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Diphos (Ph2PC2H4PPh2) complexes of the Mo2S?+ core with p-tolylimido, dithiophosphate, and carboxylate coligands were 
prepared and characterized. These included the neutral dimers [Mo2(NC7H7)2(p-S)2(S2P(OC2H5)2)(Ph2PC2H4PPh2)(p-02CR)] 
(R = CH,, C3H7, C7H15) and the dimer cations [ M O ~ ( N C ~ H , ) , ( ~ - S ) ~ ( P ~ ~ P C ~ H ~ P P ~ ~ ) ~ ( ~ - S ~ P ( O C , H ~ ) ~ ) ] '  and [Mo2- 
(NC7H7)2(p-S)2(Ph2PC2H4PPh2)2(p-02CCH3)]+. Diphos coordination was achieved by displacement of a bound dithiophosphate, 
although substitution was not possible in all cases. The crystal structure of [Mo~(NC~H,)~(~-S)~(S~P(OC~H~)~)- 
(Ph2PC2H4PPh2)(p-02CC7Hls)l was determined. The compound crystallized in space group C 2 / c  with a = 28.664 (6) A, b = 
14.653 (4) A, c = 32.304 (4) A, p = 122.11 (2)O, and Z = 8, and final R and R, of 0.056 and 0.051. 

I 

Introduction 

Recent emphases in sulfidometal chemistry have included re- 
actions a t  t he  sulfur itself, usually as a sulfide or as a di- or 
polysulfide unit  wit,hin complexes of a variety of metals.'-1° 
Specifically for m ~ l y b d e n u r n , ~ ~ - ' ~  a great impetus in this area has 
been related t o  the presence of Mo-S systems in hydro- 
desulfurization and hydrodenitrogenation catalysis and in biological 
p r o c e ~ s e s . ~ * ~ ~  Various proposed mechanisms for these have 
invoked active roles for t h e  chalcogen. 

T h e  (tolylimido) (dithiophosphato)molybdenum dimer anions, 
[MO,(NTO)~S~(S~P(OE~)~)~(O~CR)]- (1) (for abbreviations see 
below25), which contain bridging sulfide and carboxylate, and the 
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photogenerated dimer radicals [ M O ~ ( N T O ) ~ S ~ ( S ~ P ( O E ~ ) ~ ) ~ -  
(02CR)] '  have displayed nucleophilic and radical chemistries 
centered a t  t h e  sulfur bridge positions. Reactions have been 
demonstrated for a range of substrates including alkyl halides, 
sulfur halides, alkynes, mercaptans, Ph3P, (EtO),P, and organic 
d i s ~ l f i d e s . ~ ~ ~ ~ ~ ~ ~  In an effort to investigate sulfur-N2 radical type 
interactions for possible nitrogenase modeling, reactions were 
conducted between ~MO~(NTO)~S~(S~P(OE~)~)~(O~CR)]* pre- 
cursors and M o ( N ~ ) ~ ( P ~ ~ P C ~ H ~ P P ~ , ) ~ ,  a complex well-known 
for N2 radical chemistry.28 Early results in  this area indicated 
gross exchange of diphos and dithiophosphate chelating ligands. 
This  prompted a study for fuller characterization of variations 
on t h e  general  structure [ M O ~ ( N T O ) ~ S ~ J ~ +  involving dithio- 
phosphate, diphos, and carboxylate ligands. It is these results that  
are reported herein. 

Experimental Section 
Most operations were conducted open to air. Those stated as per- 

formed under N,, however, were done on a vacuum line with use of dried 
solvents. 

[Mo(NTo)(S,P(OEt),)S], was prepared as previously reported;29 
Ph2PC2H4PPh2 was recrystallized from CH2C12/MeOH. Other reagents 
were used as commercially available. 3'P(1HJ, 13C(1H), and 'H NMR 
spectra were recorded on a Varian XL300 spectrometer at  121,75, and 
300 MHz and are reported as downfield shifts from 85% H3P04 ()'P) 
and Me4Si ( I T ,  'H). The solvent was CDCl, except as noted. All ' H  
NMR integrations were consistent with the assignments. IR spectra were 
obtained as KBr pellets on a Perkin-Elmer 283 spectrophotometer; only 
selected bands are listed. Galbraith Laboratories, Inc. (Knoxville, TN), 
performed the elemental analyses. 
[Mo,(NTo)~S~(S~P(OE~)~)(P~~PC~H~PP~~)(O~CR)] (2). R = Me. 

