3064 Inorg. Chem. 1981, 20, 3064-3071

from rhodium. There is no clear trend in the hydrogen atom
displacements, which are probably dominated by intramo-
lecular steric and crystal-packing forces. The rhodium atoms
lie very nearly over the centers of the Cp rings: the angles
between the Rh-ring center vectors and the normals to the ring
planes are 1.3 and 2.3° for rings A and B, respectively. The
angles defined by ring center—Rh—Rh or ring center-Rh-C
are also very similar, with a mean value of 133 (1)°.

In reviewing the available structural results for u-methylene
complexes (1), Herrmann, Schweizer, Creswick, and Bernal'®
noted that the M—C-M angles (a) fall the range 75-87° and
the R—-C-R’ (B8) angles in the range 92-115°. All known
structures have the carbene ligand oriented approximately
perpendicular to the M—M bond. Here we focus our attention
on unsubstituted complexes, the geometries of which are
summarized in Table IV. Application of the 18-electron rule
to compounds I-VI predicts a formal M—M bond order of 1,
which is consistent with results of a molecular orbital analysis
of compound 1.1 Interestingly, the manganese dimers (II and
III) have longer M—M distances than the rhodium dimer (I),
and both II and III possess substantially the largest a angles
in the group.2»® In fact, in view of the differences in com-
position, the relative constancy of the « angles in the remaining
six compounds is perhaps surprising. The H-C-H (8) angles
from the present neutron diffraction study of I and that of
VIII'3 are quite close to the tetrahedral value. By way of
further comparison, in our recent neutron diffraction study

of the terminal complex (Cp),Ta(Me)CH,,? the methylene
H-C-H angle is found to be 112.3 (2)°. The inadequacy of
simple hybridization arguments in rationalizing these angles
has been pointed out.'* In the MO analysis of the bonding
in I, Hofmann!® has indicated that the H-C-H angle in such
systems depends upon the details of a repulsive interaction
between the low-lying filled 7y, orbital and the metal-metal
bonding =,, orbital extending normal to the M—C-M plane.
Optimization of the H-C-H angle for compounds I and II has
led to calculated*® minimum energy angles of between 109 and
110° for I, in agreement with our experimental value, and
about 100° for II compared to the value of 108.8 (1.5)° from
the low-temperature X-ray study.?
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The reaction of elemental sulfur with (CH,);CsMo(CO);H produced [(CH;)sCsMoS;]; (IT) and [(CH,)sCsMoS;], (IV)
in 65% and 10% yields, respectively. The remaining product was an insoluble, presumably polymeric, material. Complex
II crystallizes in space group P2,/n with @ = 10.069 (20) A, b = 15,107 (4) A, ¢ = 7.889 (2) A, and 8 = 104.81 (2)°.
The molecule contains a planar Mo,(u-S), unit with terminal sulfido ligands in the anti configuration. In the presence
of oxygen, complex II is converted to [(CH,)sCsMoO(S)],, which crystallizes in space group P4,/n with a = b = 16.342
(3) A and ¢ = 8.456 (1) A. The molecule is similar to complex II with oxo ligands replacing the terminal sulfido ligands.
Complex IV crystallizes in space group Fdd2 with a = 15.233 (3) A, b = 45.205 (7) A, and ¢ = 8.051 (2) A. The metal
ions in this dimer are each coordinated to a single sulfur atom of a bridging disulfide ligand. The coordination sphere
of each molybdenum ion also includes two 7?-S; ligands and the #°-(CH,)sCs ligand. The reactions of [CH,CsHMo(CO),),
and of [CsHsMo(CO),); with elemental sulfur resulted primarily in the formation of insoluble materials. The dimer
[CH,CsHMoS;); (IIT) was isolated from the former reaction in very low yields. An X-ray diffraction study of this product
confirms that it is also an anti isomer of a [MoS(u-S)], dimer. The complex crystallizes in space group P2,/n with a =
7.023 (4) A, b =6.703 (2) A, c = 16.227 (8) A, and B = 95.86 (4)°. Complexes II-IV, as well as the insoluble products
from these reactions, react with hydrogen under mild conditions to form in each case a complex with hydrosulfido ligands.
In addition, III reacts with ethylene and acetylene at room temperature to form the known dimers with bridging ethane-
and ethenedithiolate ligands, respectively. The insoluble materials [(CH;),CsHs ,M0S,], (n = 1, 5) also react with these
unsaturated hydrocarbons to form the same dithiolate-bridged dimers.

Introduction
A cyclopentadienylmolybdenum dimer with two bridging
disulfide ligands (structure I) has been reported as a product

G

I
of the reaction of episulfides with cyclopentadienylmolybdenum

carbonyl hydrides.! Recently we reported that our efforts to
reproduce this synthesis resulted in the formation of dimeric
complexes with bridging alkanedithiolate ligands.2 The
bridging sulfur atoms in the latter complexes were found to
undergo unusual reactions with unsaturated molecules, and

(1) Beck, W.; Danzer, W.; Thiel, G. Angew. Chem., Int. Ed. Engl. 1973,
12, 582.

(2) Rakowski DuBois, M.; Haltiwanger, R. C.; Miller, D. J.; Glatzmaier,
G. J. Am. Chem. Soc. 1979, 101, 5245.

