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The synthesis of the compounds of general formula [MO~O(S~CNR)~(YC~H~CXN~)~J.SOI, X = S and 0, Y = H and C1, 
and Sol = CH2C12 and CHC13, is reported. The compounds were characterized by elemental analyses and infrared, electronic, 
and ‘H NMR spectroscopy. The ‘H NMR spectra exhibited a number of alkyl resonances, suggesting that the dithiocarbamate 
ligands are nonequivalent. The molecular structures of the compounds [MO~O(S~CNE~~)~(C~H~CON~)~].CH~C~~ and 
[Mo~O(S~CNE~~)~(CIC~H~CSN~)~]CHC~, were revealed in single-crystal X-ray diffraction studies. The structures are 
analogous and shown to be asymmetric dinuclear complexes with bridging benzoyldiazendio or thiobenzoyldiazenido ligands. 
The nonplanar Mo2N2 rhombus is common to both structures and exhibits a nearly identical geometry in the two derivatives. 
The geometries about the square-pyramidal Mo2 sites are also constant. The Mol sites are approximately trigonal prismatic, 
the coordination polyhedra constrained by the geometric requirements of sulfur vs. oxygen coordination. Voltammetric 
studies of the dimers indicate a reversible one-electron reduction, followed by an irreversible cathodic process at more negative 
potentials. The redox behavior of the dimers is discussed and contrasted with that of the symmetrical dimers Mo~O, (S~CX)~ ,  
X = -NR2, -OR, and -SR. 

Introduction 
The coordination chemistry of molybdenum in its higher 

oxidation states (IV to VI) has received a great deal of at- 
tention, particularly because of the possible relationship of 
these species to the redox-active m o l y b d ~ e n z y m e s ~ ~ ~ ~  and the 
general interest in polynuclear metal  compound^.^*^^ In 
particular, the iron-molybdenum protein component of nit- 
rogenase from Azotobacter ~ ine landi i ,~  Clostridium pas- 
teurianum,5 and Klebsiella pneumoniae6 and xanthine oxidasel 
all contain two molybdenum atoms per mole of enzyme. The 
proposal has been made that the two molybdenum atoms are 
a t  the active site and function in a concerted fashion during 
catalysis.* Although a number of oxidation states have been 

postulated for the molybdenum atoms in the native proteins,’b 
there is no direct evidence for the oxidation state in the 
nitrogenase systems. 

The importance of molybdenum in these redox-active 
proteins and the speculation that dimeric species involving 
sulfur coordination may be relevant to the active-site 
ge~metry’,’~ have prompted a number of studies on the 
chemical,8-10 electrochemical,’ ’ and structural  aspect^'^-'^ of 
dimeric molybdenum complexes with sulfur-containing ligands. 

The structural chemistry of dimeric molybdenum complexes 
in the higher oxidation states is dominated by oxo- or sulfi- 
do-bridged groupings (la-2e). A number of complexes with 
the p o x 0  geometry la14 or lb12J3315924 have been structurally 
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Bis( thiobenzoyldiazenido)bis( dimethy1dithiocarbamato)oxodi- 
molybdenum (4a). Dioxobis(dimethyld1thiocarbamato)molybde- 
num(V1) (0.5 g) and thiobenzoylhydrazine (0.3 g) in methanol (40 
mL) were heated under reflux for 0.3 h. On cooling of the solution, 
the complex was deposited as a very dark precipitate and was re- 
crystallized from dichloroethane-methanol as tiny red needles (0.24 
g, 48%). 

Complexes 4b, 4c, 4d, 4e, and 4 were prepared similarly to complex 
4a, using appropriate dioxodithiocarbamato complex and thio- 
aroylhydrazine in yields of 45-66%. 

Crystal Preparation. The benzoyldiazenido derivative, Mo20- 
(S2CNEt2)2(C6H5CON2)2.CH2Cl~ (3), was crystallized from di- 
chloromethane/methanol by slow evaporation at 10 O C .  The ‘H NMR 
spectrum of the recrystallized material exhibited a proton resonance 
consistent with a dichloromethane molecule of crystallization, and 
this was later confirmed by the density of the crystals and the solution 
of the structure. 

The thiobenzoyldiazenido derivative M o ~ O ( S ~ C N E ~ ~ ) ~ -  
(CIC6H4CSN2)2.CHC13 (4) was crystallized from chloroform/ 
methanol by slow evaporation. Attempts to recrystallize from carbon 
disulfide, tetrahydrofuran, and benzene were unsuccessful, generally 
yielding oils or amorphous solids. The ’H N M R  spectrum of the 
crystallized complex again displayed a resonance attributable to a 
molecule of solvation. The presence of chloroform in the lattice was 
confirmed by the solution of the structure. 

Collection and Reduction of Diffraction Data. Preliminary cell 
dimensions were obtained from Weissenberg and precession pho- 
tographs of the crystals taken with Cu K a  radiation (A 1.5418 A). 
Using the approximate cell dimensions obtained by film measurement, 
20 reflections with 16 < 20 < 23’ were accurately centered in the 
counter window of a Picker full-circle automated diffractometer (Mo 
K a  radiation). A least-squares procedure was used to obtain a best 
fit between the observed and calculated values of x, 6, and 20 for these 
reflections. The cell parameters and relevant crystal data are presented 
in Table I. 

Intensity data were collected on the Picker diffractometer using 
M o  Ka ( h  0.7107 A) radiation filtered through zirconium foil. A 
scan speed of 1°/min was employed in measuring each reflection by 
the moving crystal-moving counter technique with a scan range in 
20 of 2O, plus an allowance for the splitting of the Kal and Ka2 
radiation. The background for each reflection was determined by 
10 s stationary counts at  each end of the scan range. The net count 
(N) was calculated as N = T - (BG1 + BG2).SCT/20, where T is 
the total integrated peak intensity, BG1 and BG2 are the background 
counts, and SCT is the total measuring time for the peak in seconds. 
Four standard reflections were employed to monitor diffractometer 
and crystal stability. The fluctuation in the integrated intensities of 
the standards was no greater than that expected from Poisson statistics, 
totaling 1.5% over the period of the data collection. 

The observed intensities were corrected for background, Lorentz, 
and polarization effects. Only reflections with I > 2.5u(1) were 
included in the refinement. 

Solution and Refinement of the Structures. In both cases the initial 
Patterson map revealed the positions of the two molybdenum and four 
sulfur atoms. 

Full-matrix least-squares refinement was based on F, and the 
function was minimized as Cw(1F.J - lFc1)2. The weights w were taken 
as ( ~ F , / U ( F ~ ) ) ~  where lFol and IFc/ are the observed and calculated 
structure factor amplitudes. Atomic scattering factors for nonhydrogen 
atoms were taken from Cromer and Waber.30 Scattering factors for 
hydrogen were those of Stewart, Davidson, and S i m p ~ o n . ~ ’  The 
anomalous dispersion corrections for molybdenum, sulfur, and chlorine 
were included. The programs used in the refinement were those 
compiled in the 1972 version of the X-ray system of Stewart et al.32 
and operated on the Univac 1110 computer. Difference Fourier 
syntheses phased on the six heavy atoms revealed the remaining part 
of the structures. Refinement of positional parameters and individual 
isotropic temperature factors for the atoms contained in the dimeric 
units converged at  values of 0.174 and 0.184 for 3 and 4, respectively, 
for the conventional R factor. At this stage the difference Fourier 
maps revealed the presence of the solvent molecules. The CHC13 
molecule found in structure 4 presented no difficulties. These atomic 
positions and anisotropic temperature factors for all noncarbon and 
nonhydrogen atoms were introduced. Five cycles of full-matrix 
least-squares refinement converged to R = 0.076 and Rw = 0.086 where 
R = CIIFOI - l ~ c l l / ~ l ~ o l  and Rw = ( C W W O l  - I ~ c l ) z / C W I ~ 0 1 2 ) ” 2 .  

la l b  IC 

2a 2b 2c 

26 2e 

characterized. There are numerous examples of the cis-di- 
p-oxo coordination type, lc;’6~17~25,26 the existence of stable 
di-p-sulfido-bis(oxomo1ybdenum) complexes is well docu- 
mented,3as20,21,23,27,28 and two distinct geometries syn-bent, 2a, 
and anti-planar, 2b, have been e ~ t a b l i s h e d . ~ ~  Although fewer 
examples are available, exclusive sulfido coordination has been 
observed for [ M O S ( S C N R ~ ) ( S ~ C N R ~ ) ] ~ , ~ ~  IM02S4- 
(S2CNR2)2],’9 and [ M O ~ S ~ ( S , C , H ~ ) ~ ] ~ - , ~ ~  A common feature 
of the dimeric complexes is nearly identical coordination 
geometry about the molybdenum atoms of the dimer unit. The 
electrochemical behavior of the dimers tends to be complex 
and dominated by irreversible processes.ll,ls 

As part of our general studies of the chemistry of higher 
oxidation state complexes of molybdenum and in particular 
their reactions with substituted hydrazines,29a we have in- 
vestigated the interactions of the dioxo complexes [Moo2- 
(S2CNR2),] (R2 = Me2, Et,, ((CH2)J2) with benzoyl- and 
thiobenzoylhydrazines. In the presence of excess dithio- 
carbamate, benzoylhydrazine reacts in refluxing methanol to 
give the benzoyldiazenido complexes [ Mo(N2COPh)- 
(S2CNR2),] containing a linear Mo-N-N linkage.29b 
Thioaroylhydrazines generally undergo quite different reactions 
from aroylhydrazines, as with acidified molybdate where the 
former give complexes of the type [ M o ( H N N C S A ~ ) ~ ]  (Ar = 
phenyl or substituted phenyl),29a whereas aroylhydrazines form 
no isolable complexes under similar conditions. 