Ph2PC2H4PPh, (0.1421 g, 0.357 mmol) was added to a solution of 
[Mo(NTo)(S,P(OE~),)S]~ (0.2097 g, 0.125 mmol), MeC0,H (18 pL, 
0.3 1 mmol), and Et3N (43 pL, 0.3 1 mmol) in C6H, (10 mL) under N2. 
After being stirred for 3 h, the solution was opened to air and rotavapped. 
A CH2CI2 filtrate (4 mL) of the residue was treated with MeOH (12 
mL); the resulting precipitate was filtered out, washed, and partially 
dried. Recrystallization from CH2CI2 (2.5 mL)/MeOH (5 mL) and 
vacuum-drying for 5 days gave orange crystals (0.2047 g, 74%). Anal. 
Calcd for Mo2C46H51N204P3S4: C, 49.8; H, 4.6; N, 2.5; S, 11.6. Found: 
C, 49.5; H, 4.4; N,  2.4; S ,  12.0. NMR data are as follows ( ~ p m ) . ' ~  "P: 
116.9 t, S,P(OEt),; 40.6 d, Ph2PC2H4PPh2; 4Jp-p = 7 Hz. 'H: 8.16 m, 
7.67 m, 7.28 m, PC6H5; 6.75 d, 6.56 d, 5.93 d, 5.16 d, To-H; 4.24 dq, 
4.12 dq, POCH,; 3.13 m, PCH,; 2.07 s, 1.86 s, To-CH,; 1.28 t, 1.25 t, 
POCCH,; 0.60 s, 02CCH3. IR (cm-I): 1545 m, 1492 m, 1437 sh, 1417 
s, 1330 m, 1015 s, 949 m, 693 m, 651 m, 525 m. 
R = Pr. The procedure followed that for R = Me, using 0.2094 g 

(0.125 mmol) of [Mo(NTo)(S,P(OE~),)S]~, 28 pL (0.30 mmol) of 
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CS,H,,MO~N~OIP,S,.O.~~CH~CI, fw = 1203.3 
space group: C2/c (No. 15) T = 23 OC 
a- = 28.664 (6) A 
b = 14.653 (4) 8, 
c = 32.304 (4) 8, 
p = 122.11 ( 2 ) O  

V = 11493.2 8,’ 
2 = 8  

X = 0.71073 8, 
paid = 1.42 g cm-3 
p = 7.4 cm-‘ 
abs cor = 0.939-0.999 
R = 0.056 
R, = 0.051 

PrC02H, 43 pL (0.31 mmol) of Et,N, and 0.1418 g (0.356 mmol) of 
Ph2PC2H4PPh2. After rotavaporation, dissolution (CH2CI2), and filtra- 
tion, the filtrate (3 mL) was treated with MeOH (9 mL). The precipitate 
was collected, and subsequent recrystallization from CH2CI2 (1.2 
mL)/MeOH (2.4 mL) and vacuum-drying for 5 days gave orange 
crystals (0.2175 g, 65%). Anal. Calcd for Mo2C48HSSN204P3S4: C, 
50.7;H,4 .9;N,2 .5;S ,11 .3 .  Found: C,50 .3 ;H,5 .0 ;N,2 .1 ;S ,11 .5 .  
NMR data are as follows (ppm).)O ,IP: 117.4 1, S2P(OEt),; 40.2 d, 
Ph2PC2H4PPh2; ,JPp = 7 Hz. ‘H: 8.13 m, 7.73 m, 7.26 m, PC,Hs; 6.78 
d, 6.58 d, 5.90 d, 5.12 d, To-H; 4.23 dq, 4.12 dq, POCH,; 3.15 m, PCH,; 

CCH,; 0.30 t, 02CCCCH3. IR (cm-I): 1542 s, 1493 m, 1440 s, 1416 
s, 1331 m, 1018 s, 958 m, 693 m, 651 m, 525 m. 

R = Hp. The procedure followed that for R = Me, using 0.2060 g 
(0.123 mmol) of [Mo(NTo)(S,P(OE~)~)S],, 49 pL (0.31 mmol) of 
HpC02H, 43 pL (0.31 mmol) of Et,N, and 0.1411 g (0.354 mmol) of 
Ph2PC2H4PPh2. After rotavaporation, dissolution (CH2C12), and filtra- 
tion, the filtrate (3 mL) was treated with MeOH (6 mL) and the pre- 
cipitate was collected. Recrystallization from CH2CI2 (1.2 mL)/MeOH 
(2.4 mL) and vacuum-drying for 10 days gave orange crystals (0.2200 
g, 75%). NMR data are as follows (ppm).” ”P: 117.3 t, S2P(OEt),; 
40.1 d, Ph2PC2H4PPh2; ,JPp = 7 Hz. ‘H: 8.13 m, 7.74 m, 7.25 m, 

3.16 m, PCH,; 2.08 s, 1.85 s, To-CH,; 1.26 t, POCCH,; 1.16 m, 1.02 
m, 0.86 m, 0.81 t, 0.77 m, 0.63 m, 0.41 m, O2CC7Hl5. IR (cm-I): 1540 
s, I496 s, I440 s, 1412 s, 1332 m, 1017 s, 958 m, 693 m, 651 m, 524 m. 
[MO~(NT~)~S~(P~~PC~H~PP~~)~(S~P(OE~)~)~+(S~P(OE~)~)- (3). 

