7)
O(1)-Mo(1)-S(7)  98.4(2) O(1)-Mo(2)-S(7) 98.3(2)

O(1)-Mo(1)-0(2) 106.8(3)
O(2)-Mo(1)-S(7) 107.6(2)

O(1)-Mo(2)-0(3) 107.5(3)
O(3)-Mo(2)-S(7) 107.3(2)

Fig. 2. An ORTEP drawing (50% ellipsoids) of [{Cp*Rh—
(4-SCH3)3MoO }2(u-0),] (2) with atomic labeling scheme.

Molecular Structure of 1. As seen in Fig. 1, com-
plex 1 consists of a singly oxo-bridged dioxodimolybdenum-
(VI) core 0,MoY (1-0)Mo"'0, and two Cp*Rh fragments
that are linked to the Mo centers by three x#-SCHj3 bridges.
The geometry of two “Cp*Rh(u-SCH;3);MoQ,” groups
takes a transoid configuration around the nearly linear Mo—
(u-0O)-Mo axis (175(1)°), which would be caused by steric
crowding of the two bulky moieties. Such a transoid con-

k

@l@%

c(23) C’

S(2) C(22)

C(25)

Fig. 3. An ORTEP drawing (50% ellipsoids) of [{Cp*Rh—
(u-SCH3)3sMoO}2(u-0)(u-S)] (3) with atomic labeling
scheme.

figuration has been found in the (u-oxo)dimolybdenum-
(VI) complexes, and the core has the expected struc-
tural parameters.'*t!*191%19m The Mo centers in 1 adopt
a distorted octahedral geometry completed by three sulfur
atoms and one bridging and two terminal oxygen atoms.
The O—Mo—-Oy, angles range from 104.3(7)° to 105.8(8)°.
The two Mo atoms are bridged by a single oxygen atom
(Mo1-01 = 1.91(1) and Mo2-01 = 1.86(1) A).
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Two sets of three bridging u-SCHj3 ligands are disposed
in the anti-clockwise (for the ¢-SCHj ligands bridging Rh-
(1)---Mo(1)) or in the clockwise (for those bridging Rh-
(2)---Mo(2)) orientations with respect to the methyl groups,
when one views along the Rh---Mo axes from the Rh sites
(complex 1 is a kind of diastereoisomers toward either enan-
tiomer of (anti & anti) and (clockwise & clockwise)).

It is found that the intramolecular contacts between meth-
yl groups and terminal oxo atoms: C23---02 =3.12(3)
A, C22.--03=3.02(3) A, C25---04=3.083) A, and
C26---05=2.96(3) A. These interatomic distances are below
the sum of the van der Waals radii (3.4 A).

Molecular Structure of 2 and 3.  As shown in Figs. 2
and 3 complexes 2 and 3 have an analogous structure in a syn
arrangement, but they have the different bridging atoms: a
di(y-oxo)dimolybdenum(V) core in 2 and a (¢-ox0)(u-sul-
fido)dimolybdenum(V) one in 3. The diamagnetic nature of
2 and 3 is accounted for by strong interactions between two
MoV centers (d!—d') with the Mo—Mo distances of 2.564(1)
A for 2 and 2.666(1) A for 3. The structure parameters of
the cores fall within the range of those for the dimolybde-
num complexes whose structures were confirmed by X-ray
analySCS to date_19a,19b,19c,195,19h,19i,19j,191,19m

The three u-SCHj3 ligands bridge the Rh and Mo cen-
ters to form the Cp*Rh(,u—SCHg)3MoO moieties with the
Rh---Mo distances of 3.466(2) and 3.471(1) A for 2 and
3.480(1) and 3.477(1) A for 3. For both complexes two
sets of the three y-SCH3 ligands are disposed in the anti-
clockwise direction with respect to the Rh---Mo axes. Their
enantiomers with clockwise arrangements equally exist in
the crystals. The Rh—S(CHj3) distances are shorter compared
to the Mo—S(CH3) distances: the Rh—S(CH3) distances range
from 2.351(2) to 2.391(3) A and the Mo—S(CHj3) distances
2.548(2) t0 2.736(3) A for 2. The same tendency is observed
for 3 (the Rh—S(CH3) distances of 2.360(2)—2.379(2) A and
the Mo—S(CH3) distances of 2.556(2)—2.734(2) A). The
Mo-S(CH3) bonds trans to the terminal oxygen atoms are
longer by ca. 0.1—0.2 A compared to those trans to the
bridging oxygen or sulfur atoms, which is due to the stronger
trans influence of the terminal oxygen atoms.