In this paper, we describe the full details of the synthesis, 
electrochemical investigation, structural studies, and spec- 
troscopic properties of a number of unusual dimeric complexes 
formed from molybdenum dioxobis(dithiocarbamato) com- 
plexes and the hydrazines PhCXNHNH2 (X = 0, S).29c 

Experimental Section 
The reactions were carried out under nitrogen using dried degassed 

solvents, but the recrystallizations were performed with reagent grade 
solvents in air. Molecular weights were determined using a Hitachi 
Perkin-Elmer Model 115 osmometer and infrared spectra were re- 
corded as Nujol mulls using a “Pye Unicam” SP 2000 spectrometer. 
‘H NMR spectra were measured in dideuteriodichloromethane at 100 
MHz using a Jeol P.S. 100 spectrometer with tetramethylsilane as 
internal standard. Microanalyses were carried out by Mr. and Mrs. 
Olney at  the University of Sussex and by A. G. Bernhardt Micro- 
analytical Laboratories, West Germany. 

The complexes [Mo02(S2CNR2)] (R2 = Me2, Et2, ((CH2)5)2) were 
prepared by the literature method5’ as were ben~oylhydrazine~~ and 
the thioar~ylhydrazines .~~ 

Bis( benzoyldiazenido) bis( diethy1dithiocarbamato)oxodimolybdenum 
(3). Dioxobis(diethyldithiocarbamato)molybdenum(VI) (0.5 g), 
benzoylhydrazine hydrochloride (0.25 g), and triphenylphosphine (0.3 
g) in methanol (30 mL) were heated under reflux for 0.25 h. After 
the mixture was allowed to stand overnight, the complex precipitated 
from solution and was recrystallized as red needles from dichloro- 
methane-methanol. The dichloromethane of crystallization was 
removed by pumping at  60 “C and lov2 mmHg giving a red powder. 
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Table I. Experimental Summary of Crystal Data 
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[Mo,O(S,CNEt,),(C,H,CON,),]~CH,C1, [ Mo,O(S,CNEt,),(ClC,H,CSN,),] CHC1, 

formula wt 
a, A 
b, A 
c, A 
a, deg 
P ,  deg 
7 9  deg 
volume, A 3  
cryst form 
systematic absences 
space group z 
p(calcd), g cm-3 
p(found), g cm-' 
F(000) 
W f o )  
cryst dimens 
P(MO W 
reflect 

855.49 
17.526 (8) 
10.800 (9) 
9.536 (9) 
107.95 (2) 
92.88 (1) 
85.07 (1) 
1728.00 
triclinic 
none 
P i  .. L 
1.64 
1.65 (2) 
860.00 
KZ, 0.7107 A 
0.17 x 0.35 X 0.16 mm 
11.32 cm-' ; transmission factors varied 

2246 symmetry-independent reflections for 
between 0.792 and 0.861 

2 < 28 G 40' with I ,  > 2 .5dZJ  
(3220 collected) 

The error in an observation of unit weight, [CwAz/(NO - NV)]1/2, 
was 1.89. 

In the case of compound 3, the chlorine atoms of the CHzClz group 
were clearly evidenced on the Fourier map, although some positional 
disorder was indicated. The peak assigned to the carbon atom was 
2.0 e and suggested considerable disorder. Since the major purpose 
of this work was the determination of the molecular structures of the 
dimers and since the analogous thiobenzoyldiazenido complex was 
free of disorder, the problem was not pursued further.33 The solvent 
molecule positional parameters and anisotropic temperature factors 
for molybdenum, sulfur, oxygen, and chlorine atoms were included 
in the refinement which converged to R = 0.069 and R, = 0.080. 
The error in an observation of unit weight has  2.13. 

Final difference Fourier synthesis on both structures revealed no 
excursions in electron density greater than 0.7 e k3, on a scale where 
the average value for a carbon atom is 6 eA-'. Maximum excursions 
of electron density occurred at 0.5 8, from the Mo positions and at 
positions consistent with hydrogen locations. Tables of the observed 
and calculated structure factors are available. 

Electrochemical Studies. Electrochemical measurements were 
performed in CH2C1210.1 M [n-Bu4N]PF6 or acetone(0.1 M [n- 
Bu4N] PF6 vs. AglAgC110.1 M LiCl reference electrode or an isolated 
saturated calomel electrode. All potentials are reported with respect 
to the SCE. A three-electrode, iR-compensated system with a platinum 
auxiliary electrode was used throughout. Normal pulse voltammetry 
and cyclic voltammetry were performed at a platinum wire electrode. 
Cyclic voltammograms were also recorded at vitreous carbon and 
hanging mercury drop electrodes. The PAR Model 170 electro- 
analytical system was employed in all measurements. Phase-sensitive 
ac voltammograms were made at a scan rate of 10 mV/s at 80 Hz 
with phase angle of 90' with respect to the input alternating potential 
and with an ac perturbation of 5 mV peak-peak. Normal pulse 
polarograms were obtained at a scan rate of 10 mV with a pulse 
frequency of 2.0 pulse s-I. All solvents were degassed with Ar, and 
all runs were performed under an inert atmosphere at 21 OC. 
Controlled-potential electrolyses were performed at a platinum mesh 
or a rotating platinum electrode at a potential +0.25 V beyond the 
Ellz  of the process under investigation. 

Results and Discussion 
Preparat ion and Properties of Complexes. In t h e  absence 

of excess di thiocarbamate,  benzoylhydrazine hydrochloride 
reacts  with [ M o O ~ ( S ~ C N E ~ ~ ) ~ ]  and  triphenylphosphine in 
refluxing methanol t o  give a red complex of stoichiometry 
[ M O ~ O ( S ~ C N E ~ ~ ) ~ ( N N C O P ~ ) ~ ]  (3). A small amount of the  
o r a n g e  benzoy ld iazen ido  complex  [ M o ( N N C O P h ) -  
(S2CNEt2)3 ]  is sometimes also formed but  can be  readily 
separated by recrystallization. However, even in the presence 
of excess di thiocarbamate t h e  only complexes t h a t  can be 
isolated by t h e  reactions of [ M o 0 2 ( S 2 C N R J 2 ]  with the  

991.03 
17.362 (8) 
11.888 (9) 
20.177 (8) 
90.00 
113.88 (2) 
90.00 
3796.70 
monoclinic 
OkO, k =  2n t l;hOl,h = 2n t 1 
P2,la 
4 
1.73 
1.75 (2) 
1976.00 
KZ, 0.7107 A 
0.13 X 0.31 X 0.12 mm 
13.43 cm-'; transmission factors varied 

2458 symmetry-independent reflections for 
between 0.789 and 0.869 

2 < 28 G 40' with I ,  > 2.50(1,) 
(311 1 collected) 

Figure 1. Perspective view of the molecule M O ~ O ( S ~ C N E ~ ~ ) ~ -  
(PhCON2)2 (3) showing the atom labeling scheme. 

thiobenzoylhydrazines  ArCSNHNH, ( A r  = C6H5, p -  
MeOC6H4, p-C1C6H4) are analogues of complex 3, [ Mo20- 
( S 2 C N R Z ) 2 ( N N C S A r ) 2 ] .  The re  was no evidence for  the  
formation of t h e  thiobenzoyldiazenido complexes [Mo- 
(NNCSPh)(S,CNR,) , ] .  T h e  complexes prepared in this 
manner are summarized in Table 11, together with physical 
and spectroscopic properties. 

T h e  complexes a r e  all red or pinkish red diamagnetic, 
crystalline, air-stable solids. Their solutions in 1,2-di- 
chloroethane are nonconducting, and molecular weight 
measurements, where solubility permitted, indicated tha t  they 
are dimeric. 

Structural  Determination. Final positional and thermal  
parameters for complexes 3 and 4 are given in Tables I11 and 
IV. Tables  V and  V I  contain the  bond lengths and  angles 
for [MO~O(S~CNE~~)~(C~H~CON~)~].CH,C~~ and Tables VI1 
and VI11 t h e  bond parameters  for [ M O ~ O ( S ~ C N E ~ ~ ) ~ -  
(C1C6H4CSN2)2]CHC13.  T h e  digits in parentheses in t h e  
tables a r e  t h e  estimated s tandard deviations in t h e  least 
significant figures quoted. Figures 1 and 2 a r e  perspective 
views of the molecules giving the atom labeling schemes, while 
Figures 3 and 4 show the  molecular packing in the  unit cells. 
Table  IX gives the coefficients of the  least-squares planes for 
the dimers. 
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Figure 2. 
(C1C6H4CSIV2)2 (4) showing the atom labeling scheme. 