0020-1669/81/1320-3064801.25/0 © 1981 American Chemical Society
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Figure 1. Stercoview of [CH;CsHMoS(u-S)],.

this reactivity has been studied extensively.>* These studies
renewed our interest in the synthesis and investigation of L.
The reaction of elemental sulfur with cyclopentadienyl-
molybdenum carbonyl derivatives seemed like a reasonable
alternate synthetic approach to this complex. Several tran-
sition-metal complexes with disulfide ligands have been syn-
thesized by the reaction of sulfur with carbonyl derivatives or
with coordinatively unsaturated complexes. These include
monomeric complexes with 2-S, ligands,>® dinuclear com-
plexes in which bridging S, ligands bond in a 7! mode to each
metal ion® or coordinate to M; and M, with 5! and n? bonds,
respectively,!® and polynuclear derivatives in which the S, unit
is involved in more complex bonding modes with three or more
metal ions.!!12

The reaction which was of particular interest to us—that
of bis(cyclopentadienylmolybdenum tricarbonyl) with
sulfur—had been studied some time ago.!> No soluble
products were isolated in the earlier investigation. The in-
soluble, presumably polymeric, material resulting from the
reaction was found to vary in sulfur content. We have carried
out a more detailed investigation of this reaction system. By
introducing methyl substituents on the cyclopentadienyl ligand,
we were able to isolate soluble products with the formulations
[(CH3)sCsMoS;], (II), [CH3CsHMoS,], (III), and [(C-
H,);CsMoS;]; (IV). Oxidation of II produced [(CH,)sC;-
Mo(0O)S], (V). These products have been characterized by
spectral methods and by X-ray diffraction studies, and their
reaction chemistry has been investigated. The structure of IV
is unprecedented. Compounds II, III, and V belong to a
structural class which has been known for many years.!41¢
However, this is the first detailed study of these types of
complexes which includes well-defined syntheses, complete

(3) Miller, D. J.; Rakowski DuBois, M., J. Am. Chem. Soc. 1980, 102, 4925,
(4) DuBois, D. L.; Miller, W. K.; Rakowski DuBois, M. J. Am. Chem. Soc.
1981, 703, 3429.
(5) Ginsberg, A. P.; Lindsell, W. E. J. Chem. Soc., Chem. Commun. 1971,
232,
(6) Nappier, T. E., Jr.; Meek, D. W.; Kirchner, R. M; Ibers, J. A. J. Am.
Chem. Soc. 1973, 95, 4194,
(7) Dirand-Colin, J.; Ricard, L.; Weiss, R.; Schappacher, M. J. Less-Com-
mon Met. 1977, 54, 91,
(8) Leonard, K.; Plute K.; Haltiwanger, R. C.; Rakowski DuBois, M. Inorg.
Chem. 1979, 18, 3246.
(9) Siebert, H.; Thym, S. Z. Anorg. Allg. Chem. 1973, 399, 107.
(10) (a) Giannotti, C.; Ducourant, A. M.; Chanaud, H.; Chiaroni, A.; Riche,
C. J. Organomet. Chem. 1977, 140, 289. (b) Chanaud, H.; Ducourant,
A. M.; Giannotti, C. Ibid. 1980, 190, 201.
(11) Uchtmann, V. A,; Dahl, L. F. J. 4m. Chem. Soc. 1969, 91, 3756.
(12) Stevenson, D. L.; Magnuson, V. R.; Dahl, L. F. J. Am. Chem. Soc.
1967, 89, 3727.
(13) Schunn, R. A,; Fritchie, C. J.,, Jr.; Prewitt, C. T. Inorg. Chem. 1966,
5, 892,
(14) Stevenson, D. L.; Dahl, L. F. J. Am. Chem. Soc. 1967, 89, 3721.
(15) Dahl, L. F,; Frisch, P. D.; Gust, G. R. “Proceedings of 1st International
Conference on the Chemistry and Uses of Molybdenum”; Mitchell, P.
C. H., Ed.; Climax Molybdenum Co.: Ann Arbor, Mich., 1974; p 134.
(16) Li}x, A.; Fahnrich, B.; Fehlhammer, W. P, unpublished results cited in
ref 30.

spectral data, and characterization of their reactivity. In
addition, we report that the insoluble polymeric products,
[Me,CpMoS,],, formed in high yields in the reactions with
sulfur also undergo interesting reactions with unsaturated
molecules under mild conditions.

Results and Discussion

Syntheses. The reaction of [CsH;Mo(CO),], with Sgin a
molar ratio of either 1:0.5 or 1:1 in refluxing benzene resulted
in the formation of an insoluble material, as reported previ-
ously.!* Chromatography of the deeply colored solution re-
sulting from this reaction indicated that many species were
present in low yields, and none of these have been charac-
terized. The reaction of [CH,CsHMo(CO),], with sulfur
proceeded in an analogous manner to form primarily an in-
soluble product. In addition, we were successul in isolating
and characterizing one soluble product from this reaction by
chromatography of the soluble material. Mass spectral data
and the results of elemental analyses are consistent with the
formulation of this product as [CH,CsH,Mo0S,],. Strong
bands are observed in the infrared spectrum at 495 and 445
cm™!. These absorptions occur at frequencies similar to those
assigned to Mo—S; stretches in molybdenum(V) dimers with
two bridging and two terminal sulfido ligands.!”!® Results
of an X-ray diffraction study of a single crystal of [CH,C;-
H,MoS,],, which are discussed below, confirm that the com-
plex has this configuration. A strong infrared band at 482
cm™! reported for structure I! was not present in the spectrum
of [CH,CsH,Mo0S;],, and no evidence for this isomer was
observed.

The reaction of elemental sulfur with (CH,);CsMo(CO);H
in a 1:1.5 molar ratio was carried out in refluxing THF. In
addition to an insoluble product which we will refer to as
[(CH,)sCsMoS,],, two soluble complexes were isolated in 65%
and 10% yields, respectively. The infrared spectrum of the
higher yield product is very similar to that of
[CH;CsH Mo(S)(u-S)], in the region 400-600 cm™!; this
complex was therefore formulated as [(CH;)sCsMo(S)(u-S)],.
Because of inconsistencies in analytical data, which suggested
a higher sulfur content, a crystal of this complex was also
characterized by an X-ray diffraction study (vide infra) and
found to agree with the original formulation. The second
soluble product in the pentamethylcyclopentadienyl system was
not readily characterized by spectral data. In the mass
spectrum, the highest envelope was observed at m/e 622,
consistent with [(CH3)sCs],Mo0,Ss, but analytical data again
indicated a higher sulfur content. The low-energy region of
the infrared spectrum showed weak absorptions at 530 and
548 cm™. The results of the crystallographic study established

(17) Bunzey, G.; Enemark, J. H.; Howie, J. K.; Sawyer, D. T. J. Am. Chem.
Soc. 1977, 99, 4168.