As observed in 1, intramolecular contacts between the
methyl groups and terminal oxo, bridging oxo and bridging
sulfido ligands are also seen for 2 and 3. The average inter-
atomic distances are the C---O; =3.02 A and C---Op =3.16
A for 2, and the C---0,=3.03 A, C---0, =3.10 A, and
C---8,=3.39 A for 3.

NMR Studies.  Solution properties of the tetranuclear
complexes have been investigated by 'H, 13C, and 7O NMR
spectroscopy. Variable-temperature 'H and '*C NMR spec-
troscopy indicates that these tetranuclear complexes are
fluxional in nonaqueous media (CDCl3, CD,Cl,, C,D4Cl,,
C,D,Cly, C¢DsNO,, and C¢DsCl). Line-shape analysis of
the 'H NMR signals of x#-SCH3 for complexes 2 and 3 was
carried out using a computer program based on a modified
Bloch equation with the three-site exchange model*® and us-
ing the spectrum measured in C¢DsCl at 10 °C as the low-
temperature limit spectrum (the static spectrum).

Bull. Chem. Soc. Jpn., 72, No. 9 (1999) 1991

In the case of 3, two specific sets of y-SCHj3 resonances
(comprising of three singlets each) were determined by trial-
and -error procedures so as to reproduce the observed spectra
with a given rate constant in the whole temperature range
(10 to 120 °C). In this way, the two sets of three singlets
at 8 =2.86 (resonance d), 2.83 (f), and 2.07 (i) and those at
0 =2.85(e),2.69 (g), and 2.13 (h) were taken as the exchange
couples (see Fig. 4 with the signal labeling: Almost the same
results was obtained from the line shape analyses of either
set).

At lower temperatures, 2 and 3 show simple NMR spec-
tral patterns as expected from the crystal structures. While
1 exists as two isomers in solution,® one of which is consis-
tent with the species found in the crystal structure. Unfortu-
nately, we do not have any structural information of the other
species. Both isomers show concerted and complicated line
broadening in 'H NMR signals of z£-SCHj. Thus, we discuss
here the solution dynamic properties only for 2 and 3.

Variable-Temperature 'HNMR Spectra. 'HNMR
spectra of the methyl region for 2 and 3 in C¢DsCl at 10 °C
are shown in Fig. 4 with the signal numbering. Due to the
existence of the pseudo two-fold axis through the center of
the plane surrounded by the Mo, (1-0),, 2 shows only three
singlets from the ¢-SCHj ligands at = 2.84 (resonance a),
2.56 (b), and 2.08 (c) with the equal intensity, and an addi-

a b c
a)
B U S o
3.2 2.8 24 2.0 1.6
5
e
dif ¢ hi
b) _
*
32 28 24 20 16
8
Fig. 4. 'HNMR spectra of [{Cp*Rh(u-SCH3);Mo00},-

(4-0)] (2) (a) and [{Cp*Rh(u-SCHs)sMoO},(u-0)-
(©-S)] (3) (b) in CeDsCl at 10 °C with signal number-
ing scheme. Resonances at § =1.78 for 2 and d = 1.81 for
3 are due to Cp™ methyl groups. Signals with * are due to
impurities.
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tional singlet from the Cp* rings at 6 = 1.78 (Fig. 4a). In
the case of 3 that has two different bridging ligands between
Mo atoms (O and S), all u-SCH; ligands are nonequivalent
and thus six singlets are observed at ¢ =2.86 (resonance
d), 2.85 (e), 2.83 (f), 2.69 (g), 2.13 (h), and 2.07 (i), along
with a Cp™* singlet at & = 1.81 (Fig. 4b). This chemically
nonequivalent nature for the methyl groups indicates that no
methyl inversion at the sulfur centers* of #-SCHj occurs.
Higher-temperature 'HNMR spectra of complexes 2 and 3
in C¢DsCl are displayed in the left side of Figs. 5 and 6,
respectively. With increasing temperature, the three sepa-
rated #-SCHj3 resonances in 2 at lower temperatures broaden
until they coalesce to give a single broad resonance at 90 °C
(0 =ca. 2.5). At higher temperatures, more sharp resonance
is obtained. For 3, the line-broadening becomes evident at
about 60 °C, and as temperature increases further, the six
signals collapse and merge into a single peak at § =ca. 2.6
over 80 °C. This temperature-dependent behavior is fully
reversible.