Perspective view of the molecule Mo20(S2CNEtJ2- 

Both complexes, [MO~(S~CNE~~)~(C~H~CON~)~]-CH~C~~ 
(3) and [MO~(S~CNE~~)~(C~C~H~CSN~)~]-CHC~~ (4), consist 
of discrete dimeric molecules. Figures 1 and 2 demonstrate 
the low overall symmetry of the complexes and the nature of 
the distinct environments about the molybdenum atoms. The 
coordination polyhedron about Mo2 in both 3 and 4 is es- 
sentially square pyramidal with the Mo atoms displaced toward 
the apical oxygens, 0.72 8, from the mean plane generated by 
S3-S4-N2-N4 in 3 and 0.69 8, from the plane S3-S4-Nl-N3 
in 4 (Table IX). The geometry of the five-coordinated Mo 
may be compared to that observed in [ M O ~ O ~ ( S ~ C N E ~ ~ ) ~ ] , ' ~  
[MoO(S2CNPrJ2],I2 M O O ( S ~ C S - ~ - P ~ ) ~ , ~ ~  and [(C,H,),- 
N]2[Mo202S2(SzC2(CN)2]2],23 which also exhibit similar 
square-pyramidal geometry (Table X). 

The coordination geometry at the second Mo site is ap- 
proximately trigonal prismatic, although the variation in donor 
atoms results in considerable distortion of the coordination - 

n polyhedron, as illustrated in Figure 5. In compound 3, the n 

triangular faces S1-01-02 and S2-N2-N4 are not perfectly 
parallel; displaying a dihedral angle of 170.5'. The angle of 
twist between the triangular faces is 10.8'. 

4 where the triangular faces S2-Nl-N3 and Sl-S5-S6 make 

triangular faces is 4.3'. A detailed analysis of the geometry, 
as suggested by Muetterties and G~ggenberge r ,~~  is presented 
in Table XI; both the dihedral angle and twist angle criteria 

d 

2 
E The deviations 

from regular geometry are not so pronounced in compound 

a dihedral angle of 177.0' and the angle of twist between the 

u, 

9 
d z 
u, c 
0, 

E 

0 
9 
m 

are consistent with the distorted trigonal-prismatic description 
of the coordination polyhedron. The geometry of the poly- 
hedron may be compared to that displayed by [Mo(S2C6- 

+VI oxidation state and regular trigonal-prismatic coordi- 
nation is observed, and [Mo(S2C,(CN),),I2-, where the Mo 
oxidation state is formally +IV resulting in a geometry in- 
termediate between octahedral and trigonal prismatic with a 
dihedral angle of 178' and an angle of twist of 27'. The 

E w 
H4)3]34 and [ M O ( S ~ C ~ H , ) , ] , ~ ~  where the Mo is formally in the 'u 

0 

9 
E 
8 

2 
M* common features of these trigonal-prismatic and derived 

structures are metal centers with few d electrons (do-d2) and 
the presence of a highly delocalized ligand orbital system such 

I 

P 

I 1 

d 

0 
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Table 111. Final Positional and Thermal Parameters for [ Mo,O(S,CNEt,),(C,H,CONz)~] CH,Cl,‘ 
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atom X Y 2 u,, or u G, u 3 3  u,, u, 3 ‘2 3 

Mol 0.21055 (9) -0.3429 (1) -0.1196 (2) 3.2 (1) 3.9 (2) 3.1 (1) -0.43 (8) 0.40 (8) 0.69 (9) 
Mo2 0.29914 (9) -0.4498 (1) -0.3487 (2) 3.2 (1) 3.7 (2) 3.2 (1) -0.05 (8) 0.64 (8) 0.40 (9) 
S1 0.1412 (3) -0.3436 (5) 0.1035 (5) 5.5 (4) 5.3 (4) 3.1 (4) -0.26 (3) 1.8 (3) 0.8 (3) 
S2 0.2124 (3) -0.5633 (5) -0.1062 (5) 6.8 (4) 3.9 (4) 5.4 (4) -0.8 (3) 2.6 (3) 0.9 (3) 

S4 0.4128 (3) -0.3662 (5) -0.4097 (5) 3.5 (3) 5.7 (4) 3.6 (4) -0.8 (3) 0.3 (3) 1.3 (3) 

0 2  0.7568 (7) 0.1701 (11) -0.184 (14) 2.3 (7) 3.6 (8) 4.6 (9) 0.8 (6) 1.1 (7) 0.3 (7) 

N1 0.8693 (8) 0.3363 (14) 0.3872 (16) 3.3 (4) 
N2 0.8110 (8) 0.3939 (13) 0.3261 (16) 3.0 (4) 
N3 0.6395 (8) 0.2361 (14) 0.0704 (16) 2.8 (4) 
N4 0.6838 (7) 0.3383 (12) 0.1471 (15) 2.0 (3) 
N5 0.1344 (9) 0.4180 (16) 0.1185 (19) 5.3 (5) 
N6 0.5857 (9) 0.3896 (15) 0.6910 (18) 4.3 (5) 
C1 0.9070 (11) 0.2498 (19) 0.2864 (21) 3.8 (5) 

C3 0.1581 (11) 0.4960 (19) 0.0503 (27) 4.6 (6) 
C4 0.3749 (11) 0.5987 (18) 0.4161 (23) 3.9 (6) 
C5 0.4955 (13) 0.6572 (22) 0.3277 (25) 5.8 (7) 
C6 0.4841 (19) 0.8028 (32) 0.3574 (38) 11.5 (11) 
C7 0.3824 (13) 0.5762 (23) 0.1503 (28) 6.4 (7) 
C8 0.4049 (15) 0.4344 (26) 0.0774 (30) 7.9 (8) 
C9 0.1589 (17) 0.7672 (28) 0.0669 (34) 9.5 (9) 

C11 0.0911 (13) 0.4673 (23) 0.2548 (27) 6.5 (7) 
C12 0.0083 (16) 0.4819 (27) 0.2119 (31) 8.4 (9) 
C13 1.0275 (12) 0.8278 (20) 0.6842 (25) 4.8 (6) 
C14 0.9998 (21) 0.1891 (32) 0.4588 (40) 12.4 (12) 
C15 1.0727 (24) 0.1123 (39) 0.4879 (42) 14.5 (14) 
C16 1.1007 (20) 0.0131 (35) 0.3596 (45) 12.3 (12) 
C17 1.0725 (15) 0.0061 (24) 0.2347 (31) 7.1 (8) 
C18 1.0097 (12) 0.0816 (21) 0.2090 (24) 4.9 (6) 

S3 0.2842 (3) -0.4488 (5) -0.6009 (6) 3.2 (3) 7.9 (4) 3.4 (4) -0.7 (3) 0.2 (3) 1.2 (3) 

01 0.8828 (6) 0.2263 (11) 0.1517 (14) 2.4 (7) 3.6 (8) 3.8 (9) 1.1 (6) 1.0 (7) 0.1 (7) 

0 3  0.6810 (7) 0.6059 (11) 0.3616 (14) 5.1 (9) 2.6 (8) 3.3 (9) -0.4 (7) 2.1 (7) -1.0 (7) 

C2 0.6847 (10) 0.1543 (17) -0.0174 (21) 2.9 (5) 

C10 0.1056 (19) 0.2073 (32) -0.0441 (40) 11.9 (12) 

C19 0.6552 (11) 0.0303 (18) -0.1185 (22) 3.8 (5) 
C20 0.7054 (13) -0.0514 (22) -0.2655 (26) 5.7 (7) 
C21 0.6780 (16) -0.1648 (27) -0.3090 (32) 8.5 (9) 
C22 0.6041 (13) -0.1979 (21) -0.3017 (26) 5.81 (7) 
C23 0.5560 (12) -0.1174 (20) -0.2145 (25) 5.3 (6) 
C24 0.7568 (8) 0.0043 (20) -0.1147 (24) 4.8 (6) 
C11 0.7568 (8) 1.0874 (15) 0.3669 (16) 18.1 (12) 17.4 (12) 32.3 (21) -5.7 (10) -12.0 (14) 10.3 (14) 
C12 0.6580 (11) 0.9101 (20) 0.2014 (21) 25.5 (20) 28.1 (21) 22.8 (19) -4.9 (16) 0.7 (16) 11.0 (17) 
C25 0.7042 (25) 0.9401 (40) 0.2386 (59) 21.1 (15) 

a Estimated standard deviations are given in parentheses. The Ujj values are x los. The vibrational coefficients relate to the expression T =  
e x p [ - 2 ~ ~ ( U , , h ~ a * ~  t Uz2k2b*a t U,,12c*z t 2U,,hka*b* t 2U,,hla*c* t 2U,,klb*c*)]. 

Figure 3. A stereoscopic view of the packing of the symmetry-related Mo~O(S~CNE~~)~(C~H~CON~)~-CH~CI~ molecules in the unit cell. 

as that provided by the benzene dithiolato ligand or the influence the observed equilibrium geometry. The assignment 
benzoyldiazenido group. The relative importance of the metal of a formal oxidation state in complexes with highly delocalized 
electronic configuration and the ligand n-acceptor orbitals in orbitals is artificial and the actual charge distribution even 
determining the geometry of six-coordinate transition-metal in the monomeric complexes is far from that assumed in 
complexes has been disc~ssed.~’ The number of d electrons assigning Mo oxidation states. Although the assignment 
appears to be of paramount i m p ~ r t a n c e ~ ~  although the bite becomes, if anything, more ambiguous for the dimeric 
angle of the ligands and their mutual steric interference must compounds 3 and 4, possessing a delocalized bridge system, 
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Table IV. Final Positional and Thermal Parameters for [Mo,O(S,CNEt,),(ClC,H,CSN,),I CHCl? 