(18) Schultz, F. A,; Ott, V. R,; Rolison, D. S.; Bravard, D. C.; McDonald,
J. W.; Newton, W. E. Inorg. Chem. 1978, 17, 1758.
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Figure 3. Perspective drawing of [(CH,)sCsMoO(u-S)],.

that the complex is a dimer of formulation [(CH;)sCsMoS;],
with each metal ion coordinated by two 2-S, ligands and one
u-n'-S, unit. The structure is discussed in detail below.
Attempts to maximize the yield of this complex by variation
of Mo:S ratios and by variation of solvent polarity and boiling
point were unsuccessful (see Experimental Section).

X-ray Diffraction Studies of [(CH,),CH;_,MoS(u-S)], (n
= 1, 5) and [(CH,)sCsM0O(u-S)}. Positional parameters and
selected bond distances and angles for all of the structures are
listed in Tables I and II, respectively. A stereoview of the
molecular structure of [CH;CsH,MoS(u-S)], is shown in
Figure 1. The structure is a centrosymmetric one with a
planar Mo,(u-S), unit and terminal sulfido ligands oriented
to give the anti isomer. The basic structural features are very
similar to those reported for other cyclopentadienyl-
molybdenum dimers with bridging sulfido ligands and terminal
oxo or imido ligands.'41

The single-crystal characterizations of [(CH,)sCsMoS(u-
S)]; and [(CH3)sCsMoO(u-S)], establish that these also be-
long to the class of anti isomers. Perspective views of the
molecules are shown in Figures 2 and 3, respectively. A
comparison of the structural data shows little significant
variation as the methyl substitution on the cyclopentadienyl
ring is increased or as the nature of the terminal ligand is
varied. The Mo—Mo and Mo=S distances in
[(CH;)sCsMoS(u-S)], are significantly longer than those in
[CH,CsH MoS(u-S)],, but it is unclear whether this is a
characteristic feature resulting from the stronger electron
donating ability of the (CH,)sCs ligand. A comparison of
structural data for [(CH,;)sCsMoO(u-S)], with that for the
analogous unsubstituted cyclopentadienyl derivative!* shows
no differences in M—M or M—O distances, within experimental
error.

In the structures of each of the [Me,CpMoX(u-S)], (X =
S, O) complexes reported here, an unsymmetrical coordination
of the cyclopentadienyl ligands is observed. The C—C distances
in the rings are consistent with a localized double bond at
C,—C, and delocalized unsaturation at C;—C,—Cs. In addition,
the Mo—C, and Mo—C, distances are longer than the other
three distances from metal to ligand, and the cyclopentadienyl
ligands show some nonplanarity. Equations and deviations

Rakowski DuBois et al.

Table I. Positional Parameters

atom x¢ y z

[CH,C,H,MoS(u-S)],

Mo 0.14518 (8) 0.14692 (8) 0.02353 (3)
S, 0.24601 (28) 0.2960 (3) —0.07987 (12)
S, 0.18206 (24)  —-0.18589(26)  —0.00481 (11)
C, 0.1030 (9) 0.2113 (11) 0.1702 (4)
C, 0.2321 (10) 0.0491 (11) 0.1661 (4)
C, 0.3952 (11) 0.1196 (12) 0.1286 (5)
C, 0.3683 (11) 0.3242 (12) 0.1107 (5)
C, 0.1830(11) 0.3808 (11) 0.1330 (4)
C, —-0.0851(12) 0.2049 (16) 0.2081 (5)
{(CH,);C;MoS(u-S)],
Mo 0.09713 (6) —-0.07296 (4) 0.02707 (8)
S, 0.02582 (26)  -0.19142(15) 0.1248 (4)
S, 0.07235 (20) 0.03637 (14) 0.21900 (25)
C, 0.3157 (7) —-0.0036 (6) 0.0394 (12)
C, 0.2589 (8) —0.0233 (6) -0.1336 (11)
C, 0.2430 (8) -0.1162 (6) —0.1481 (11)
C, 0.2956 (8) -0.1536 (5) 0.0192 (12)
C, 0.3381 (7) —0.0831 (6) 0.1372 (11)
C, 0.3602 (10) 0.0890 (7) 0.1149 (17)
C, 0.2254 (11) 0.0407 (8) —-0.2866 (15)
C, 0.1948 (10) -0.1690 (8) —-0.3188 (14)
C, 0.3178 (10) ~0.2509 (6) 0.0577 (16)
Co 0.4021 (10) —~0.0935 (9) 0.3308 (14)
[(CH,),C,MoOu-S)],
Mo -0.037651 (24) 0.077200 (23) 0.04386 (4)
S 0.00870 (10) 0.03460 (7) -0.20177 (14)
0 —0.14047 (23) 0.07833 (24) 0.0288 (5)
C, 0.0719 (3) 0.14713 (29) 0.1886 (7)
C, 0.0750 (3) 0.1755 (3) 0.0337 (7)
C, -0.0012@4) 0.2145 (3) —0.0026 (6)
C, —0.04907 (28) 0.21311 (27) 0.1370 (5)
C, —0.0062(3) 0.16851 (26) 0.2520 ($5)
C 0.1395 (4) 0.1063 (4) 0.2764 (10)
C, 0.1465 (4) 0.1718 (§5) —0.0801 (11)
C, —0.0222(5) 0.2591 4) —0.1534 (7)
C, —0.13074) 0.2530 (4) 0.1592 (8)
C, -—0.0320(5) 0.1568 (4) 0.4196 (6)
[(CH;);C;Mo5;,],
Mo 0.02520 (5) 0.044641 (16) 0.414000
S, —0.02883 (16) 0.02036 (5) 0.6770 (4)
S, -0.11730 (18) 0.06815 (6) 0.4572 (5)
S, -0.07263 (22) 0.06859 (6) 0.2188 (4)
S, 0.07887 (19) 0.02102 (6) 0.1665 (4)
S, 0.09625 (16)  —0.00332(5) 0.3753 (3)
C, 0.1325 (8) 0.08231 (25) 0.3523 (17)
C, 0.1789 (6) 0.05906 (21) 0.4403 (15)
C, 0.1436 (7) 0.05678 (23) 0.6022 (15)
C, 0.0762 (7) 0.07949 (25) 0.6169 (16)
C, 0.0700 (8) 0.09549 (24) 0.4668 (18)
C, 0.1566 (10) 0.0938 (3) 0.1829 (21)
C, 0.2577 (D) 0.04329 (26) 0.3799 (18)
C, 0.1819 (8) 0.0378S5 (27) 0.7353 (17)
-G, 0.0275 (8) 0.0887 (3) 0.7776 (18)
Cio 0.0185 (8) 0.12258 (22) 0.4367 (28)

