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with three bpy~ radical (S = V2) Hgands. It is interesting that 
a comparable magnitude of /tf/ramolecular antiferromagnetic 
exchange interaction is present in the two types of com
plexes. 
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species having lower coordination number and less hindered 
approach of substrate molecules to the region of the metal-
metal bond. For this purpose our interest was drawn to the still 
unreported compound Mo2Cl4(PPh3)4. In our unsuccessful 
attempts to prepare this derivative we examined the reaction 
Of(NH4)SMo2CIrH2O with triphenylphosphine in methanol, 
an approach known to be successful for preparation of other 
phosphine derivatives Mo2Cl4(PR3)4.3 Instead, this reaction, 
even in the presence of a large excess of triphenylphosphine, 
has led to the new compound Mo2Cl4(PPh3)2(CH3OH)2.4 

Recrystallization of this product from methanol provided 
well-formed blue crystals of the solvate Mo2Cl4(PPh3)2-
(CH3OH)2-OCH3OH,5 which, however, dissociate and 
crumble upon removal of the solvent. Thus for the structure 
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Abstract: A new quadruply bonded molybdenum dimer, Mo2Cl4(P(C6H5)3)2(CH3OH)2, has been prepared, characterized by 
structure analysis, and shown to exhibit unusual reactivity. In benzene solution the new dimer undergoes self-addition across 
the quadruple bond resulting in formation of a novel tetrameric cluster unit. Structure determination of the triethylphosphine 
substituted tetramer, Mo4Clg(PEt3)4, revealed the molecular, rectangular cluster unit with two short Mo-Mo bonds, 2.211 
(3) A, and two long bonds, 2.901 (2) A. The short Mo-Mo bonds are unsupported by bridging ligands but the long bonds are 
each bridged by two Cl atoms, and the coordination sphere of each Mo is completed by one Cl and one PEt3 terminal ligand. 
The Mo-Mo bond distances, diamagnetism, and number of electrons available for bonding are consistent with assessment of 
bonding in the rectangle as two triple and two single bonds, the tetrametal analogue of cyclobutadiyne. 
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Figure 1. Structure of the Mo2Cl4(P(C6HSh)2(CH3OH)2 molecule with 
numbering scheme for the atoms shown. Atoms are represented by thermal 
ellipsoids scaled to enclose 50% of the electron density. 

determination crystals of the solvate were loaded into capil
laries and sealed with the inclusion of some methanol. 

Subsequent solution and refinement of the crystal structure6 

has revealed the discrete molecular species shown in Figure 
1. Crystallographically the molecule is located in a site of C, 
symmetry, but discounting the phenyl and methyl groups the 
molecule has idealized C2/, symmetry. The geometric dispo
sition of ligands on one metal with respect to those on the other 
is consistent with that expected for minimizing nonbonded 
repulsions between ligands opposed to each other in the eclipsed 
configuration. Surprisingly little is revealed by the structure 
in regard to the unusual reactivity of the molecule (vide infra). 
The Mo-Mo distance of 2.143 (1) A is quite comparable to 
that in Mo2Cl8

4-, 2.141 ± 0.006 A (average of several struc
tures);1 Mo2(CH3)S

4-, 2.148 (2) A;7 Mo.(O.CC6H5),-
Br2(P-«-Bu3)2,

8 2.091 (3) A; and Mo2Br6(H2O)2
2-, 2.122 (2) 

A.9 Only the Mo-O distance, 2.211 (5) A, and M-O-C angle, 
133.8 (5)°, are somewhat larger than normal values.10 

Upon dissolution of Mo2Cl4(PPh3J2(CH3OH)2 in benzene 
at 25 0C the bright blue solution initially produced changes 
color, and within 30-60 min precipitation of a brown, micro-
crystalline product is essentially complete. Definitive char
acterization of this product proved difficult because of sec
ondary reaction with liberated methanol. Analyses of product 
isolated within 1 h of initial reaction, however, indicated the 
composition [MoCl2(PPh3)],,." Subsequent reaction of this 
brown material with trialkylphosphines in benzene at 25 °C 
affords the new, brownish yellow, crystalline compounds 
Mo4Cl8(PR3),!, R = C2H, or C4H9. Although structure de
terminations on these compounds have not resulted in refine
ments of desired accuracy, notably in the carbon atom pa
rameters, the essential features of the new tetrameric clusters 
are well defined.12 As shown in Figure 2 for Mo4Cl8(PEt3)4 
the new cluster derivatives have rectangular geometry with 
effective C2/, symmetry. The Mo-Mo distances in the short 
and long dimensions of the rectangle are 2.211 (3) and 2.901 
(2) A, respectively. Two Cl atoms bridge between the Mo 
atoms over each of the long edges of the rectangle and each Mo 
also is bound to one Cl and one P terminal ligand. The existence 
of Mo-Mo bonding between pairs of metal atoms in the long 
direction of the rectangle is supported not only by the Mo-Mo 
distance but also by the acute bridge bond angles Mo-Cl-Mo 
which average 74.4 (2)0.13 A comparison of these Mo-Mo 
bond distances with those found in other structures, combined 
with the observed diamagnetism and number of metal electrons 