Bishop et al. 

Mol 0.2330 (1) -0.1170 (1) 0.1912 (1) 4.2 (1) 4.2 (1) 4.2 (1) -0.14 (9) 1.7 (1) 
Mol 0.3466 (1) 0.0249 (1) 0.2826 (1) 4.5 (1) 3.4 (1) 4.5 (1) -0.18 (9) 2.0 (1) 
S1 0.0826 (4) -0.1769 (5) 0.1207 (4) 4.2 (4) 4.8 (4) 6.9 (5) -0.48 (34) 1.5 (3) 
52 0.1352 (3) 0.0230 (6) 0.2026 (3) 3.7 (4) 5.7 (4) 6.6 (5)” 0.37 (32) 1.6 (2) 
S3 0.4684 (3) -0.0086 (5) 0.3962 (3) 4.3 (4) 4.1 (4) 4.3 (4) -1.1 (3) 2.0 (3) 
S4 0.4677 (4) 0.1167 (5) 0.2739 (3) 5.3 (4) 5.3 (4) 4.2 (4) -1.8 (3) 2.3 (3) 
S5 0.2484 (4) -0.1741 (5) 0.0826 (3) 5.5 (4) 4.1 (4) 4.0 (4) -0.2 (3) 2.2 (3) 
S6 0.2507 (4) -0.3143 (5) 0.2164 (3) 5.7 (4) 3.9 (4) 4.0 (4) -0.9 (3) 1.0 (3) 
N 1  0.3037 (9) -0.0048 (13) 0.1780 (9) 3.5 (10) 3.4 (11) 5.4 (12) 0.4 (8) 2.3 (9) 
N2 0.3342 (10) 0.0149 (13) 0.1250 (9) 5.2 (11) 3.2 (11) 3.9 (11) 1.8 (9) 0.4 (10) 

N4 0.3371 (10) -0.2149 (15) 0.3400 (9) 4.7 (11) 4.3 (12) 4.0 (11) 1.2 (9) 1.7 (9) 

N6 0.0978 (11) 0.3783 (16) 0.4029 (10) 5.5 (12) 5.7 (13) 6.7 (13) 2.7 (11) 1.8 (11) 

C2 0.5221 (12) 0.0818 (18) 0.3661 (11) 4.0 (6) 

N3 0.3047 (10) -0.1255 (14) 0.2924 (9) 4.1 (10) 2.7 (10) 6.1 (12) -0.01 (88) 3.8 (10) 

N5 -0.0297 (10) -0.0232 (16) 0.1216 (9) 2.3 (10) 7.1 (14) 5.9 (13) 1.7 (10) 0.3 (9) 

C1 0.0493 (14) -0.0580 (18) 0.1426 (11) 4.6 (6) 

C3 0.3078 (12) -0.0578 (16) 0.0750 (10) 3.4 (5) 
C4 0.3111 (11) -0.3124 (17) 0.3069 (9) 2.7 (5) 
C5 -0.1006 (16) -0.0979 (23) 0.0720 (14) 7.4 (8) 
C6 -0.1088 (16) -0.0762 (23) -0.0032 (14) 7.2 (8) 
C7 -0.0594 (21) 0.0816 (32) 0.1579 (19) 11.7 (12) 
C8 -0.0507 (24) 0.1704 (35) 0.1131 (21) 13.7 (14) 
C9 0.1384 (18) 0.3908 (26) 0.4868 (16) 8.9 (9) 
C10 0.1994 (23) 0.4776 (33) 0.5085 (19) 12.5 (13) 
C11 0.1468 (16) 0.3049 (24) 0.3720 (14) 7 5 (8) 
C12 0.1278 (18) 0.1853 (27) 0.3795 (16) 9.3 (9) 
C13 0.3294 (14) -0.0569 (19) 0.0103 (2) 5.1 (6) 
C14 0.3793 (15) 0.0316 (21) 0.0041 (13) 6.0 (7) 
C15 0.4041 (17) 0.0374 (25) -0.0544 (15) 8.2 (8) 
C16 0.3786 (15) -0.0467 (22) -0.1030 (13) 6.1 (7) 
C17 0.3303 (16) -0.1314 (23) -0.1036 (14) 6.9 (7) 
C18 0.3045 (14) -0.1402 (20) -0.0435 (13) 5.9 (7) 
C19 0.3381 (12) -0.4166 (16) 0.3495 (10) 3.1 (5) 
C20 0.3723 (14) -0.4168 (19) 0.4268 (20) 5.0 (6) 
C21 0.3988 (14) -0.5154 (20) 0.4667 (12) 5.6 (7) 
C22 -0.1087 (14) 0.1159 (21) 0.4277 (13) 6.0 (7) 
C23 0.3574 (15) -0.6195 (22) 0.3524 (13) 6.4 (7) 
C24 0.3274 (14) -0.5195 (20) 0.3143 (12) 5.2 (6) 
C25 0.5456 (20) 0.7478 (29) 0.3238 (18) 10.8 (10) 
C11 -0.4140 (6) 0 0439 (8) 0.1746 (4) 12.7 (7) 13.9 (8) 8.4 (6) 3.9 (6) 7.5 (5) 
C12 -0.0754 (5) 0.2389 (6) 0.4774 (4) 13.3 (7) 4.1 (4) 8.9 (6) -1.5 (4) 3.1 (5) 
C13 0.5474 (8) 0.6027 (9) 0.3314 (6) 24.4 (13) 9.7 (8) 14.2 (9) 3.2 (9) 10.1 (9) 
C14 0.6377 (6) 0.8095 (14) 0 3500 (7) 7.5 (6) 30.0 (17) 17.3 (11) -4.6 (9) 6.4 (7) 
C15 0.4751 (5) 0.7927 (8) 0.2414 (4) 10.8 (7) 13.6 (8) 7.6 (6) 3.9 (6) 3.7 (5) 

a Estimated standard deviations are given in parentheses. The Uij values are x lo3.  The vibrational coefficients relate to the 
e ~ p [ - 2 n ~ ( U , , h ~ a * ~  t U22k2b*2 + U3312c*2 + 2U,,hka*b* + 2U,$la*c* t 2U,,klb*c*)]. 

-0.21 (9) 
-0.18 (10) 
-0.52 (35) 
-1.7 (4) 

0.9 (3) 
-0.07 (31) 
-0.5 (3) 
-1.0 (3) 

0.9 (9) 
0.6 (9) 

-0.9 (9) 
1.9 (10) 

-0.05 (11) 
-0.06 (11) 

2.9 (6) 
-2.2 (4) 

0.7 (7) 
-4.8 (11) 
-0.2 (5) 

expression T = 

Figure 4. A stereoscopic view of the packing of the symmetry-related MozO(S2CNEtz)z(CIC6H4CSNZ)2~CHC13 molecules in the unit cell. 

there may be some heuristic value in considering the Mo nonegative, the complexes may be viewed in terms of two d’ 
oxidation states. Arbitrarily assuming that  the benzoyl- Mo(V) species, spin-paired through the bridge framework. 
diazenido or thiobenzoyldiazenido ligands behave as  ligating Alternatively, the complexes may be assigned as mixed valence 
trinegative anions and the dithiocarbamato ligands as mo- species in which the Mol site is formally do Mo(V1) and the 



Thiobenzoyldiazenido Complexes of Molybdenum 

Table V. Intramolecular Bond Distances (in A) for 
[Mo,O(S,CNE~,),(C,H,CON~)~] 'CHzC1z 

Mol-Mo2 2.662 (2) N S C 3  1.32 (3) 
Mol-01 2.05 (1) N 6 4 4  1.31 (3) 
Mol-02 2.04 (1) N3-N4 1.40 (2) 
Mol-N2 1.92 (1) N 3 4 2  1.27 (2) 
Mol-N4 1.89 (1) 02-C2 1.29 (2) 
M o l 4 1  2.524 (6) C19-C2 1.50 (2) 
Mol-S2 2.420 (6) N1-N2 1.35 (2) 
Mo2-03 1.66 (1) N1-C1 1.29 (2) 
M02-N2 1.97 (1) 0 1 4 1  1.30 (3) 
Mo2-N4 1.97 (1) C13-C1 1.43 (3) 
Mo2-S 2.435 (6) Sl-*S2 (bite) 2.839 (7) 
Mo2-S4 2.426 (6) S3.-S4 mite) 2.861 (7) 
S1-C3 1.65 (2) 01***N2 2.37 (2) 
S2-C3 1.74 (2) 02.,.N4 2.35 (2) 
s3-c4 1.70 (2) N2**.N4 2.74 (2) 
s4-c4 1.71 (2) C-C (av rings) 1.38 (3) 

1.39 (3) 
C25-Cll 1.70 (9) 
C25-Cl2 1.75 (9) 

Table VI. Intramolecular Bond Angles (in deg) for 
[Mo,0(S,CNEt,),(C,H,CON2)2 ] CH,Cl, 

