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imation mentioned above is valid only if the orbitals el and g2 are 
orthogonal, which is highly unlikely for bridged dimers. This 
orthogonality may be strick as the result of the molecular sym- 
metry, or it may be accidental. Both cases are discussed by Kahn 
and c o - ~ o r k e r s . ~ ~ - ~ ~  

An analytical expression analogous to the one of Moriya may 
be derived by second-order instead of third-order perturbation 
t h e ~ r y . ~ , ' ~  This is a consequence of the fact that we are no longer 
dealing with an infinite lattice but instead with two spins each 
with S = ll2. Therefore, it is possible to start from ground and 
excited singlet (I+$))) and triplet states in which the 
exchange interactions have been included to the highest accuracy 
possible. The resulting singlet-triplet splitting in the state n is 
defined as 2Jn, where J4 i t t h e  effective exchange constant in the 
spin-Hamiltorjan -W,,S1.S2. The spin-orbit perturbation is %so 
= 3;ll-?l + {21242 where {, is the one-electron spjn-orbit coupling 
constant. The second-order energy correction to the three triplet 
ground-state functions may be calculated by diagonalizing the 
matrix with elements 

where the summation u runs over all (four) spin states of the 
excited states n. After some algebra this may be written as 

E,(2) = 2 c  c (+Tol l l l l~ l f iTT")  (+Tnl1212@l+T0) 
n a.@=x,y,z 

(TzIS1328 + 6qdTj)[l/(En 2Jn) - 1/Enl (3) 
By comparison with the matrix elements wit_hin_the ground state 
triplet manifold of the spin-Hamiltonian Sl-bS0.S2 and after 
omitting an isotropic contribution, one obtains for the tensor 
elements 

D S 0 , U B  = 
2 c ( + ~ ~ I l i l i , l + ~ " )  (+T"1121281+T0)[1/(En + 25,) - 1/Enl (4) 

n 

In case lJ,l << E,, this can also be written as 

DSO,a@ = -4c ( J /Tol~l l la l f iT")  (fiT"l{212al+To)Jn/En2 ( 5 )  
n 

This expression is equivalent to the one derived by Moriya, and 
it shows that the spin-orbit coupling contributes to the ZFS 
provided that the singlet-triplet splitting in the excited states is 
not zero. Moreover, this alternative derivation clearly shows that 
J, in formula 5 is not a simple two-electron exchange integral but 
instead is the singlet-triplet separation in the excited state. 
Therefore, we think it dangerous that in recent articles the effective 
exchange has been treated as a simple exchange integral. 

In this context we think it worthwhile to mention another aspect 
of the analytical expression for Jo mentioned above: the model 
upon which this expression is based is a two-electron description. 
The effects of the doubly occupied orbitals in the dimer are 
neglected. They play a role only insofar as they influence the 
energies and delocalization of the unpaired electron functions. 
Wormer and Van der Av0i1-d~~ tested this approximation on the 
02-02 dimer (two spins S = 1). They compared the results of 
an extensive all-electron calculation with a four-electron model 
and found that the orientational dependencies of Jo are qualita- 
tively the same but are quantitatively not so! The much more 
economic four-electron model turns out to be quite inaccurate. 
This was also found by Charlot et aLzs on a model system for 
azido-bridged copper dimers. A full CI  calculation including all 
core levels was needed in order to understand the behavior of the 
singlet-triplet separation in these systems. 

In conclusion, we think it is now clear that the spin-orbit term 
will contribute to the ZFS if an effective exchange interaction 
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is present in the excited states and that this effective exchange 
interaction represents a singlet-triplet splitting and is not equal 
to a simple two-electron exchange integral. Furthermore, extensive 
all-electron calculations are needed in order to obtain quantitatively 
correct results for the single-triplet splittings. 
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Although the group VI tetrathiometalates ([MS4I2-; M = Mo, 
W) were initially prepared over 100 years ago,2 their ability to 
function as bidentate ligands to other metals has only been ex- 
plored extensively in the past 10-15 years.3 