Figure 2. Structure of the cluster molecule Mo4CIg(P(C2HSh)4 with 
numbering scheme for the atoms shown. Thermal ellipsoids are scaled to 
enclose 50% of the electron density. 

available, shows that the Mo-Mo bonding is best regarded as 
consisting of single bonds on the long edges,14 and triple bonds 
on the short edges15 of the rectangle. Thus the new clusters may 
be justifiably regarded as tetrametal analogues of cyclobuta-
diyne. In the facile reaction leading to the brown triphenyl-
phosphine derivative addition of two quadruply bonded dimers 
apparently occurs, with elimination of the coordinated meth
anol ligands. The electron pairs utilized in the dimers for b 
bonding are effectively recast for forming the long a bonds in 
the tetramer,20 as represented by the scheme (loss of two 
methanol ligands understood). 
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In media containing methanol the reaction of 
Mo2Cl4(PPh3)2(CH3OH)2 follows a different course. If a 
solution of the dimer (4 g) in methanol (25 mL)-decalin (50 
mL)-HCl (0.64 M) is warmed to 70 0C a yellow, microcrys-
talline precipitate having the composition [MoCl2(CH3-
0H)]„21 results within 1 h. Although this yellow product is 
rather insoluble in common solvents, it reacts readily with 
triethylphosphine in benzene to provide Mo4Cl8(PEt3)4 as 
confirmed by X-ray powder diffraction and infrared spectra. 
We thus infer that the correct formulation of the yellow pre
cipitate is Mo4Cl8(CH3OH)4. Evidently both the CH3OH and 
PPh3 ligands of the dimer are very labile and loss of either may 
occur upon formation of the tetrameric unit depending on the 
solvent system. A more complete understanding of the path 
of these reactions is essential and is the subject of continued 
work. 
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atom abstraction, and participate easily in insertion reactions 
involving M-H addition across carbon-carbon double and 
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Abstract: The complex PPN + [CpV(CO)3H]- (PPN-3; Cp = t?5-C5H5) has been prepared in 70% yield by sodium reduction 
of CpV(CO)4 (1) followed by protonation of the resulting dianion [CpV(CO)3]2- (2) with water and cation exchange with 
PPN+Cl -. The physical properties and chemical reactions of 3 have been investigated. The sodium salt of 3 is contact ion 
paired in the solid state and in THF; dissociation of solvent-separated pairs occurs on conversion to the PPN+ salt or dissolu
tion in polar solvents such as HMPA. Treatment of dianion 2 with methyl iodide gives the related salt PPN + [CpV(CO)3-
CH3] - , which may also be isolated and characterized. Hydride 3 reacts with a wide range of organic halides, resulting in sub
stitution of the halogen atom by the hydrogen of 3. The organometallic products of these reactions are the vanadium halides 
PPN + [CpV(CO)3X]- (8). In some cases a second organometallic product is observed; this material is the binuclear bridging 
hydride PPN+[CpV(CO)3J2H- (10), and it is formed by reaction of the kinetic product 8 with starting 3 present in the reduc
tion solutions. Irradiation of 1 in the presence of 3 provides an alternate route to bridging hydride 10. Competition experiments 
against PPh3 have shown that 3 reacts more rapidly than the phosphine with transient, coordinatively unsaturated CpV(CO)3, 
but thermodynamically PPh3 is the better ligand. The borohydride salt PPN + [CpV(CO)2BH4]- has also been prepared, by 
treating 1 with NaBH4 and by treating hydride 3 with BH3-THF. The mechanism of the reaction between 3 and organic ha
lides has been investigated in detail, and compared in several cases with halide reductions carried out using tri-K-butyltin hy
dride. Relative reactivity, stereochemistry, cyclization, and trapping studies demonstrate that in almost all cases, the reduction 
reaction proceeds via free-radical intermediates. As in the R3SnH case, these intermediates are generated in a chain process, 
and are trapped by hydrogen transfer from 3. The absolute rate constant for this transfer step can be estimated to be 2 X 107 

M - 1 s -1, nearly an order of magnitude larger than the rate constant for hydrogen transfer from tri-n-butyltin hydride. Reduc
tion of cyclopropylcarbinyl bromide appears to be exceptional, and probably proceeds by a two-electron mechanism. 
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