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as the isolation of a mixture of stereoisomers (i.e., 10 and 11) when 
styrene is used as the trapping agent. Aryl-substituted alkenes 
are effective substrates, whereas simple or electron deficient olefins 
fail to react with the electronically excited triplet state. Finally, 
the triplet-induced photolysis of 1 in the presence of methyl 
phenylpropiolate was also studied and was found to give cyclo-
pentadiene 18 as the exclusive photoproduct. The formation of 
18 is most readily accommodated by a (2 + 2) cycloaddition 
followed by an electrocyclic ring opening of the initially generated 
bicyclo[2.1.0]pentene intermediate (see Scheme II). 

Further studies on the scope and mechanism of these cyclo-
additions are in progress and will be reported in due course. 
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Figure 1. Structure of the Mo(S2C2(COOCH3)2)3
2" anion, showing atom 

labeling scheme, and the MoS6C6 core illustrating the trigonal prismatic 
geometry. Thermal ellipsoids are drawn by ORTEP (Johnson, C. K., 
ORNL-3794, Oak Ridge National Laboratory, Oak Ridge, TN, 1965) 
and represent the 50% probability surfaces. 

Reaction of MoS 9
2 - with Bis(carboxymethyI)acetyletie. 

Crystal and Molecular Structure of 
(Ph4P)2Mo[S2C2(COOMe)2J3: A Trigonal Prismatic 
Complex with a New Dithiolene Ligand 

M. Draganjac and D. Coucouvanis* 

Department of Chemistry, University of Iowa 
Iowa City, Iowa 52242 

Received August 20, 1982 

The hydrodesulfurization of organosulfur compounds in pe­
troleum distillates is catalyzed by alumina-supported "sulfided" 
molybdenum and cobalt salts.1 The mechanism of the hydro­
desulfurization reaction and the structure of the catalyst are not 
known; however, it has been proposed that the active sites are 
located on the molybdenum sulfide surfaces.2 In the absence of 
primary information, essential for an understanding of the hy­
drodesulfurization reaction, we have initiated studies on the re­
activity of specific binary Mo-S complexes toward organic 
molecules that may or may not contain sulfur. Thus far our studies 
have shown that the (MoS9)

2",3-4 (Mo2S10)
2-,4'5 and (Mo2S12)

2"4 

complexes react readily with CS2, and two of the isolated, 
structurally characterized products, [(CS4)2MoS]2~ and 
[(CS4)2Mo2S4]2", contain the S-S chelating perthiocarbonate 
ligand.6 

In this communication we report on the reaction of dimethyl 
2-butynedioate (DMA) with the [(S4)2MoS]2_ anion in CH3CN 
and on the crystal and molecular structure of one of the products, 
(Ph4P)2[Mo(S2C2(COOCH3)2)3]-DMF-C6H6 (I; DMF = dimethyl 
formamide). 

The reaction of (Ph4P)2[(S4)2MoS]6 with excess DMA, under 
dinitrogen, in warm (50-60 0C) acetonitrile solution proceeds 
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Table I. Selected Distances and Angles in 
[Mo(SjC2(COOMe)2)3]

2" 

Mo-S 
C-S 
C=C 
C-O 
0-CH3 

C=O 
C-C 

S-Sjntra . 
S-Sinter 

S-Mo-Sjntir «; 
S-Mo-Sinterj 
S-Mo-S i n t e r

d 

Mo-S-C 

(cis) 
(trans) 

na 
mean 

valueb range 

Bond Lengths (A) 
6 
6 
3 
6 
6 
6 
6 
3 
6 

2.393 (5) 
1.74 (2) 
1.34 (5) 
1.32(2) 
1.46 (2) 
1.19(2) 
1.50(3) 
3.09 (2) 
3.18 (6) 

Angles (deg) 
3 
6 
6 
6 

80.5 (5) 
83 (2) 

135 (8) 
109 (1.5) 

2.385 (6)-2.399 (5) 
1.72 (2)-1.76 (2) 
1.28 (2)-1.38 (2) 

80.1 (2)-81.1 (2) 
81.4 (2)-85.9 (2) 

125.0 (3)-143.9 (3) 
107.1 (6)-110.9(6) 

° Number of independent measurements. b The standard devia­
tions of the averages were taken as the larger of the individual 
standard deviations or the standard deviation from the mean a = 
[Ej1Cx? ~nx2)l(n-l)]ln. c lntraligand. d Inter ligand. 

readily. Addition of diethyl ether to the green solution results 
in the deposition of a green solid which can be recrystallized from 
dimethyl formamide-benzene mixtures. The green crystals retain 
a molecule of both benzene and DMF of solvation. Anal. Calcd 
for (Ph 4 P) 2 Mo[S 2 C 2 (COOMe) 2 ] 3 -DMF-C 6 H 6 (I; 
C75H71S6P2O13NMo): C, 58.71; H, 4.63; S, 12.52; Mo, 6.26. 
Found: C, 58.50; H, 4.53; S, 12.15; Mo, 6.36. The electronic 
spectrum of I in CH2Cl2 is characterized by absorptions at 650 
nm (e 5800), 450 (sh), and 356 (« 11500). In the infrared 
spectrum, two overlapping bands at 1710 and 1730 cm"1 are 
assigned tentatively to the C = O stretching vibrations of the ligand 
and the DMF molecule of solvation respectively. 