Much of the interest in this behavior has arisen because of the 
importance of molybdenumsulfur moieties in biological systems. 
For example, an Fe-Mo-S cluster unit is thought to comprise the 
active site of the nitrogenase enzyme: Mo=S linkages have been 
implicated in other molybdenum enzymes that contain the "Mo 
c o f a c t ~ r " , ~  and thiomolybdates are thought to be an important 
factor in the copper-molybdenum antagonism in ruminants.6 In 
addition, there is considerable interest in molybdenum-sulfur 
species as industrial catalysts for hydrode~ulfurization.~ Activity 
in this area has focused on reactions involving the chelation of 
relatively high-uulent metals such as Fe(II/III)? Co(I1): Ni(I1),lo 
and Zn(11)ll by [MS412- ions to form simple M'S2MS2 units. By 
contrast, reactions of thiometalates with low-valent metals con- 
taining ?r-accepting ligands, such as CO and PR3, are rare. 
However, the feasibility of this type of reactivity recently has been 
demonstrated12 by studies that showed that [MS4I2- (M = Mo, 
W) will readily chelate Rh(1) and Ru(I1) fragments to form 
heterometallic, sulfido-bridged complexes, such as [(COD)- 
RhS2MS2Rh(COD)] (COD = cyclooctadiene), where the tetra- 
thiometalate functions as a ligand to an organometallic moiety. 

We have recently begun to investigate the chemistry of low- 
valent Mo and W carbonylsulfur ~ p e c i e s , ~ ~ ~ ~ s o m e  of 
were prepared by utilizing the labile M~(CO)~(norbornadiene) 
complex as a source of reactive M o ( C O ) ~  fragments. Herein we 
report that this type of reactivity can also be exploited with [MS4I2- 
(M = Mo, W), resulting in simple dinuclear and trinuclear 
sulfido-bridged complexes that are unusual in that they contain 
group VI metals in the same cluster that differ in formal oxidation 
state by 6 units. 
Experimental Section 

Materials and Methods. The compounds MO(CO)~(C,H~)  (C7Hs = 
norbornadiene)'* and [Et4NI2[MS4] (M = Mo, W)19 were prepared by 
the literature methods cited. All operations were carried out under an 
argon atmosphere by using Schlenk tube or glovebox techniques. 
Reagent grade solvents were used as obtained, except for MeCN, which 

'The periodic group notation in parentheses is in accord with recent actions 
by IUPAC and ACS nomenclature committees. A and B notation is elimi- 
nated because of wide confusion. Groups IA and IIA become groups 1 and 
2. The d-transition elements comprise groups 3 through 12, and the p-block 
elements comprise groups 13 through 18. (Note that the former Roman 
number designation is preserved in the last digit of the new numbering: e.g., 
111 - 3 and 13.) 
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was distilled from CaH2. Elemental analyses were performed in this 
laboratory on a Perkin-Elmer 240 instrument equipped with a Micro- 
jector from Control Equipment Corp. Cyclic voltammetry experiments12 
and carbon monoxide analyses" were performed as previously described. 
Electrochemical potential values are vs. SCE. Infrared spectra were 
obtained as KBr pellets prepared in a drybox, by using a Beckman IR-20 
instrument, and visible spectra were obtained with a Cary 118C spec- 
trophotometer. 

Preparation of [Et4N]d(C0)4MoS2MS2] (1; M = Mo, W). A sample 
of [Et4NI2[MS4] (0.99 mmol) was dissolved in warm MeOH (25 mL), 
MO(CO)~(C,H~) (0.30 g; 1.00 mmol) in MeOH (30 mL) was added over 
30 min at  ambient temperature, and the mixture was then stirred for an 
additional 15 min. The resulting dark green solution was filtered, 
yielding the crude product (ca. 0.45 g; 65%). which was washed with 
MeOH and E t 2 0  and dried under vacuum. This material was shown 
spectroscopically to contain a significant amount of compound 2 (vide 
infra) and therefore was recrystallized from MeCN-Et20 to obtain ca. 
0.20 g (30%) of purified product in crystalline form. An analytical 
sample was obtained by further recrystallization of this solid from dilute 
MeOH solution. 