M02-Mol-Sl 154.2 (2) Mol-N4-M02 87.1 (5) 
MoZ-Mol-SZ 84.5 (2) M01-01-Cl 115.2 (11) 
M02-Mol-N2 47.8 (4) 0 1 4 1 - N 1  119.0 (18) 
M02-Mol-N4 47.6 (4) Ol-Cl-Cl3 117.9 (17) 
Mo2-Mol-01 115.9 (4) N l - C l - C l 3  123.0 (20) 
Mo2-Mol-02 115.1 (4) C1-N1-N2 109.4 (16) 
Sl-Mol-S2 70.1 (2) Mol-N2-N1 122.9 (10) 
01-Mol-02 82.0 (5) Mo2-N2-N1 141.2 (13) 
N2-Mol-N4 92.0 (6) M01-02<2 114.5 (10) 
Sl-Mol-N2 135.8 (5) 02-C2-N3 122.0 (15) 
Sl-Mol-N4 130.1 (5) 0 2 4 2 4 1 9  118.1 (14) 
S1-Mol-01 84.4 (4) N342-Cl9  119.8 (16) 
S1-Mol-02 81.7 (4) C2-N3-N4 105.7 (14) 
S2-Mol-N2 93.9 (4) Mol-N4-N3 124.4 (9) 
S2-Mo 1-N4 98.5 (5) Mo2-N4-N3 139.2 (12) 
S2-M01-01 127.5 (4) M o l - S l 4 3  87.4 (8) 
S2-Mol-02 134.7 (4) Mol-S2-C3 88.9 (8) 
01-Mol-N2 73.3 (5) Sl-C3-N5 124.5 (16) 
Ol-MOl-N4 131.7 (6) S2-C3-N5 122.0 (14) 
02-Mol-N2 130.1 (6) Sl-C3-S2 113.5 (14) 
02-MOl-N4 72.2 (4) C3-N5-C9 120.9 (19) 
Mol-M02-S3 131.3 (1) C3-N5-Cll 122.6 (17) 
Mol-M02-S4 127.7 (1) C9-N.5-Cll 116.1 (21) 
Mol-MO2-03 107.9 (5) Mo2-S4-C4 86.6 (8) 
Mol-M02-N2 46.1 (4) M02-S344 86.7 (8) 
Mol-MO2-N4 45.2 (4) S3-C4-N6 124.8 (16) 
S 3-M02-S4 72.1 (2) S4-C4-N6 121.2 (15) 
N2-Mo2-N4 88.1 (5) S3-C4-S4 114.0 (13) 
S3-MO2-03 104.2 (5) C4-N645 124.0 (17) 

S3-M02-N4 143.6 (5) C5-N6-C7 113.7 (18) 
S 3-MO 2-N 2 87.8 (5) C4-N6-C7 122.3 (17) 

S4-Mo2-03 108.3 (5) N5-C9-C10 107.0 (24) 
s4-M02-N2 137.0 (5) N 5 - C l l 4 1 2  107.1 (20) 
S4-M02-N4 86.8 (4) N6-C5-C6 105.0 (20) 
03-Mo2-N2 113.4 (6) N6-C7-C8 107.3 (21) 
03-Mo2-N4 110.6 (6) C-C<(ring) 120.0 (20) 
Mol-N2-M02 86.2 (6) 119.9 (27) 

Mo2 site d2 Mo(1V). Some support for the latter assignment 
is rendered by the Mo-N bond lengths which average 1.91 
( 2 )  A for the Mo-N and 1.97 ( 2 )  A for Mo2-N in both 
structures 3 and 4, consistent with the larger covalent radius 
of Mo(1V). Likewise, the geometry of the coordination 
polyhedron at  Mol argues for a metal center with few d 
electrons and the geometry at Mo2 is common to that found 
for a number of Mo(1V) ~ i t e s . ' ~ , ~ ~  

Although the bond length difference is statistically sig- 
nificant and the coordination polyhedra of the two Mo sites 
unique, the large steric hindrances in the edge-sharing co- 
ordination polyhedra (Figure 5 )  make any conclusions tenuous 
at best. Further support for the mixed-valence assignment 
comes from the electrochemical investigations (vide infra) 
where substitution of the sulfur donor atoms in 4 for the 
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Table MI. Intramolecular Bond Distances (in A) for 
[Mo~O(S,CNEt,),(ClC,H,CSN,),I *CHCl, 

Mol-Mo2 2.680 (2) N 6 4 2  1.31 (2) 
Mol-S1 2.518 (6) N 6 4 9  1.55 (3) 
Mol-S2 2.455 (7) N6-Cll 1.52 (4) 
Mol-S5 2.402 (7) C9-ClO 1.42 (5) 
Mol-S6 2.393 (6) Cll-C12 1.48 (4) 
Mol-N1 1.90 (2) S5-C3 1.77 (2) 
Mol-N3 1.91 (2) C13-C3 1.49 (4) 
Mo2-01 1.67 (1) N 2 4 3  1.26 (2) 
M02-Nl 1.96 (2) N2-Nl 1.39 (3) 

1.69 (2) 
Mo2-S3 2.438 (5) C19-C4 1.47 (3) 
Mo2-M 2.436 (7) N 4 4 4  1.32 (3) 
s 1 -c1 1.65 (2) N4-N3 1.39 (2) 
s2-c1 1.77 (2) Sl*-S2 (bite) 2.825 (9) 
N5-C1 1.33 (3) S3-S4 (bite) 2.871 (9) 
N5-C5 1.52 (3) S5.-N1 2.68 (2) 
N5-C7 1.63 (5) S6*..N3 2.66 (2) 
C5-C6 1.48 (4) Nl***N3 2.71 (3) 
C7-C8 1.43 (6) C-C (av rings) 1.39 (4) 
S3-C2 1.69 (2) 1.40 (4) 
S4-C2 1.76 (2) C25-Cl3 1.73 (3) 

C25-Cl4 1.65 (4) 
C25-Cl5 1.70 (3) 

MO2-N3 1.97 (2) S 6 4 4  

Table VIII. Intramolecular Bond Angles (in deg) 
[Mo,O(S,CNEt,), (ClC,H,CSN,), ] CHC1, 

M02-Mol-Sl 150.7 (2) Mol-N3-M02 
M02-Mol42 81.6 (1) Mol-S5-C3 
MoZ-Mol-SS 118.7 (2) S5-C3-C13 
M02-Mol-S6 118.4 (1) S5-C3-N2 
MoZ-Mol-Nl 46.9 (5) C13-C3-N2 
M02-Mol-N3 47.3 (5) C3-N2-N1 
S 1-MO 1 4  2 69.2 (2) Mol-Nl-N2 
S5-Mol-S6 82.2 (2) Mo2-Nl-N2 
Nl-Mol-N3 90.4 (7) M o l 4 6 4 4  
S1-Mol45 83.1 (2) S6-C4-C19 
Sl-Mol-S6 81.8 (2) S6-C4-N4 
S1-Mol-N1 134.5 (5) C19-C4-N4 
Sl-Mol-N3 131.6 (6) C4-N4-N3 
S2-Mol-S5 127.8 (2) Mol-N3-N4 
S2-Mol-S6 132.8 (3) Mo2-N3-N4 
S 2-Mol-N 1 92.7 (6) Mol-Sl-Cl 
S2-Mol-N3 96.5 (6) Mol-S3-C1 
S5-Mol-N1 75.9 (6) S1-C1-S2 
S5-Mol-N3 133.6 (6) Sl-Cl-N5 
S6-Mol-Nl 133.0 (5) S2-Cl-N5 
S6-Mol-N3 75.6 (5) Cl-N545 
Mol-M02-S3 131.2 (2) Cl-N5-C7 
Mol-M02-S4 130.5 (2) C5-N5-C7 
Mol-Mo2-01 106.0 (4) N5-C5-C6 
Mol-Mo2-Nl 45.2 (5) N5-C7C8 
Mol-M02-N3 45.4 (4) M02-S342 
S 3-M02-S4 72.2 (2) Mo2-S4-C2 
Nl-Mo2-N3 87.1 (7) S3-C2-S4 
S3-M02-01 105.8 (4) S3-C2-N6 
S4-M02-01 106.2 (5) S4-C2-N6 
S3-Mo2-Nl 141.8 (5) C2-N6C9 
S3-Mo2-N3 88.4 (4) C2-N6-Cll 
S 4-Mo2-N 1 88.2 (5) C4-N6-C11 
S4-Mo2-N3 141.1 (5) N 6 4 4 4 1 0  
Ol-Mo2-Nl 111.1 (6) N6-Cll-CI2 

Mol-Nl-Mo2 87.9 (8) 
01-Mo2-N3 111.5 (7) C-C-C(rings) 

for 

87.3 (7) 
98.2 (8) 

116.3 (14) 
120.1 (18) 
123.4 (20) 
111.6 (17) 
134.1 (12) 
133.9 (12) 
100.7 (7) 
121.9 (14) 
119.3 (15) 
118.8 (15) 
111.3 (14) 
134.5 (11) 
133.1 (12) 
90.1 (8) 
89.5 (8) 

111.0 (13) 
127.5 (16) 
121.5 (17) 
119.0 (20) 
124.7 (18) 
115.0 (20) 
106.7 (26) 

98.6 (32) 
87.4 (6) 
86.0 (8) 

113.0 (10) 
127.0 (16) 
119.9 (18) 
119.3 (22) 
125.4 (19) 
114.8 (18) 
111.0 (28) 
109.0 (26) 
120.0 (22) 
120.0 (22) 

oxygen donors in 3 results in a redox potential 0.3 V more 
positive for the first cathodic couple. Again, the delocalized 
nature of the diazenido ligands, the close contact of the Mo 
atoms in the bridged geometry (2.66 A), and the major 
distortions of the coordination polyhedra preclude a definitive 
statement in the absence of a detailed molecular orbital study 
of the dimers. 