¢ Estimated standard deviations in the least significant figure(s)
are given in parentheses in this and all subsequent tables.

from planarity for these ligands are given in Table III. Similar
distortions have been observed in other cyclopentadienyl
complexes.!?® It has been suggested that such a distortion
may result from electronic effects exerted by a ligand which
is trans to C;—C,. 22! In the systems reported here, the effect
is more clearly defined for the complex with terminal oxo
ligands. This observation seems consistent with a stronger
trans effect expected for this ligand.

(19) Rigby, W; Lee, H.-B,; Burly, P. M; McCleverty, J. A.; Maitlis, P. M.
J. Chem. Soc., Dalton Trans. 1978, 387.

(20) Mingos, D. M. P,; Minshall, P. C.; Hursthouse, M. B.; Willoughby, S.
D.; Malik, K. M. A. J. Organomet. Chem. 1979, 181, 169.

(21) Mingos, D. M. P. Trans. Am. Crystallogr. Assoc. 1980, 16, 17,
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{CH,C,H,Mo0S8,], [(CH,),C,MoS,], [(CH,),C,Mo0(S)], [(CH,),C,MoS,],
A. Distances, A
Mo-Mo 2.881 (1) 2.905 (1) 2.904 (1) 4,108 (1)
Mo-S, 2.135 (2) 2.144 (2) (Mo-0) 1.685 (4) 2.523 (3)
Mo-S, 2.297 (2) 2.297 (2) (Mo-S) 2.318 (1) 2.442 (3)
Mo-S, 2.421 (3)
Mo-S, 2.404 (3)
Mo-S§, 2.443 (2)
Mo-S,’ 2302 (2) 2301 (2) Mo-8") 2.312 (1)
Mo-S,’ 2.648 (2)
Mo—C, 2.467 (6) 2417 (1) 2.452 (5) 2412 (1)
Mo-C, 2.421(N 2.424 (8) 2.445 (5) 2439 (9)
Mo-C, 2.327(7) 2.352(7) 2.355 (5) 2.418 (10)
Mo-C, 2.327(7) 2.355 (7) 2.364 (4) 2.398 (11)
Mo-C, 2.364 (6) 2.363 (7) 2.364 (4) 2.435 (11)
Mo-Cp 2.050 2.062 2.073 2.089
C,-C, 1.42 () 1.37 (1) 1.390 (7) 1.45(2)
c,C, 1.43 (1) 1.41 (1) 1.431 (8) 1.41(2)
c,-C, 1.41 (1) 1.41 (1) 1.417(7) 1.46 (2)
C,-C, 1.44 (1) 1.41 (1) 1.403 (6) 1.41(2)
C,-C, 1.43 (1) 141 () 1.428 (7) 1.45 (2)
C=CH, (av) 1.51 (1) 1.52(2) 1.50 (1) 1.50 (3)
S, S, 3.585 (4) 3.563 (4) & --8) 3.606 (2)
8,-S,’ 2.040 (5)
S,-S, 2.037 (5)
S.-S, 2.026 (4)
B. Angles, Deg
Mo-S,-Mo’ 77.57 (6) 78.38 (6) (Mo-S-Mo") 77.68 (4)
S,-Mo-§,’ 102.43 (6) 101.61 (6) (S-Mo-S") 102.31 (4)
Mo'-Mo-§, 113.21 (6) 114.29 (1) (Mo'-Mo-0) 114.4 (1)
Mo'-Mo-S§, 51.29 (6) 50.86 (5) Mo'-Mo-8) 51.06 (3)
Mo'-Mo-S, 51.14 (6) 50.75 (5) Mo'-Mo-8") 51.25 (3)
S, -Mo-8, 104.12(7) 105.1 (1) (O-Mo-S) 105.1 (1) 77.3 (1)
S, -Mo-8,’ 104.47 (8) 105.1 (1) (0-Mo-5") 104.9 (1)
S,-Mo-§, 82.28 (9)
S,-Mo-S, 49.5 (1)
S,-Mo-$, 127.9 (1)
S,-Mo-§, 142.96 (9)
S,-Mo-S, 82.5 (1)
S,~Mo-§, 125.9 (1)
S,-Mo-S, 49.4 (1)
Cp-Mo-§, 168.1
Mo-S,-Mo' 107.5 (1)
C,-C,-C, 107.9 (6) 109.1 (7) 107.7 (4) 108 (1)
C,-C,-C, 108.0 (7) 107.8 (7 108.7 (4) 109 (1)
C,<C,-C, 108.2 (7) 108.3(7) 107.1 (4) 107 (1)
C,-C,-C, 108.1 (7) 107.1 (8) 108.1 (4) 110 (1)
C,-C,C, 107.6 (6) 107.7 (7) 108.2 (4) 107 (1)
C-C-Cyy 108.0 (2) 108.0 (8) 108.0 (6) 108 (1)

Structural Characterization of [(CH;);CMoS;},. The
complex crystallizes from dichloromethane in space group
Fdd2 with molecular symmetry C,. A stereoview of the
molecule and numbering scheme are shown in Figure 4.
Three types of S, ligands are found in the molecule. The two
molybdenum ions are linked by a disulfide ligand which dis-
plays n! coordination to each metal ion. In addition, two n>-S,
ligands are coordinated to each molybdenum. Sulfur atoms
5 and 5 of two of the ligands are 2.648 (2) A from Mo’ and
Mo, respectively, and this suggests additional bridging in-
teractions in the molecule through these ligands. The met-
al-metal distance of 4.108 (.001) A clearly precludes any direct
interaction between molybdenum ions. When viewed down
the S-S bond of the bridging ligand, the metal ions and sulfur
lone pairs are in a staggered conformation with a torsion angle
Mo-8-S-Mo = 59.7°.