Anal. Calcd for C20H40N2M0204S4 (1; M = Mo): C, 34.67; H, 5.83; 
N,  4.04. Found: C, 34.34; H, 5.75; N,  4.00. Amount of CO on de- 
composition: 104%. IR (cm-'): 1860 (s), 1885 (sh, s), 1905 (s), 2000 
(m) ( U C O ) ;  485 (m) ( v M ~ ) ;  440 (w) ( u M ~ ~ M ~ ) .  Anal. Calcd for C20- 
HaN2Mo04S4W (1; = W): C, 30.76; H ,  5.17; N,  3.58. Found: C, 
30.16; H ,  5.23; N 3.19. Amount of CO on decomposition: 94%. IR 
(cm-'): 1845 (sh, m), 1860 (s), 1895 (s), 1915 (s), 2000 (m) (uco); 480 

Preparation of [Et4N]d(C0)4MoS2MS2Mo(C0)4] (2; M = Mo, W). 
Samples of [Et,N],[MS,] (0.99 mmol) and MO(CO)~(C,H~) (0.60 g; 2.0 
mmol) were stirred for 2 h a t  ambient temperature in MeOH (30 mL). 
The dark mixture was filtered, yielding the products as crystalline solids 
(for M = Mo, 0.69 g, 78%; for M = W, 0.28 g, 29%), which were washed 
with MeOH and E t 2 0  and dried under vacuum. For 2 (M = Mo), the 
best analysis from this procedure was unsatisfactory in carbon, but hy- 
drogen and nitrogen analytical data were consistently correct. Recrys- 

(m) ('W-S); 440 ('M&2W). 
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Table I. Electronic Spectral and Cyclic Voltammetric Data for 
Complexes 1 and 2 in MeCN 

electrochemi- 
cal datab complex electronic data" 

1 (M = Mo) 360 (lOOOO), 460 (8800), 565 (3160) -1.94' +0.31d 
1 (M = W) 405 (8860), 460 (3740) -2.33' +0.19d 
2 (M = Mo) 375 sh, 455 (19000), 675 (5380) -1.68' +0.21d 
2 (M = W) 426 (16 500), 545 (5220) -1.99' +0.18d 

"Peak positions in nanometers with molar absorptivities in par- 
entheses. bValues in volts vs. SCE. Data obtained from cyclic volt- 
ammograms taken a t  -40 O C .  Pseudoreversible reduction. 

Irreversible oxidation. 

tallization of this product from MeOH did not significantly improve these 
data. 

Anal. Calcd for C24H40N2M0308S4 ( 2  M = Mo): C, 32.00; H,  4.48; 
N,  3.11. Found: C, 29.66; H,  4.58; N ,  3.19. Amount of CO on de- 
composition: 103%. IR (cm-'): 1855 (s), 1900 (s), 1930 (s), 1990 (m) 
(vc0); 450 (w) (uMe2Mo) .  Anal. Calcd for C24H40N2M0208S4W (2; M 
= W): C, 29.15; H,  4.08; N,  2.83. Found: C, 28.83; H ,  3.97; N, 2.52. 
Amount of CO on decomposition: 102%. IR (cm-I): 1875 (s), 1925 (s), 
1955 (SI, 2000 (m) (vco); 460 (w), 425 (w) ( Y M ~ , w ) .  
Results and Discussion 

Reaction of 1 or 2 equiv of M O ( C O ) ~ ( C ~ H ~ )  (C7H8 = nor- 
bornadiene) with [Et4NI2[MS4] (M = Mo, W) in MeOH results 
in the rapid formation of dark solutions which deposit dinuclear 
(1; M = Mo, W) or trinuclear (2; M = Mo, W) sulfido-bridged 
species according to eq 1 and 2. While this work was in progress, 
Mo(C0)4(C7H8) + [Et4N12[MS41 - 

[Et4N12[Ms4(Mo(Co)4)1 + C7H8 ( l )  