An unusual feature of the coordination geometry at  Mol 
is the significantly longer bond length of 2.52 A (av) for 
Mol-S1 in both structures, as compared to 2.44 A (av) for 
the Mo-S bond lengths to the other sulfur donors of the 
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Table IX. Equations of Least-Squares Planes in 
[Mo, O(S,CNEt,), (C,H,CON, 1, ] CH,CI, and 
[Mo,0(S,CNEt2),(C1C,H,CSN~), ] CHCl, 

(a) [Mo,O(S,CNEt,), (C,H,CON,), 1 .CH,C1, 
dist from dist from 

atom plane, A atom plane, A 

Plane 1: -2.163X + 10.6055Y - 2.46092 - 1.6723 = 0 
s 3  0.063 (6) N4 -0.07 (2) 
s 4  -0.064 (6) Mo2 0.72 
N2 0.07 (2) 

Plane 2: 2.4037X- 7.3959Y t 8.46592 - 0.3898 = 0 
N1 0.00 (1) 01 0.03 (1) 

c1 -0.02 (2) 

C13 0.05 (2) C16 0.03 (2) 

N2 0.01 (1) Mo 1 -0.017 (2) 

Plane 3: 3.8902X- 7.4995Y + 8.11262 - 1.3307 = 0 

C14 -0.02 (2) C17 -0.01 (2) 
C15 -0.02 (2) C18 -0.03 (2) 

N3 -0.00 (1) 0 2  -0.01 (1) 
N4 -0.01 (1) Mo 1 0.009 (2) 
c 2  0.01 (1) 

C19 -0.02 (2) c 2 2  -0.05 (2) 
c 2 0  -0.01 (2) C23 0.02 (2) 
c 2 1  0.04 (2) C24 0.02 (2) 

Plane 4: 2.4037X- 7.3959Y + 8.46592 + 0.3898 = 0 

Plane 5: 11.735X + 8.6091Y - 3.45352- 11.8205 = 0 

(b) [Mo,O(S,CNEt,),(ClC,H,CSN,), ] CHCl, 

dist from dist from 
atom plane, A atom plane, A 

Plane 6: 11.6185X- 8.5436Y- 8.92512- 1.9858 = 0 
s 3  -0.007 (4) N3 0.007 (8) 
s 4  0.007 (4) Mo 2 - 0.69 
N1 -0.007 (8) 

Plane 7: 11.4847X- 6.3096Y + 4.35942 + 4.2728 = 0 
N1 0.014 (8) s5 0.038 (4) 
N2 0.028 (8) Mo 1 -0.025 (2) 
c 3  -0.05 (2) 

Plane 8: 11.3291X- 6.2919Y t 4.66162 + 4.1154 = 0 
C13 0.03 (1) c11 -0.04 (1) 
C14 -0.00 (1) C18 0.01 (1) 
c15  -0.03 (1) c11 0.038 (8) 
C16 -0.01 (1) 

N3 0.08 (8) S6 0.020 (4) 
N4 0.01 3 (8) Mo 1 -0.013 (1) 

Plane 9: 16.9791X- 0.1485Y- 11.79922 + 1.7310 = 0 

c 4  -0.03 (1) 

C19 0.02 (1) C23 -0.01 (1) 
c 2 0  -0.00 (1) C 24 0.00 (1) 
c 2 1  -0.03 (1) c12 0.000 (2) 
c 2 2  0.02 (1) 

Plane 10: 17.21218 + 1.5579Y - 7.98212 - 2.3558 = 0 

(c) Selected Dihedral Angles between Least-Squares Planes 
plane plane plane plane 

A B angle, deg A B angle, deg 
2 3 5.4 7 8 0.88 
2 4 119.2 I 9 122.9 
3 5 116.6 8 10  125.5 
4 5  0.74 9 10 14.8 

dithiocarbamate ligands. This Mo-S bond is nearly trans to 
the Mo-Mo vector, and the significant lengthening in both 
structures may suggest a trans influence. 

Although the origin of this effect is not clear, steric in- 
teractions and/or metal-metal bonding may play a significant 
role. Steric hindrances between chelating groups in 4, as 
demonstrated by short S--S contact distances (Figure 5) and 

i o  1 

I 

I ; 2.825(91 

( b 1  
Figure 5. Schematic representation of the distorted trigonal prismatic 
geometry (a) about Mol in M O ~ O ( S ~ C N E ~ ~ ) ~ ( P ~ C O N ~ ) ~  and (b) 
about Mol  in MO~O(S~CNE~~)~(CIC~H~CSN~)~. 

the deformation from regular trigonal prismatic geometry of 
the Mol valence angles, and the low overall symmetry of the 
Mol sites must be taken into account. However, the con- 
sistency of the Mol-S1 bond distances in both 4 and 3, where 
substitution of oxygen donor groups for sulfur in the diazenido 
ligand may be expected to diminish substantially the valence 
shell steric interactions, argues that steric contributions are 
not the dominant factor. Certainly, the short Mol-Mo2 
distances and the acute Mol-N-Mo2 angles in both structures 
suggest considerable metal-metal interaction, although the 
nature of the metal-metal overlap (direct u or 7r bonding) is 
not apparent in the absence of detailed theoretical consid- 
erations. 

Recent theoretical studies39 of the relatively simple M2L6 
transition-metal dimers show that the interrelationship and 
relative importance of a number of factors must be considered 
and that direct metal-metal overlap may not be the sole cause 
of a low-spin ground state or short metal-metal distances. The 
situation is somewhat more ambiguous for the highly 
asymmetric dimers of this study which are not amenable to 
discussions based on simple symmetry-based molecular orbital 
arguments. The metal-metal distance, the constrained Mo2N2 
bridge, and the close contact of the syn donors to the Mo atoms 
(S2-03 = 3.06 A in 3 and S2-01 = 2.90 A in 4, as compared 
to 3.87 A for the syn O-.O contact in the cis-bent structure 
M O ~ O ~ S ~ ( S ~ C ~ ( C N ) , ) , ~ - ~ ~ )  argue for a strong metal-metal 
interaction although the nature of bonding remains proble- 
matical. 

The benzoyldiazenido ligand in 3 and the thiobenzoyl- 
diazenido group in 4 are coordinated in both a chelating and 
bridging mode, the terminal nitrogen atoms of each functioning 
as the bridging group. In both structures the Mo2N2 rhombus 
is nonplanar, the angle between the two Mo-N2-N4 planes 
in 3 is 150.9' while that between Mo-Nl-N3 planes in 4 is 
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Table X. Structural Parameters for Square-Pyramidal Molybdenum Complexes or Fragments with Apical Oxo Groups, MOOL,~ 
Mo displace- 

complex Mo-Mo Mo-O+, Mo-L ment,b A Ref 
[ MO,O(S,CNEtz)z(C,H,CONz)zI‘ 2.662 (2) 1.66 (1) 2.431 (6), S, av 0.72 C 

CH,Cl,, Mo2 

CHCl,, Mo2 

1.97 (l), N, av 
[MO,O(S,CNE~,),(C~C,H,CSN~)~I 2.680 (2) I1.67 (1) 2.437 (6), S, av 

1.971 ( l ) ,  N, av 
[Mo.O,(S.CNEt,Ll 2.580 (1) 1.678 (2) 2.455 (3). S, av . - . . *  ‘, .. 

1.941 (l) ,  0, av 
[MoO(S,CNPr,),l 1.664 (8) 2.413 (9, S, av 
[(C,Hd,Nl ,[MozO,S,[SzCz(CN)zl21 2.821 (2) 1.664 (7), av 2.434 (3), S, av 

2.446 (4), S, av [ MoO(S,CS-CC,H,),] 1.66 (1) 
2.370 (4), S, av 

2.206 (3), sb, aV 

a Abbreviations: S, S donor from terminal ligand; sb, bridging sulfido group; Ot, apical oxo group. 
generated by the ligands L, in the direction of the apical oxo group, Ot. This work. 

Table XI. Ideal and Observed Andes for ML. Comulexes 

0.69 C 

0.74 18 

0.83 12 
0.72 23 

0.86 38 

Displacement from the plane 

I 

dihedral angles,a deg angle of 
complex 6,  6, 6 3  twist? deg 

ideal octahedral‘ 70.5, 70.5, 70.5 70.5,70.5, 70.5 70.5,10.5, 70.5 60.0 

Mo,O(S,CNEt,),(C,H,CON~), CH,Cl, 1.9,5.2, 8.3 111.6, 112.6, 124.9 82.5,86.8, 88.8 10.8 

0.6, 2.4, 11.2 112.5, 117.7, 123.4 85.6, 86.8, 88.5 4.3 

70.5, 70.5, 70.5 

86.5, 88.5, 88.1 

85.0,87.1, 89.9 

85.4, 90.0, 90.0 

90, 90,90 

Mo , O(S ,CNE t, ), (CIC, H, CSN, ) , 
ideal MoS,N,, Csd 0.0, 6.1, 6.1 115.9,124.0, 124.0 85.4, 90.0,90.0 0.0 

ideal trigonal prism, D 3hC o,o, 0 120,120,120 90,90,90 0.0 

a The dihedral angles, 6 ,, 6 z ,  and 6 , are those defined in ref 50. For trigonal-prismatic geometry, the 6 > ’ s  define the rectangular or square 
faces, the 6 ,’s define the angles between the rectangular faces, and the S ,’s are the dihedral angles between the rectangular faces and the 
triangular faces of the prism. 
generated through the metal and the centroid of the top and bottom triangular faces. Dihedral angles for the octahedron and the ideal 
trigonal prism are given in ref 50. 
chelating ligands having the following shape-determining parameters: S-S (bite), 2.75 A; S.-N (bite), 2.76 A; S . 4  edge-non-bonding 
distances, 3.20 A; S-N edge-non-bonding distances, 3.10 A. 