Single-crystal X-ray diffraction and intensity data on I7 were 
collected on a Nicolet P3 automatic diffractometer by using an 
a scan technique. The data corrected for Lorentz, polarization, 
and absorption effects were used for the solution of the structures 
by direct methods. Refinement by full-matrix least-squares 

(7) Crystal and refinement data for (Ph4P)-,[Mo(S2C2(COOMe)2)3]-
DMF-C6H5: a = 22.907 (14) A, b = 14.619 (9) A, c = 43.746 (21) A, (3 = 
95.34(5)°; space group C2/c, z = 8; 20maI 35° (Mo radiation); F2 > ia(F^), 
2637 reflections used; 389 parameters. 
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Figure 2. Proposed schemes for the addition of an acetylene to the 

Mo-S-S unit. 

techniques has progressed to a conventional R value of 0.069.8 

The structure of the dianion in I (Figure 1, Table I) shows three 
bidentate dithiolene (l,2-dicarbomethoxy-l,2-dithiolate) ligands 
coordinated to Mo(IV). The S6 coordination polyhedron shows 
only small deviations from a trigonal prismatic geometry (Dih 

symmetry). The three rectangular faces of the prism, S(I)S-
(2)S(3)S(4), S(3)S(4)S(5)S(6), and S(1)S(2)S(5)S(6), are nearly 
planar and are located 0.90, 0.91 and 0.92 A from the Mo atom. 
The dihedral angles (<5) made by the S6 polyhedron trigonal faces 
as described by Muetterties and Guggenberger9 are 11.67, 15.36, 
and 19.70° at 6, and 120.33, 119.84, and 119.88° at b2 and range 
from 87.0 to 93.0° at the remaining edges of the polyhedron.10 

The mean value of the S-Mo-S interligand trans angles at 135° 
is quite close to the average value of 136 ± 1 ° found for the same 
angles in other trigonal prismatic complexes such as Re [S2C2-
(C6H5)2]3,1! V[S2C2(C6H5)2]3,

12 Mo(S2C2Hj)3,
13 Mo(S2C6H4),,

14 

and [Nb(S2C6H4J3]-.14 In the structure of the [Mo(S2C2-
(CN)2)3]2_ complex15 (the only other structurally characterized 
tris(dithiolene) Mo(IV) complex) the MoS6 polyhedron (average 
Mo-S = 2.373 A) is close to being midway between the octa­
hedron and the trigonal prism. The apparent structural differences 
between the MoS6 polyhedra in I and [Mo(S2C2(CN)2)3]2" very 
likely reflect differences in covalency in the Mo-L bond that stem 
from differences in the relative energies of the Mo(IV) d orbitals 
and the appropriate ligand orbitals.14 On the basis of a bonding, 
the trigonal prismatic coordination is favored over the octahedral 
one for highly covalent 4d and 5d transition-metal complexes 
containing metal ions in the d0, d1, and d2 electronic configura­
tions.16 Not unlike other dithiolene complexes,171 undergoes two 
reversible one-electron oxidations18 in CH2Cl2 at +0.02 and +0.48 
V vs. SCE. The low oxidation potentials and the apparent stability 
of the oxidation products should allow for the covenient synthesis 
of the monoanionic and neutral derivatives of I. 

The synthesis of I and in particular the generation of the di­
thiolene ligands19 present an interesting problem from a mecha-

(8) In the refinement process, isotropic temperature factors were assigned 
to all atoms. Assignment of anisotropic temperature factors to the anion 
results in 574 parameters and a rather small data to parameter ratio. 
Changing the rejection criterion to F0

2 < Ia(F0
1) increased the usable data 

to 3497; however, a larger R value (0.079) and larger estimated standard 
deviations were obtained. The crystallographic results reported herein have 
been obtained with F0

2 > Ia(FJ) data and isotropic temperature factors. 
(9) Muetterties, E. L.; Guggenberger, L. J. J. Am. Chem. Soc. 1974, 96, 

1748-1756. 
(10) The S's for a trigonal prism are 0°, 0°, 0° at A1, 120°, 120°, 120° at 

A2, and 90° for the remaining six edges of the polyhedron. By comparison, 
6's for the corresponding edges on an octahedron are all 70.5°. 