2Mo(C0)4(C7H8) + [Et4NIZ[MS41 -P 

[Et4NI2[MS,~Mo(CO)4JzI + 2C7HB (2) 
we learned that Ruffing,zl as part of a programzz on mixed- 
metal/mixed-valence compounds, had also carried out the prep- 
aration of the dinuclear species using CH2CIZ as solvent. Ele- 
mental analytical data (CHN and CO evolution on oxidative 
decomposition) for these highly air-sensitive products are consistent 
with these proposed formulations, but IR spectral studies provide 
the best insight into their structures. The spectra of all four 
compounds contain strong bands in the carbonyl region that have 
general patterns and positions similar t o  those of [Mo(CO),- 
(SR)2]z-16 and [M2(CO)8(SR)2]z- (M = Mo, W)I3-I5 and that 
are thus characteristic of ~ i s - M o ( C 0 ) ~  fragments containing 
Mo(0). In addition, the IR spectra contain low-energy bands 
(400-500 cm-') characteristic of terminal and bridging M-S 
vibrations in linear, polynuclear, sulfido-bridged species. Thus, 
we formulate the structures of the products as indicated by 1 and 
2, the geometry presumed to be effectively octahedral around Mo 
and tetrahedral for the coordinated MS4 (M = Mo, W) moiety. 

anion of 1 anion of 2 

From the point of view of formal oxidation states, these di and 
trinuclear species could contain both M(V1) (M = Mo, W) and 
Mo (0) in the same complex. Electrochemical experiments, for 
which d a t a  are compiled in Table  I, support this hypothesis. T h e  
cyclic voltammograms of 1 (M = Mo) and 2 (M = Mo) contain 
two redox events, a pseudoreversible one-electron reduction at 
negative potentials and an irreversible one-electron oxidation at 
ca. + 0.2 V. The average current parameter for these redox events 
at ca. -40 OC was 425 A s-' V-'/' mol-' compared to 390 A s-l 

(21) Ruffing, C. J. Ph.D. Thesis, University of Illinois, Urbana, IL, 1984, 
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Table 11. Electronic Spectral Data for 1 and 2 as a Function of 
Solvent 

complex solvent electronic spectral data' 
1 (M = Mo) MeOH 

EtOH 
MeCN 
DMF 
CH2Cl2 

1 (M = W) MeOH 
MeCN 

2 (M = Mo) MeOH 
MeCN 

2 (M = W) MeOH 
MeCN 

CHIC12 

CH2C12 

CH2Cl2 
Values in nanometers. 

461, 613 
461, 595 
460, 565 
450, 555 
465, 555 
418,490 
405, 460 
412, 470 
457, 681 
455, 615 
451, 669 
426, 549 
426, 545 
424. 535 

V-'l2 mol-' for the known one-electron transfer in [Mo- 
(S2C4Nz)4]3-23 at  the same temperature. Assignment of the 
reduction waves to relatively localized electron transfer to the 
coordinated M(V1) MS4 moiety is consistent with previous 
electrochemical data on Fe-Mo-S species. Thus, [(o-xyl-S,)- 
FeS2MS2I2- complexes (0-xyl-S2 = C6H4(CH2S)2; M = Mo, W), 
which contain formally M(V1) tetrathiometalates bound to an 
Fe(I1)-thiolate moiety, undergo reversible reduction a t  -1.6 V 
(M = Mo) and -1.8 V (M = W), events postulated" on the basis 
of EPR spectroscopic evidence to involve formation of M(V). The 
similarity of the potentials for the reductions in this system and 
those in 1 and 2 indicate that assignment of the reversible re- 
ductions to M(VI)/M(V) couples is reasonable. , I t  is also 
worthwhile to note (a) that the shift to more negative reduction 
potentials on substitution of tungsten for molybdenum is consistent 
with the electrochemistry of both the above (o-xyl-S,)Fe system24 
and the [Fe(MS4),I3- ions2s and (b) that the addition of a second 
M o ( C O ) ~  unit to 1 results in a shift of the reduction wave to more 
positive potential, an effect presumably due to a lowering of the 
electron density at the MS4 center via donation to the extra Mo(0) 
moiety. The irreversible wave at  ca. +0.2 V for these complexes 
is likely to be due to a M~(CO)~-centered oxidation of Mo(0) to 
Mo(1) and is about 0.4 V more positive than the net two-electron 
Mo(O)/Mo(I) couple in [M2(CO),(SR),12- ( M  = Mo, W)'3-'s 
and the one-electron oxidation of [ M o ( C O ) ~ ( S R ) ~ ] ~ - . ' ~  It is 
interesting that the oxidation wave of trinuclear 2 is a one-electron 
Mo(O)/Mo(I) redox event, while the similar couple in the tri- 
nuclear, thiolate-bridged complex [ (C0)4Mo(SR)zM'(SR)2M~- 
(C0),l2- accounted for the simultaneous transfer of two elec- 
t ron~,~'  this latter phenomenon p ~ s t u l a t e d ' ~  to be due to the 
formation of two M'-Mo bonds. The lack of ability of the central 
Mo(V1) in 2 to participate in metal-metal bonding is consistent 
with the observed one-electron behavior. Thus, as noted above, 
the electrochemical data are consistent with the presence of both 
high-valent Mo or W and low-valent Mo in the same polynuclear 
complex. 