The twist angles were calculated by taking the average of the projection angles on the plane normal to the line 

The idealized geometry “MoS,N,” is based on the polyhedron generated about the Mo atom by 

I I 7 

151.5’. The bond lengths in the Mo-N-N-C-0 and Mo- 
N-N-C-S ring systems, which are intermediate between 
single and double bonds, the valence angles at the ring atoms, 
and the planarity of five-membered chelate rings (Table IX) 
suggest considerable delocalization. 

The geometry of the dithiocarbamate ligands is unexcep- 
tional and similar to that observed for previously reported 
M0-12918.19 and other transition metal-dithiocarbamate 
c o m p l e x e ~ . ~ ~ ~ ~ * ~ ~  The short exocyclic C-N bond length 
(1.30-1.33 A) suggests that resonance form 7 makes a sig- 
nificant contribution to the overall electronic structure of the 
ligand.41v43 

I 

5 6 7 

An unusual feature of the dithiocarbamate geometry in 
compounds 3 and 4 is the nonequivalence of the C-S1 and 
C-S2 bond lengths for the ligand coordinated to the trigo- 
nal-prismatic Mol.  In both cases the significant differences 
in the C-S bond lengths (0.09 and 0.12 A for 3 and 4, re- 
spectively) correlate with the long-short Mol-S1 and Mol-S2 
bond lengths, previously discussed. This significant C-S 
asymmetry suggests greater double bond character for C3-Sl 
in 3 and C1-S1 in 4 as compared to the C3-S2 and Cl-S2 
bond lengths. The increased double bond character appears 
to be related to the Mo-S 1 bond distances which are unusually 
long (2.524 (6) and 2.518 ( 6 )  A) indicating that the C-S 
interaction builds at  the expense of the Mo-S interaction. 
Similar trends in metal-sulfur and sulfur-carbon bond lengths 
have been observed for the tin  dithiocarbamate^.^'-^^ 

Table XII. Intermolecular Contact Distances between 
the Complex Molecule and the Molecule of Solvolysis (A) 

(a) [Mo, O(S,CNEt, 1, (C,H,CON,), 1 *CH,Cl, 
Cll-.Mol 4.25 (2) Cll .**Nl 3.42 (2) 
Cll.**M02 4.01 (2) Cll-N2 3.66 (2) 
Cl l - .C2 4.11 (3) Cll-Cl 3.53 (3) 
C l l . *63  3.88 (2) C12.-C19 3.66 (3) 
Clla**S4 3.99 (2) C12**C20 3.69 (3) 
Cll.-Ol 3.79 (2) 

(b) [Mo,0(S,CNEt,),(ClC,H,CSN2)2 ] CHCI, 
C13.-C2 4.02 (2) CIS*..Mol 4.05 (1) 
C13..*S2 3.80 (2) C15...Mo2 3.85 (1) 
C13.**N5 3.99 (2) c15*-s3 3.95 (1) 
C13-*C 1 3.84 (2) C15.64 3.92 (1) 
C13..C12 3.67 (1) C15-*S5 3.96 (1) 
C14.-C1 4.29 (2) C15.**S6 3.93 (1) 
C14*-C2 4.13 (2) C15..-N1 3.64 (2) 
C14.*.S5 3.92 (2) C15-.N2 3.71 (2) 
C14--N4 3.73 (3) C15*..N3 3.64 (2) 
C14*.C4 3.45 (1) C15.**N4 3.68 (3) 
C14.*-C19 3.70 (1) C15-.C3 3.87 (1) 

C15-*C4 3.80 (1) 

A final structural feature of interest is the presence in both 
3 and 4 of the chlorinated hydrocarbon solvent molecule 
occupying the molecular cavity formed by the planes of the 
benzoyldiazenido and thiobenzoyldiazenido ligands. The 
importance of the size and nature of the solvent molecule is 
reflected in the failure of the attempts to produce suitable 
crystals from a number of nonchlorinated organic solvents. In 
both compounds, one C1 atom of the solvent molecule is di- 
rected toward the Mol-Mo2 vector, resulting in a number of 
close contacts as shown in Table XII. The approach to the 
coordinatively unsaturated Mo2 atom is particularly close, 4.0 1 
(2) and 3.85 (1) %, in 3 and 4, respectively, as compared to 
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Table XIII. Electrochemistrya of the Complexes [Mo,O(PhCYNN),(S,CNEt,),] 
cyclic voltammetry 

normal-pulse voltammetry ipf/Cv“2, 
pA s”’ 

complex E, , , ,V mV M-I Ep, V mV PAM-’ ipc/ipa mV mV-”’ 

ac voltammetry 
E,,, - 
El,,, il/C, PA A E , , , ,  ip/C, Up: M-’ 

IMo, O(PhCON, 1, (S,CNEt, I -1.35 53  166 -1.32 92 58 1 .o 61 7.4 
-1.92 82 174 -1.98 134 63 d 8.0 

[Mo,O(PhCSN,), (S,CNEt,), I - 1.07 52 153 -1.06 91 57 1 .o 63 7.2 
-1.62 85 166 -1.62 125 59 d 7.4 

configuration with a platinum working electrode. Analogous results were observed at a hanging mercury drop electrode and a vitreous 
carbon electrode. 

a Potentials vs. saturated calomel electrode for a system 0.1 M in [Bu,N] PF,, 0.5 mM in complex, CH,CI, solvent; three-electrode 

Y = 0, S. Scan rate 200 mV/s. No anodic process observable a t  scan rates ranging from 50 to 2000 mV/s. 

ca.  3 .9  A for the  sum of the van der Waals  radii.43,48 T h e  
position of the solvent molecules may also influence the  
planarity of the benzoyldiazenido and thiobenzoyldiazenido 
ligands. Examination of Table IX  shows that in either complex 
the dihedral angle between the phenyl residue and the chelate 
ring system deviates considerably from planarity for one ligand 
whereas the second exhibits near planarity, consistent with the 
delocalized electronic s t ructure  of the ligand: complex 3 
exhibits dihedral angles of 5.4’ between planes 2 and 3 and 
0.7’ between 4 and 5, while the torsion angles between planes 
9 and 10 and planes 7 and 8 in compound 4 are  14.8 and 0.9’, 
respectively. Since there  a r e  no apparent  intramolecular 
contacts shorter than 3.8 A which could account for the 
observed deviations from planarity, the close intermolecular 
contacts of the ring carbons with C12 of the methylene chloride 
solvent molecule in 3 and with C14 of the chloroform molecule 
in 4 may cause the  shift of the phenyl groups from the  plane 
of the  chelate ring. T h e  resultant loss of delocalization 
throughout the ligand groups is reflected in the chelate-carbon 
phenyl ring-carbon bond distances: C1-C13, 1.43 (3) A, vs. 
C2-Cl9,  1.50 (2) A, in 3 and C3-Cl3,  1.44 (3) A, vs. C4- 
C19,  1.49 (3) A, in 4. 

Electrochemical Studies. T h e  results of the  voltammetric 
investigations a r e  presented in Table  XI11 and typical volt- 
ammograms are  presented in Figure 6. T h e  initial cathodic 
process in the complexes is found to be a reversible one-electron 
transfer. T h e  ratio between the cathodic and anodic peaks 
i,C/i,B in the  cyclic voltammograms remained near unity for 
sweep rates v between 10 and 2000 mV s-’. T h e  separation 
between cathodic and anodic peak potentials, Up, ranged from 
59 to 61 mV for the  various derivatives. As the  sweep ra te  
decreased from 200 m V  s-’, AE, remained constant. T h e  
charge-transfer process is thus reversible in methylene chloride. 

T h e  subsequent electron transfer is totally irreversible. No 
anodic process was observed a t  scan rates ranging from 50 to 
200 m V  s-’, These results a r e  consistent with eq 1 for the  
cathodic processes 

-1.06 V 
[ M ~ ~ O ( S Z C N E ~ ~ ) ~ ( C ~ H ~ C S N ~ ) ~ ~  7’ 

-1.62 V 
[ M ~ Z ~ ( S ~ C N E ~ ~ ) ~ ( C ~ H ~ C S N ~ ) ~ ] -  ___* 

e- 
kr 

[MO~O(S~CNE~~)~(C~H~CSN~)~]~- - “X” (1) 

where X is a decomposition product. 
A particularly interesting feature  of the  electrochemical 

behavior of these complexes is the shift in the redox potentials 
of the  cathodic processes by some 0.30 V to more positive 
potentials upon replacement of oxygen by sulfur. This suggests 
a lowering in the  energy of the lowest unoccupied molecular 
orbital by ca. 23 k J  mol-’. 