This averaging process can be explained by assuming that
intramolecular rotations of the “Cp*Rh(u-SCHs)s” frag-

T/°C

v L
*

ML
*

110 * Ul\i_

T T J v

3.0 26 22 18
o

Fig. 5.
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ments occur about the Mo centers, not by the methyl in-
version which may leads to the different spectral changes
from those shown in Figs. 5 and 6: The three signals in 2 do
not coalese with one another and the six signals in 3 merge
into three signals by this inversion. This fluxional behavior
may be approximated to a three-site exchange process with
equally populated, uncoupled sites.'> Calculated spectra and
rate constants are shown in the right side of Figs. 5 and 6. In
the case of 3, two specific combinations of three exchange
singlets are chosen for the analysis as mentioned before.
Eyring plots are shown in Fig. 7, giving good straight lines
for both complexes. Activation parameters and rate con-
stants are tabulated in Table 3. It is apparent that almost the
same values are obtained for 2 and 3; activation enthalpies
lie in the range +68.7 to +80.2 kJ mol~!, while the activation
entropies show relatively small negative or positive values,
—11.3t0+22.3JK~! mol~!. It seems that activation param-
eters are not dependent on solvents used. The small entropic
contributions strongly suggest that the exchange process is
intramolecular.

TONMR. To gain more insight into the solution be-

k/s™)

2.2

NAN
I
N

1190

3.0 26 22 1.8
o

Observed (left) and calculated (right) 'HNMR spectra of [{Cp*Rh(,u—SCH3)3MOO}2(,u-0)2] (2) in C¢DsCl at various

temperatures together with rate constants. A resonance at d =ca. 1.8 is due to Cp™ methyl groups. Signals with * are due to

impurities.
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Fig. 6. Observed (left) and calculated (right) 'HNMR spectra of [{Cp*Rh(,u-SCHg)3M00}2(,u-O)(‘u-S) (3) in C¢DsCl at various
temperatures together with rate constants. A resonance at 0 =ca. 1.8 is due to Cp™ methyl groups. Signals with * are due to

impurities.
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Fig. 7. Eyring plots for 2 (@) and 3 (A) (solvent: C¢DsCl).

havior of 2 and 3, 'O NMR spectra were measured for the
170-enriched complexes of 2’ and 3.
Complexes 2/ and 3’ exhibit two and three !7O-singlets,

respectively (Fig. 8), as expected from their crystal struc-
tures. The assignments are made on the basis of the estab-
lished correlations between higher-field shift of }’O-reso-
nances and longer metal-oxygen bond distance (Table 4).
In CDCI; two singlets of 2’ at & = 940 (W, , =253 Hz) and
598 (W, = 349 Hz) with the almost equal integrated inten-
sity can be assigned to the terminal Mo—O; oxygens and the
bridging Mo—O,—Mo oxygen, respectively. In CDCl; three
singlets in 3’ consist of two singlets for the terminal oxygens
at 0 =956 (W, =304 Hz) and 947 (W, =324 Hz) and
one singlet for the bridging oxygen at & = 582 (W;;, =399
Hz). These 7O NMR spectral patterns clearly demonstrate
that the dinuclear Mo frameworks of OMo(u-X)(¢-Y)MoO
(X=Y=0 for 2 and X=0, Y =S for 3') are retained in
solution. The important thing is that no significant spectral
change with temperature (23 to 120 °C in C¢DsNO,) was ob-
served for either complex, except for the quadrupolar line-
narrowing with increasing temperature.

Mechanism of Dynamic Process. From the results
of the successful line-shape fitting by using the three-site
exchange model and the !0 NMR spectroscopic study men-
tioned above, the averaging process of three or six meth-
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Table 3. Activation Parameters and Rate Constants for [{Cp*Rh(,u—SCH3)3MoO}2(,u—O)z] (2) and [{Cp’k Rh(u-SCH3);MoO},

(u-0)(u-9)1 (3)

Complex Solvent AH K mol ™! ASHIK ' mol ™! AG* 208 x/kI mol !
2 CDCl; +72.4+1.2 +1.7+0.3 +71.9
CeDsCl +80.2+3.7 +22.14+2.3 +73.6
CoDyCly +68.7+0.5 ~11.3+04 +72.1
39 CDCls +73.9:£2.4 +22.3+0.7 +67.3
CsDsCl +76.8+£1.7 +21.1+1.4 +70.5

a) Since this complex was unstable in C;D,Cly at elevated temperature, the activation parameters were obtained only for CDCl3

and C¢D5Cl solutions.

b)

600

200
)

Fig. 8. '""ONMR spectra of 2’ (a) and 3’ (b) in CDCl; at 23 °C.