Complexes that contain metals in such widely differing oxidation 
states should be candidates for internal charge-transfer (CT) 
behavior. Indeed, the visible spectra of both dinuclear and tri- 
nuclear species are characterized by several intense bands (Table 
I), with the low-energy transitions particularly good candidates 
for charge transfer since they are characterized by solvatochromic 
behavior (Table 11). Solvent-dependent CT bands are well- 
documented for a number of structurally related, but neutral, M(0) 
complexes of the forms Mo(CO),(N- -N) (N- -N = 2,2'-bipyridyl, 
1 ,lo-phenanthroline, 1,4-diazabutadiene, 2,3-bis(2-pyridyl)- 
pyrazine,  et^.),,^^^ W(CO)5L, and W(CO)4L2 (L = substituted 

pyridine).N However, for these neutral compounds, the CT bands 
shift to higher energy with increasing solvent polarity, "negative" 
solvatochromism as described by tom Dieck and Renk,28 while 
compounds 1 and 2 in general show the opposite shift on solvent 
variation (Table 11). The "positive" solvatochromic effectz8 in 
1 and 2 could indicate that the CT transitions for these species 
are MS4 - Mo(0) in character (rather than Mo(0) - L in the 
M o ( C O ) ~ L ~  systemsz8), but this hypothesis is seemingly incon- 
sistent with the above electrochemical data, which would predict 
that Mo(0) - MS4 charge-transfer behavior is more likely for 
1 and 2. In addition, it is possible that specific hydrogen-bonding 
interactions between the alcohols (where the largest solvatochromic 
effects are observed) and the MS4 sulfurs could be at least partially 
responsible for this different trend. 

Previous studies by Coucouvanis and co-workers" have shown 
the utility of a substitution-labile Mo(0) starting material as a 
source of reactive M o ( C O ) ~  fragments. Their reaction of Mo- 
(C0)3(MeCN)3 with the hexairon prismane species [Fe&&] 3- 
(X = C1, OR)  yielded novel complexes with a [ F ~ & ~ O ~ S ~ ] ~ + / ~ +  
core, which are exciting in that they may be susceptible to oxidative 
decarbonyla t i~n~~ to produce species that mimic certain aspects 
of the iron molybdenum cofactor of n i t r ~ g e n a s e . ~ , ~ ~  Our results 
on the utilization of M~(CO)~(norbornadiene), as described both 
herein and e1sewhere,lsJ6 complement this synthetic concept and 
suggest that the reactivity of Mo(0) species with Fe-S complexes 
(or vice versa) may result in the synthesis of a variety of new 
heterometallic clusters. 
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In a previous paper' we described the reaction of the dihydride 
FeH2[P(OEt)J, toward aryldiazonium cations, which gave the 
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