Subsequent voltammograms of solutions electrolyzed a t  
potentials more negative than that  observed for the  second 
cathodic processes indicate that the decomposition product “X” 

I I I I 
1.0 00 -10 - 2 0  

VOLTS vs SCE 

Figure 6. Cyclic voltammograms of (a) M Mo20- 
(SzCNEt2)z(C6H5CON2)2 and (b) M Mo20(S2CNEtJ2- 
(C1C6H4CSN2)2 in 0.1 M TBAHFP in CH2C12; scan rate was 200 
mV s-’. 

is itself electrochemically active giving rise to anodic processes 
a t  +0.01 V in the oxygen derivative and -0.46 V in the sulfur 
complex (Figure 6).  

In  an at tempt  to identify the na ture  of the dimer orbital 
involved in the  reversible redox processes observed for de- 
rivatives 3 and 4d, a methylene chloride solution of each 
complex was exhaustively electrolyzed a t  a platinum mesh 
working electrode a t  a potential 0.05 V more negative than  
the principal cathodic process. In both cases the current-time 
curve was consistent with a value of n = 1. An  aliquot of the 
exhaustively electrolyzed solution was removed, transferred 
to a n  E P R  tube, and immediately frozen in liquid nitrogen. 
The  E P R  spectra of these electrochemically generated species 
[Mo20(SzCNEtz)z(PhCXNz)2]- with X = 0 and S, were 
recorded a t  77 K and compared to those for monomeric 
molybdenum complexes displaying square-pyramidal and 
distorted trigonal-prismatic geometries. T h e  results a r e  
presented in Table  X I V  and a typical E P R  spectrum, tha t  
observed for [Moz0(SzCNEtz)2(PhCONz)z]~, is presented in 
Figure 7. 

T h e  rhombic g tensors observed for the frozen glass spectra 
of the  monoanions of 3 and 4d a r e  consistent with the  low 
overall symmetry of these complexes. Although the mo- 
nomeric distorted trigonal-prismatic complexes investigated 
in this study exhibit significantly different EPR spectra f rom 
those observed for the dimers-isotropic g tensors consistent 
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Table XIV. Electron Paramagnetic Resonance Dataa for Molybdenum Complexes in Distorted Trigonal-Prismatic and 
Square-Pyramidal Geometries 
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complex geometryb g values 

[ Mo,O(S,CNEt,),(PhCON,),1- Mol, tp 
Mo2. sa Dvr 

g, = 1.97, g, = 1.90, g, = 1.82 

[Mo,O(S,CNEt,),(PhCSN,),] - 
[ Mo(CH,C,H,CSN,H),] - d  tP giso = 1.96 

[MoO(S,CSC,H,),] - f* sq PYr g , =  1.99,g2= 1.91,g3= 1.84 

Mol, t i - .  g, = 2.02, g, = 1.87, g,= 1.83 
Mo2, sq pyr 

[ Mo(CH,C,H,CSN,H) (CH,C,H,CSNHNC(CH,),)]- e C giso = 2.0 1 

a Spectra recorded at 77 K on a Varian E-4 spectrophotometer. Although the desirability of variable-temperature studies is recognized,6’ 
the facilities were not available at the time of this study. More detailed EPR studies are currently being performed. Abbreviations: tp, 
trigonal prismatic or distorted trigonal prismatic; sq pyr, square pyramidal. The geometry of the parent species is intermediate between 
octahedral and trigonal-prismatic geometry. A detailed description of the structure is forthcoming. 
Venkatasubramian, and J. Zubieta,J. Chem. Soc., Dalton Trans., in press. e J. Chatt, J. R. Dilworth, P. Vella and J. Zubieta, unpublished 
results. Reference 38. 

J. Chatt, J. R. Dilworth, K. 
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Figure 7. EPR spectrum of a frozen solution of [Mo20- 
(S2CNEt2)2(C6HsCON2)2]- in CH2CI2 at  9.018 GHz and -77 K. 

with spectra previously observed for Mo(V) complexes in 
distorted trigonal-prismatic ge~metries~~-~’-these species are 
not particularly relevant models for the highly distorted en- 
vironments of the dimers. Any conclusions based on com- 
parisons of these purely qualitative observations are risky at  
best. The monomeric complex M O ( S ~ C N E ~ J ( H N S C ~ H & , ~ ~  
which should be a qloser structural analogue to the distorted 
trigonal-prismatic environment in the dimer, displays frozen 
glass spectra with a rhombic g tensor. Since the square- 
pyramidal Mo(II1) species ( M o O ( S ~ C S C ~ H ~ ) ~ ] -  38 also ex- 
hibits a three-line spectrum, the EPR results are equally 
consistent with the unpaired spin associated with the highly 
unsymmetric Mo2N, dimer-bridge system or with a reduction 
resulting in the population of an orbital primarily localized 
on either Mol or Mo2. Although the effect on the potential 
of the reversible cathodic process of substitution of S for 0 
in the diazenido ligand suggests that the electron transfer 
involves an orbital primarily localized on Mol and the X-ray 
crystallographic structure determination indicates that the Mol 
site is consistent with a do configuration, the EPR studies fail 
to provide conclusive support that the redox process involves 
a localized Mol site. 

In the absence of a more definitive investigation of the 
electronic properties of the dimers and of a detailed molecular 
orbital treatment of the bonding, discussions of the nature of 
the metal-metal interaction, and hence the description of the 
orbital involved in the reversible redox process, remain 
speculative. 

Spectroscopic Studies. All the complexes have an intense 
IR band at about 950 cm-’ assigned to u(Mo=O) for the 
terminal oxo group. The ‘H NMR spectra of some of the 
complexes are summarized in the Table 11. For complex 4d, 
the methylene protons of the dithiocarbamate ethyl groups 
appear as three quartets, the larger integrating as 4 protons 

and two smaller as 2 protons each. Inspection of the crystal 
structures (Figures 1 and 2) shows that the alkyl groups of 
the dithiocarbamate attached to Mol are inequivalent and the 
two quartets at  3.44 and 3.69 ppm are assigned to the ethyl 
groups of this ligand. The single quartet at 3.96 ppm is then 
assigned to the Mo2 dithiocarbamate methylene protons. The 
protons of the phenyl groups of the diazenido ligands appear 
as well-separated multiplets, the one to lower field being 
assigned to the ortho protons and the one to higher field to 
meta and para protons. 
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The structure of bis(triphenylphosphine)rhodium(I) chloride dimer has been determined by single-crystal X-ray diffraction 
techniques. The triclinic crystal ( a  = 9.767 (3), b = 12.635 (5), c = 13.680 (4) 8; a = 86.15 (3), /3 = 95.80 (3), y = 
100.84 (3)’; V = 1648 A3), grown from ethyl acetate/methylene chloride solution, contained one molecule of rhodium 
dimer and one disordered molecule of ethyl acetate per unit cell. Intensity data were collected out to 28 = 45O with Mo 
K a  radiation. Of the 4964 reflections observed, 3007 had I > 3a(4 and were used in the full-matrix refinement. Assuming 
the space group Pi (CL’, No. 2), the refinement converged at  R,  = 0.045 and R2 = 0.059 with the rhodium dimer centered 
around the origin and the ethyl acetate of solvation disordered around the inversion center at 0, 1/2. Some final structural 
parameters are Rh-CI = 2.394 (2) and 2.424 (2) A, Rh-P = 2.200 (2) and 2.213 (2) A, Rh-eRh = 3.662 (2) A, P-Rh-P 
= 96.34 (9)O, Rh-C1-Rh = 98.95 (S)’, and C1-Rh-C1 = 81.05 (8)O. The RhClzRh ring is planar, in contrast to all but 
one other of the rhodium(1) chloride dimers whose structures have been determined. 

Dahl et al.’ first reported the structure of a rhodium(1) 
chloride dimer (C0)2RhC1 ,Rh(C0)2  and found the complex 
to be folded along the Cl.-Cl axis. This folding has the effect 
of decreasing the Rh-Rh distance. To explain the observed 
folding, Dahl et al. proposed the existence of a bent Rh-Rh 
bond in the dimeric complex. Shortly thereafter, Ibers and 
Snyder2 reported the structure of (COD)RhCl ,Rh(COD),  
which was found to be not folded as intuitively expected for 
two halide-bridged, four-coordinate d8 centers. Since then, 
the structures of several other complexes of the general formula 
L2RhC1,RhL2 have been solved and without exception the 
complexes have been folded along the Cl.-Cl a ~ i s . ~ - ~  

T h e  formation of a Rh-Rh bond in rhodium(1) chloride 
dimers has also received theoretical consideration. Sum-  
merville and  Hoffmann7 have applied the extended Hiickel 

model to these complexes, focusing their attention on the 
molecular orbitals composed primarily of metal d orbitals. 
These authors found no primary interaction which would favor 
a folded structure over a planar one. In particular, the bonding 
effect from the overlap of d,i orbitals in the folded structure 
was cancelled by the corresponding antibonding MO which 
is also populated. Summerville and Hoffmann concluded that 
the folding distortion would be “soft” and that packing forces 
were most likely responsible for the observed distortions from 
planarity. 

Norman and Gmur,* however, found a Rh-Rh bonding 
interaction in a low-lying MO which is primarily centered on 
the chloride ligands. The  corresponding metal-ligand anti-  
bonding MO is not populated so that  the net Rh-Rh bond 
order is greater in the folded structure than in the planar one. 
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