Several examples of di- and polynuclear molybdenum anions
containing disulfide and sulfide ligands have been reported
recently. 227 A variety of ligand-bonding modes have been

(22) Mudller, A.; Bhattasharyya, R. G.; Pfefferkorn, B. Chem. Ber. 1979, 112,
778.

characterized in these systems. The cyclopentadienyl derivative
reported here provides the first example in molybdenum
chemistry of an S, ligand bridging two metal ions in an end-on
fashion, and it is one of few complexes with this type of ligand
to be characterized crystallographically.?® We have reported
previously that [(CH,)sCsMoS;]; undergoes an unusual re-
action with hydrogen (1 atm) to form [(CH;)sCsMo(S)SH],
and H,S.? In the complex [Ru(NH,)S],**, the bridging
S, ligand has been found to be subject to cleavage by nu-
cleophiles.?® The reactivity of the sulfur ligands in [(C-

(23) Mdller, A.; Bhattacharyya, R. G.; Pohl, S.; Dartmann, M.; Angew.
Chem., Int. Ed. Engl. 1978, 17, 535.

(24) Miiller, A.; Nolte, W. O.; Krebs, B. Inorg. Chem. 1980, 19, 2835.

(25) Miller, A.; Nolte, W. O,; Krebs, B. Angew. Chem., Int. Ed. Engl. 1978,
14, 322.

(26) Rittner, W.; Miller, A.; Neumann, A.; Bither, W.; Sharma, R. C.
Angew. Chem., Int. Ed. Engl. 1979, 18, 530.

(27) Muller, A.; Eltzner, W.; Mohan, N. Angew. Chem. 1979, 91, 159.

(28) (a) Brulet, C. R.; Isied, S. S.; Taube, H. J. Am. Chem. Soc. 1973, 95,
4758. (b) Kuehn, C. G.; Taube, H. Ibid. 1976, 98, 689. (c) Elder, R.
C.; Trkula, M. Inorg. Chem. 1977, 16, 1048.

(29) Rakowski DuBois, M.; VanDerveer, M. C.; DuBois, D. L.; Haltiwanger,
R. C,; Miller, W. K. J. Am. Chem. Soc. 1980, 102, 7456.
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Figure 4. Stereoview of [(CH3)sCsMoS;],.

Table I1I. Coefficients? of Planes Calculated for the
Cyclopentadienyl Ligands in the Molybdenum Dimers and
Deviations (A) of Selected Atoms from the Planes

[CHscsHa' [(CH,),Cs- [(CH,),C,- {(CH,),C,-
MoS, |, MoS, |, MoO(S)], MoS, |,
A 2.440 9.922 6.408 10.453
B 1.711 -0.995 14.099 29.496
C 13.989 -3.186 2.700 2.588
D 2.979 3.010 3.036 4,741
C, 0.015 (6) 0.000 (7) 0.009 (5) —-0.017 (10)
C, —0.006 (6) 0.007 (7) 0.011 (5) 0.011 (%)
C, ~0.011(7) -0.012(7) -0.026 (5) -0.007 (10)
C, 0.022 (7) 0.015 (7) 0.025(4) -0.003 (10)
C, -0.020(6) -0.010(7) -0.019 4) 0.015 (11)
Ce 0.075 0.109 0.103 0.137
C, 0.098 0.110 0.213
Cs 0.107 0.060 0.180
C, 0.208 0.123 0.176
Cp 0.019 0.103 0.198

9 The coefficients are given for an equation of the form Ax +
By + Cz ~ D =0, where x, y, and z are the fractional cell
coordinates.

H;)sCsMo0S;], toward nucleophiles and electrophiles is cur-
rently being investigated.

Reactions of [(CH,),C:H; ,MoS(u-S)},. Although com-
plexes of this structural class have been known for many
years,'#"16 no studies of their reactivity have been reported.
The complexes may be regarded as electron deficient in the
sense that the metal ions do not achieve an 18-electron con-
figuration. It seems reasonable to expect that these dimers
might react in some way with electron donors. We have
reported previously that complexes of the above formula react
with hydrogen under mild conditions to form a quadrupally
bridged structure with two hydrosulfido ligands,
[(CH,),CsH;.,Mo'Y(S)SH], (reaction 1).2 The complex

[

s >
Me”CpMo<s>lﬁonMeﬂ + Hp == MeﬂCpMo</s>>MonMe,, 1)
® |

H

- -8 &V
a, bu - -

- -8
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- -1l

)] -
- -2 N .

Figure 8, Frontier molecular orbitals of [CsHMoS(u-S)],.

[CH,CsH MoS(u-S)], also reacts with ethylene and acetylene
at 25 °C to form the known dimers with ethane- and eth-
enedithiolate ligands, respectively (reactions 2 and 3). In the
latter reactions the metal ions are reduced to the formal ox-
idation state of +3. The nature of the frontier molecular
orbitals of [CsHsMoS(u-S)], have been determined by ex-
tended Hucke! calculations. The contribution from sulfur
orbitals to the lowest unoccupied molecular orbital (b,) sug-
gests that an initial interaction of the alkene or alkyne = orbital
could occur with bridging sulfido ligands or with one bridging
and one terminal ligand (Figure 5). In addition we observe
relatively high-energy occupied molecular orbitals which have
appropriate symmetry for back-donation of electron density
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from these sulfido ligands to a 7* orbital of the unsaturated
molecule (Figure 5, b; or b,). No mechanistic information
is available on the rearrangement of the dimer to the qua-
drupally bridged structure. However, the tendency for the
molybdenum(V) dimer to undergo such a rearrangement upon
reduction has been considered in terms of the relative energies
of the molecular orbitals involved.*