(11) Eisenberg, R.; Ibers, J. A. Inorg. Chem. 1966, 5, 411-416. 
(12) (a) Eisenberg, R.; Stiefel, E. L; Rosenberg, R. C; Gray, H. B. J. Am. 

Chem. Soc. 1966, 88, 2874-2876. (b) Eisenberg, R.; Gray, H. B. Inorg. 
Chem. 1967,5, 1844-1849. 

(13) Smith, A. E.; Schrauzer, G. N.; Mayweg, V. P.; Heinrich, W. / . Am. 
Chem. Soc. 1965, 87, 5798-5799. 

(14) Bennett, M. J.; Cowie, M.; Martin, J. L.; Takats, J. J. Am. Chem. 
Soc. 1973, 95, 7504-7505. 

(15) (a) Brown, G. F.; Stiefel, E. I. Inorg. Chem. 1973, 12, 2140-2147. 
(b) Eisenberg, R. Prog. Inorg. Chem. 1970, 12, 295-369. 

(16) Huisman, R.; DeJonge, R.; Haas, C; Jellinek, F. J. Solid State Chem. 
1971, 3, 56-66. 

(17) McCleverty, J. Prog. Inorg. Chem. 1968, 10, 49-221. 
(18) On a platinum electrode vs. SCE, solutions were 1 X 10"3 M in 

electroanalyte and 0.1 M in Bu4NClO4. 
(19) The synthesis of a neutral, tris(diphenyl)dithiolene complex of mo-

lybdenum(VI), Mo[S2C2(Ph)2J3, has been accomplished previously 
(Schrauzer, G. N.; Mayweg, V. P. Z. Naturforsch, B 1964, 19B, 192-198) 
in the reaction between Mo(CO)6, diphenylacetylene, and sulfur in benzene 
or toluene solution. This reaction may well involve Mo-S complexes that are 
generated in situ under the reaction conditions. 

nistic point of view. The formation of the 1,2-ethylene dithiolate 
ligand in I parallels the formation of the same ligand and its 
selenium analogue in reaction 1 (R = H, CH3; E = S, Se). A 

(C5H4R)2TiE5 + DMA — (C5H4R)2TiE2C2(C02CH3)2 (l) 

kinetic study of this reaction shows a second-order process with 
activation parameters of-19 cal/(mol K) for AS* and 19 kcal/mol 
for AH*. An associative mechanism involving electrophilic attack 
on the E5 ligand and a dipolar intermediate have been suggested 
for this reaction.20 The large negative value for AS*, however, 
also is indicative of a highly ordered transition state and may be 
consistent with a cycloaddition reaction. The isolation of 
(Ph4P)2I(S4)Mo2S4(S2)] from solutions of (Et4N)2[(S4)2MoS] 
following the addition of Ph4PCl suggests the presence of equilibria 
such as [(S4)2MoS]2" *± [(S4)MoS(S2)]2- + S2

0. In solutions of 
[(S4)2MoS]2_ therefore, either MoS2 or Mo(S4) units are possible 
reactive species toward DMA. By analogy to the 
(C5H4R)2TiE5/DMA system,20 formation of the ethylene di­
thiolate ligand in I may proceed either by an associative mech­
anism involving a dipolar intermediate (Figure 2a) or by a 
Diels-Alder type (4 + 2) cycloaddition mechanism (Figure 2b). 
The interactions of other activated acetylenes and olefins with 
binary Mo-S complexes are currently under study in our labo­
ratories. 
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The methylidyne (CH) ligand—the simplest hydrocarbon ligand 
and a potential intermediate in the hydrogenolysis of carbon 
monoxide—is an object of current attention. Examples of me­
thylidyne groups bound to one,1 two,2 three,3 and four4 transi­
tion-metal atoms have been reported recently. In this commu­
nication we report a new complex with a triply bridging methy­
lidyne ligand, which in contrast with previous examples3,5 is found 
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H. / . Am. Chem. Soc. 1982, 104, 1134. 

(3) [Cp2Rh3(M-CO)2(M3-CH)I+: (a) Dimas, P. A.; Duesler, E. N.; Lawson, 
R. J.; Shapley, J. R. / . Am. Chem. Soc. 1980,102, 7787. (b) Herrmann, W. 
A.; Plank, J.; Riedel, D.; Ziegler, M. L.; Weidenhammer, K.; Guggolz, E.; 
Balbach, B. Ibid. 1981, 103, 63. 
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