* S
Cp \Rh;//’ 3

2",

y-Op

S || 0u )

a)

b)

Table 4. O NMR Data for 2 and 3’ at 23 °C

Complex  Solvent Chemical shift” /ppm [W) »/Hz]

Mo-0; Mo-0O,—Mo
2 CDCls 940 [253] 598 [349]
C,D,Cly 933 [806] 606 [875]
3 CDCl; 956 [304]

947 [324] 582 [399]
CoD,Cly 949 [1125] 587 [758]

a) Chemical shifts are referenced to D, O externally by the sample
replacement method.

yl resonances of 2 or 3 may be best described by the in-
tramolecular rotations of the “Cp*Rh(u-SCH3);” moieties
on the trigonal planes of the octahedral Mo centers. The
pyramidal inversions of methyl groups at the sulfur centers,
which are seen in tri(#-SCH3) complexes of [(”-C7H3R!,)-
MO(ﬂ—SRZ):;MO(177~C7H3R14)] (Rl =Hor CH3; R2 = C2H5,
(CH2)2CH3, (CH2)3CH3, C6H5 or CH2C6H5),233 [L3MO-

- -4
Cp'_. Sy
RR<Cg 2
S ~ ov,-mob
U e NN
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e |
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Scheme 3.
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(u-SC(CHs)3)3Mo(77’- C;H7)] (L = P(OCHs)3, P(CHj)-
(CsHs)z, P(CH3)2(CéHs), P(CH3)3),” and [(CO)3Mo-
(u-SR);sMo(n’-C7H7)] (R = CHs, C,Hs, CH(CHj), or
C(CH3)3)*® and have relatively small activation free en-
ergy (AG*) values around 50 kJmol™!, cannot explain the
observed spectral changes. Possible intramolecular rear-
rangement processes for the present system are illustrated in
Schemes 3a and 3b, based on the twist mechanism and the
bond-rupture mechanism,** respectively. In the transition
state, the former involves a six-coordinate trigonal prism
(TP) Mo center, while the latter involves a five-coordinate
trigonal bipyramidal (TBP) or a square pyramidal (SP) Mo
center. Judging from the activation parameters (not so large
AG? values and small AS? values, Table 3), the twist mech-
anism, Scheme 3a, seems to be more likely. Interestingly,
it has been found that the -SSR (R = CH; and C¢Hs) ligand
in [CpyMo,(-SR)(CO)4]1~ on its trans—trans interconver-
sion shows a very similar motion® to that for the individual
u-SCHj3 ligand in 2 or 3 when the twist mechanism works in
the fluxional behaviors. However, the bond-rupture mech-
anism (Scheme 3b), which was found in the cis—trans iso-
merization of [Cp,Fe(CO),(u-SCeHs), 1,2 still cannot be
ruled out at this stage. It is possible that the rotation of the
Rh fragments is initiated by the cleavage of the Mo-S bond
trans to the terminal oxo ligands. This bond is longer by ca.
0.1t0 0.2 A compared to the other two Mo—S bonds and may
easily be cleaved in transition states.

Conclusion

Each reaction of the triple cubane-type cluster
[(CP*Rh);Mo04056] with CH30H, 1,2-C¢H4(SH),, or
CH;SH brings about the rearrangement of the cluster frame-
work in a different way.5—'° The CH;OH molecule performs
moderately the metal-oxygen bond rearrangement maintain-
ing the cubic M4O4 framework. On the other hand, 1,2-
CsH4(SH), reconstructs the cluster framework, separating
the organorhodium and oxide parts. The reactivity of the
CH3SH molecule is intermediate between them. Under cer-
tain reaction conditions described in this paper, the reactions
with CH3SH give three linear-type tetranuclear complexes
1—3, which contain both two Mo and two Rh atoms. This
may come from the differences in pK,, coordination ability
to the Rh and Mo atoms, and the bond energy of C-X (X =0,
S) among CH30H, 1,2-C¢H4(SH),, and CH3SH.

These tetranuclear complexes were characterized and the
solution dynamic properties of 2 and 3 were examined by
line-shape analysis of the 'HNMR signals of u-SCHj us-
ing a modified Bloch equation with the three-site exchange
model” and reasonably accounted for by the unique in-
tramolecular rotation of the Cp*Rh(#-SCH3); fragments on
the trigonal planes of the Mo centers. This is the first exam-
ple of complete averaging of triply-bridging p-SCHj ligands
in complexes in solution.

Supporting Information Available: Full crystallo-
graphic data and refinement parameters, atomic coordinates,
listings of bond distances and angles, anisotropic displace-
ment parameters for 1—3 are deposited as Document No.

Bull. Chem. Soc. Jpn., 72, No. 9 (1999) 1995
72031 at the Office of the Editor of Bull. Chem. Soc. Jpn.
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