These molecular orbital studies also suggested a reason for
our failure to isolate and identify structure I. The energies
of the HOMO and LUMO for this structure were found to
be nearly degenerate. This suggested that the complex may
either exist as a paramagentic species or it may undergo a
distortion to remove the near orbital degeneracy. The rear-
rangement of I to a [CsHsMoS(u-S)]; structure represents
one such symmetry-allowed distortion which may occur under
our reaction conditions.*

Reactions of [(CH;),CsHs_MoS,],. The tendency of sulfido
and disulfido ligands to undergo bridv-ging interactions between
two or more metal ions is well documented.?® As a result
insoluble polymeric species are often produced in reactions of
elemental sulfur with transition-metal complexes.!* The re-
actions of cyclopentadienylmolybdenum carbonyl derivatives
with sulfur produced high yields of such derivatives. We have
reported previously that this insoluble material reacts under
an atmosphere of hydrogen to form the discrete dimer
[(CH,),CsHs_,M0o(S)SH],.#* Excess sulfur in the material
is converted to hydrogen sulfide. Unsaturated molecules, e.g.,
acetylene and ethylene, also cleave the polymeric structure at
room temperature to form the dimers with bridging dithiolate
ligands. The similarities of these reactions to those of
[CH,CsH MoS(u-S)], suggest that the insoluble material may
be composed of dimeric units which are linked by sulfide or
polysulfide bridges (structure II). The reactivity of the sulfido

atoms in these systems may be relevant in understanding re-
actions known to be catalyzed by molybdenum sulfide surfaces,
including hydrodesulfurizations,’! hydrogenations,’> and
Fischer-Tropsch activity.> Investigations of the role of these
simple molybdenum systems in these reaction types are in
progress.

Experimental Section

Materials. [C;H;Mo(CO);], and [CH;CsHMo(CO),], were
purchased from Strem. Pentamethylcyclopentadiene was purchased

(30) Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 322.

(31) (a) Shuit, J. J. Caral. 1969, 15, 179. (b) Massoth, F. E. Adv. Catal.
1978, 27, 266.

(32) For example, Okuhara, T.; Tanaka, K.; Miyahara, K. J. Catal. 1977,
48, 229. (b) Wentrcek, P. R.; Wise, H. Ibid. 1976, 45, 349,

(33) Madon, R. J; Shaw, H. Caral. Rev.—Sci. Eng. 1977, 15, 69.
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Table IV. Crystal Data

formula C,H,,- CyoHyo- CaoHio- CyoHyp-
Mo,S, Mo,S, Mo,0,S, Mo,S,,

M, 478.38 590.60 558.47 782.98

space group P2,/n P2 /n P4,/n Fdd2

a A 7.023 (4) 10.069 (2) 16.342(2) 15.233(3)

b, A 6.703 (2) 15.107 (4) 16.342 (2) 45.205(7)

¢, A 16.227 (8) 7.889(2) 8.456 (1) 8.051(2)

«, deg 90 90 90 90

g, deg 95.86 (4) 104.81 (2) 90 90

v, deg 90 90 90 90

V, A® 759.8 (6) 1160.2 (5) 2258.3 (5) 5544 ()

dealeqr gm™> 2,09 1.69 1.64 1.88

dops» ECm™> 208 1.69 1.65 1.90

Zz 2 2 4 8

F(000) 468 596 1128 3152

#(Mo Ka), em™! 21,19 14.07 12,78 16.18

from Aldrich, and LiC4(CHj)s was prepared by a published proce-
dure.* Mo(CO)¢ was purchased from Alfa, Ethylene and acetylene
were obtained from Matheson. Reagent grade sublimed sulfur was
used.

Physical Measurements. NMR spectra were recorded at 90 MHz
on a Varian 390 spectrometer. Chemical shifts are referenced to
tetramethylsilane. Infrared spectra were obtained on Nujol mulls
with a Perkin-Elmer 337 spectrophotometer. Mass spectra were
recorded with the use of a Varian MAT CH-5 instrument. Elemental
analyses were provided by Spang Laboratory.

X-ray Crystallography. Data for all four structures (Table IV)
were collected on a Syntex P1 autodiffractometer equipped with a
graphite monochromator. The procedures which were similar for all
four structures are summarized in Table V. The cell parameters were
refined by least-squares fit of the parameters as noted in Table V.
The measured data were collected for Lorentz and polarization ef-
fects.® Data were corrected for absorption as noted in Table V.

Structure Solution and Refinement. Salient features of the solution
and refinement of the four compounds are given in Table VI.

Syntheses. All reactions were carried out under a nitrogen at-
mosphere, but, unless noted, products were not protected from air
during isolation procedures.

Reaction of [CsHMo(CO),]; with S;. The molybdenum dimer (1.1
g, 2.2 mmol) and sulfur (0.57 g, 2.2 mmol) were dissolved in 150 mL
of benzene. The solution was refluxed for ~4 days. The resulting
black solid (~1.1 g) was filtered and washed with CHCl, until
washings were colorless.

Reaction of [CH,C;H,Mo(CO),L, with S;. The molybdenum dimer
(2.0 g, 3.86 mmol) and S;g (0.53 g, 2.1 mmol) were refluxed in benzene
for 2 days. The resulting black solid (~0.9 g) was isolated and washed
as described above.

The filtrate from the reaction was evaporated to dryness, redissolved
in CHCl,, and eluted with CHCI; through an 8-in. column of neutral
alumina. The initial red orange band was collected. Evaporation of
solvent produced black crystals of [CH,CsH MoS(1-S)],: yield 0.040
g 2.19%; IR (cm™): 495, 445 m; NMR (CDCl,) 6 5.88 (2 m, intensity
8), 2.10 (s, 6); mass spectra m/e 478 (P), 463 (P - Me), 446 (P -
S). Anal. Caled: C, 30.13; H, 2.93; S, 26.78. Found: C, 30.08,
H, 2.92; S, 26.84.

Reaction of the above reagents in a molar ratio of 1:1 did not
produce any [CH;CsH,MoS(u-S)],. The amount of insoluble material
was approximately doubled.

(CH;)sCsMo(CO);H. Mo(CO), (3.4 g, 11.2 mmol) was added
to a THF slurry of (CH;)sCsLi (11.5 mmol), and the solution was
refluxed under nitrogen for 28 h. After the reaction mixture was cooled
to 25 °C, glacial acetic acid (4 mL, 45 mmol) was added. The solution
was stirred for ~12 h. Solvent was evaporated, and the remaining
solid was sublimed at 90 °C to produce an air-sensitive orange
crystalline product; yield 1.8 g, 44%; NMR (CDCl,) § 2.11 (s, 15),

(34) Feitler, D.; Whitesides, B. M. Inorg. Chem. 1976, 15, 446.

(35) The data reduction routine was written in this laboratory. All other
programs used in the solution and refinement of these structures are
contained or based on Dr. J. A. Ibers’ Northwestern University Crys-
tallographic Computing Package and Dr. P. Main’s MULTAN 78 package.
The scattering factors used were for neutral atoms as given in:
“International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV.
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Table V. Experimental Conditions for Crystallographic Studies
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C.,H,Mo,S, C;oH Mo, S, C10H;3,Mo, 0,8, C.oHyoMo, S,

crystal size, mm 0.07 X 0.10 X 0.30 0.04 X 0.10 X 0.45 0.07 X 0.14 X 0.45 0.02 X 0.54 X 0.55
crystal habit thin plate thin plate thin plate thin plate
recryst solvent CHCl, THF/N, THF/air CH,Cl,
T, K 298-300 298-300 298-300 298-300
radiation Mo Ka Mo Ka Mo Ka Mo Ka
cell parameter refinement, 15 25 25 15

no. of reflections
scan mode 9-20 0-20 0-20 0-20
min 269, deg 3.0 3.0 3.0 3.0
max 29, deg 45.0 50.0 50.0 50.0
scan speed, deg min™! 4.0 2.0-24.0 2.0-24.0 4.0-24.0
scan range from 1.0° below 2¢ for Ka, to 1.0° above 29 for Ka,
bkgd mode stationary crystal-stationary counter
bkgd time/scan time 0.25 0.5 0.5 0.5
no. of data points

Fy? 2 30(Fy%)

measd 1308 2338 3454 1859
obsd 866 1379 1450 1345

abs cor no yes yes yes
transmission coeff

min 0.783 0.518 0.478

max 0.950 0.639 0.923

Table V1. Crystallographic Data. Solution and Refinement Details
C,,H,,Mo,S, C,oH3 Mo, S, C,0HyMo,0,8, C, H Mo, S,

phase determination

least-squares refinement
hydrogen contribution not included

weighting scheme

final residuals

R 0.0297
Ry 0.0434
no. of variables 82
observations/ 10.6
parameters
esd of observation 1.648
of unit weight
max shift over error 0.000

final difference maps

-5.41 (s, 1); IR (cyclohexane) 2030, 2010, 1960, 1930 (s) (1895 (w));*
mass spectra m/e = 316 (P), 287 (P - CO, H), 259 (P - 2CO, H),
231 (P -3CO, H). Anal. Caled: C, 49.38; H, 5.10. Found: C,
49.20; H, 5.00.

Reaction of (CH;);CsMo(CO);H with S;. A freshly sublimed
sample of the molybdenum complex (1.94 g, 6.1 mmol) and Sg (1.0
g, 3.9 mmol) were refluxed in 100 mL of THF for 12 h. The resulting
black solid was filtered and washed with THF until washings were
colorless. The solid was then washed with approximately ten 50-mL
portions of CS,. The remaining solid (~1.0 g) was insoluble in
common solvents and presumed to be polymeric.

The THF washings were evaporated to ~15 mL, and the resulting
brown black product, [(CH;)sCsMoS(u-S)],, was filtered and re-
crystallized from THF: yield 1.17 g, 65%; IR (cm™!): 488 s, 444
m; NMR (CDCl,) 6 2.05 (s); mass spectra m/e 590 (P), 558 (P -
S), 526 (P - 28).

The CS, washings were evaporated to 10 mL to crystallize [(C-
H;)sCsMo0S;], as black crystals: yield 0.25 g, 10%; IR (cm™): 548,
530 m; NMR (CS,) 6 1.69 (s); mass spectra m/e 622 (P - 58), 590
(base, [MesCsMoS;],).

Other Attempted Synthm of [(CH3)5C5M055]2. (A) (CH3)5C5-
Mo(CO);H (0.98 g, 3.11 mmol) and Sg (0.21 g, 0.82 mmol) were
combined in 25 mL of CS; and refluxed for 18 h under a nitrogen
atmosphere until no more gas evolution was evident. The nearly clear
solution was filtered, and the solvent was removed at reduced pressure,

(36) A small amount (~79%) of [(CH;)sCsMo(CO);], was also present in
the Pr?;:luct and identified by NMR (6 1.99) and by IR (1933, 1895
cm™).

(37) (a) King, R. B.; Igbal, M. Z,, King, A. D., Jr. J. Organomet. Chem.
1979, 171, 53. (b) Ginley, D. S.; Wrighton, M. S. J. Am. Chem. Soc.
1975, 97, 3533,

fixed idealized
isotropic

multiple solution tangent formula
full-matrix anisotropic
fixed idealized
isotropic
based on counting statistics

not included

0.0436 0.0327 0.0401

0.0495 0.0415 0.0491

118 118 144

11.7 12.3 9.3

1.382 1.385 1.370

0.002 0.004 0.009
featureless

yielding 0.86 g of dark red material that still contained CO (IR). The
product was not characterized. (B) (CH;)sMo(CO);H (0.97 g, 3.08
mmol) and Sg (0.51 g, 2.00 mmol) were combined in 100 mL of
benzene and refluxed for 20 h under a nitrogen atmosphere. The
solvent was removed from the clear, dark red solution at reduced
pressure, yeilding 1.30 g. An NMR spectrum in CDClI; indicated
that no [(CH;)sCsMoS;], was produced. The product decomposed
during recrystallization and was not characterized. (C) (CH,)sCs-
Mo(CO);H (0.50 g, 1.58 mmol) and S; (0.51 g, 1.98 mmol) were
combined in 50 mL of THF and refluxed under a nitrogen atmosphere
for 22 h. The mixture was filtered, and the insoluble product was
washed with THF (2 X 20 mL) until the wash was colorless. Washing
with CS, yielded no [(CH,)sCsMoSs],. The soluble product de-
composed into an insoluble material upon standing in air and was not
characterized.

Reactions of [CH,C;H,MoS(u-S)], with Unsaturated Molecules.
The molybdenum complex (0.10 g, 0.2 mmol) was dissolved in CHCl,.
The solution was degassed, and 1 atm of C=C was added. After
1 day of stirring at 25 °C, the solution was evaporated to ~2 mL
and filtered to isolate the yellow green product. The complex [C-
H,CsHMoSC,H,S], was recrystallized from CHCI and characterized
by comparison of spectral data with that of the known complex.?

The reaction with C==C was carried out in an analogous procedure
but with a reaction time of 2 weeks.

Reactions of [(CH;),CsH;_,MoS,], with Unsaturated Molecules.
The molybdenum complex (0.2 g) was slurried in 25 mL of CHCl,.
The solution was degassed and | atm of C=C or C=C was added.
After 10-14 days of stirring at 25 °C, the solution was filtered. The
filtrate was evaporated to ~5 mL, and the crystalline product was
filtered; typical yields 60%.

[(CH,)sCsMoO(u-S)1,. Slow crystallization of [(CH;)sCsMoS-
(u-S)], from CH,CI, in air produced bright red crystals which proved
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to be [(CH;)sCsMoO(u-S)];. A chloroform solution of
[(CH;)sCsMoS(u-S)], (0.1 g) was stirred under an atmosphere of
O, for 3 days at 70 °C. The solvent was evaporated, and the remaining
solid was characterized spectrally. No starting complex remained.
Spectral data suggest a mixture of isomers may be present. IR: 907,
900 cm™ (yyo—o). NMR (CDCL;): 6 1.97, 1.99. A reaction of
[(CH,3)sCsMoS(u-S)], with water in the absence of O, under similar
conditions did not produce the desired complex.
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The crystal structures of the tetraoxy spirocyclic selenurane (C¢H,,0,),Se (3) and corresponding tellurane (C¢H,,0,),Te
(4) have been determined by single-crystal X-ray diffraction analysis. Both compounds crystallize in the monoclinic space

(%)

grouK C2/c with Z = 4 and with the central atom on a crystallographic twofold axis. For 3, a = 10.442 (6) A, b = 10.545
,c=13910 (3) A, and 8 = 110.27 (3)°. For 4,a=19.108 (7) A, » =10.469 (4) A, c =7.705 (2) A, and 8 =

97.83°. Data for both compounds were collected on an Enraf-Nonius CAD4 diffractometer out to a maximum 26y, s
of 50°. Full-matrix least-squares refinement led to R = 0.042 and R,, = 0.055 for 3 and R = 0.034 and R, = 0.042 for
4. Both exist in a trigonal-bipyramidal structure distorted in compliance with the presence of an equatorially positioned
lone electron pair. In the Te compound intermolecular Te—O contacts indicate a degree of polymerization making the
Te atoms pseudo six-coordinated. No such contact is observed in the Se moiety.

Introduction

Although the molecular structures of spirocyclic phospho-
ranes have been extensively studied? and those of spirocyclic
sulfuranes® studied to a lesser extent, spirocyclic selenuranes*
have received little attention and related telluranes apparently
none at all. The structure of 3,3’-spirobi(3-selenaphthalide)
(1) is known* (for this and other structures to follow, the axial

0,x-Se-0px = 172.4 (3)°
Coq-Se-Coq = 101.0 (3)°

angle  and equatorial angle 3 refer to the angles as designated
in 1). Like most cyclic sulfuranes,? the structure of the sel-
enurane 1 shows the axial angle O-Se—O and equatorial angle
C-Se—C bent away from the fifth coordination site, an
equatorial site presumed to be occupied by a lone electron pair.
This contrasts with the structures of cyclic phosphoranes which
show the axial and equatorial angles bent in mutually opposing
directions (i.e., along the Berry coordinate®) and yield a range

(1) Presented in part at the 178th National Meeting of the American
Chemical Society, Washington, D.C., Sept 9-14, 1979; INOR 281.

(2) (a) Holmes, R. R. ACS Monogr. 1980, No. 175, 1-302. (b) Holmes,
R. R. Acc. Chem. Res. 1979, 12, 257.

(3) Martin, J. C; Perozzi, E. F. Science (Washington, D.C.) 1976, 191, 154
and references cited therein.

(4) Dahlén, B. Acta Crystallogr., Sect. B 1974, B30, 647.

of structures between the idealized trigonal bipyramid and
square (or rectangular) pyramid.>$

A number of monocyclic tellurane structures has been re-
ported’ which have axial and equatorial angles bent in the same
direction as that for the selenurane 1. Tellurane 28 is repre-

sentative of this class.

0
2

0-——;‘-—0

<>

Clyy-Te-Cl,y = 176.8 (1)°
Coq-Te-Coq = 90.7 (3)°

In order to strengthen the structural basis for determining
pentacoordinate principles? applicable to group 6 derivatives,
we carried out a single-crystal X-ray study of the similarly
formulated spirocyclic selenurane 3 and the spirocyclic tellu-
rane 4. Temperature-dependent '*°C and 'H NMR data

support trigonal-bipyramidal ground-state structures for both

(5) Berry, R. S. J. Chem. Phys. 1960, 32, 933.

(6) Holmes, R. R.; Deiters, J. A. J. Am. Chem. Soc. 1977, 99, 3318.

(7) (a) McCullough, J. D. Inorg. Chem. 1975, 14, 1142. (b) Hope, H,;
Knobler, C.; McCullough, J. D. Ibid. 1973, 12, 2665. (c) McCuliough,
J. D. Ibid. 1973, 12, 2669. (d) Knobler, C.; McCullough, J. D.; Hope,
H. Ibid. 1970, 9, 797.

(8) Korp, J. D,; Bernal, I; Turley, J. C.; Martin, G. E. Inorg. Chem. 1980,
19, 2556.
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