Ph2PC2H4PPh2 (0.3400 g, 0.853 mmol) was added to a solution of 

followed by addition of MeOH (10 mL). This mixture was stirred for 
5 h and then rotavapped. A CH2CI2 filtrate (3 mL) of the residue was 
treated with E t 2 0  (30 mL). The resulting precipitate was filtered, 
washed (Et,O), and vacuum-dried to give orange crystals (0.6342 g, 
93%). Anal. Calcd for M02C74H82N204P6S6: c ,  54.4; H, 5.1; s, 11.8. 
Found: C, 54.5; H, 5.1; S, 12.1. NMR data are as follows ( ~ p m ) . ~ ’  ’IP: 
115.2 s, S2P(OEt), (anion); 97.3 p, S,P(OEt), (bridge); 35.2 d, 
Ph2PC2H,PPh2; ,JPTp = 24 Hz. ‘H: 8.31 m, 8.22 m, 7.32 m, 7.21 m, 
PC6H,; 5.84 d, 5.09 d, To-H; 4.22 m, POCH, (anion); 3.60 m, PCH,; 
2.06 m, POCH, (bridge); 1.79 s, To-CH,; 1.29 t, POCCH, (anion); 0.42 
t, POCCH3 (bridge). Peaks due to [Mo(NTo)(S ,P(OE~)~)S]~  and 
Ph2PC2H,PPh2 are also present due to the equilibrium described in the 
text. IR (cm-I): 1490 m, 1437 s, 1315 m, 1030 s, 932 m, 692 s, 679 s, 
641 m, 521 s. 
[Mo~(NTo)~S~(P~~PC~H,PP~~)~(O~CM~)]+(S~P(OE~),)- (4). To a 

solution of MeC02H (5.4 pL, 0.094 mmol) and Et,N (13 pL, 0.094 
mmol) in CH2C12 (10 mL) was added [ M o ~ ( N T o ) ~ S ~ -  

mmol). The solution was stirred for 1 h and then rotavapped. The 
residue was slurried in 1 / 1  acetone/H,O (5 mL), and the slurry was 
filtered; this was then repeated three times. Finally, the solid was slurried 
in 1 / 1  acetone/H20 ( I O  mL), filtered out, and washed (Et20).  The 
product was dissolved in CH2CI2, and the solution was filtered, followed 
by rotavaporation of the filtrate. Recrystallization of this material from 
CH2CI2 (0.5 mL)/Et,O (20 mL) gave orange crystals (0.0902 g, 64%). 
Anal. Calcd for Mo2C72H75N204PSS4: C, 57.4; H, 5.0; P, 10.3; S, 8.5. 
Found: C, 57.4; H, 5.3; P, 10.6; S, 8.7. NMR data are as follows 
(ppm).)O ,IP: 115.3 s, S,P(OEt),; 42.8 s, Ph2PC2H4PPh2. IH: 8.19 m, 
7.51 m,7.32m,7.16m,PC6HI;6.26d,5.57d,To-H;4.18p,POCH2; 
3.32 m, PCH,; 2.02 s, To-CH,; 1.27 t, POCCH3; -0.17 s, 02CCH3. IR 
(cm-I). 1522 m, 1512 m, 1490 m, 1436 s, 1323 m, 1032 m, 923 m, 691 
s, 676 sh, 522 m. 

Crystallography. A red block crystal of 2 (R = Hp), from 
CH2CI2/MeOH, measuring 0.26 X 0.33 X 0.38 mm, was used for data 
collection. Crystal data and experimental details are given in Table 1. 
Cell constants and orientation matrices were determined by least-squares 
refinement of the diffraction geometry of 25 accurately centered reflec- 
tions (13’ < 0 < 16O). The choice of space group was determined by 
the systematic absences and confirmed by using the program TRACER” 

2.08 S ,  1.85 S, T-CH,; 1.26 t, POCCH,; 0.74 t, O,CCH,; 0.46 h, 02C- 

PC,Hs;6.78d,6.58d,5.91 d,5.12d,To-H;4.23dq,4.12dq,POCH2; 

[Mo(NTo)(S ,P(OE~)~)S]~  (0.3501 g, 0.209 mmol) in C6H6 (10 mL), 

(Ph2PC2H4PPh2)2(S2P(OEt)2)]+(S2P(OEt)2)- (3) (0.1498 g, 0.09 17 

Figure 1. ORTEP view of [ M O ~ ( N T O ) ~ S ~ ( S ~ P ( O E ~ ) ~ ) -  
( P ~ z P C Z H ~ P P ~ ~ ) ( O ~ C H P ) I  

and subsequent least-squares refinement. Data were collected at room 
temperature on an Enraf-Nonius CAD4 automated diffractometer by 
using the w-20 scan technique. As a check on crystal and electronic 
stability, three representative reflections were measured every 60 min. 
The intensities of these reflections remained constant within experimental 
error throughout data collection, so no decay correction was applied. The 
data were corrected for Lorentz and polarization  effect^,'^ and an em- 
pirical absorption correction ($ scans) was applied. 

The structure was solved by using the Patterson method, which re- 
vealed the positions of the molybdenum atoms. The remaining atoms 
were located in succeeding difference Fourier syntheses. Hydrogen atoms 
were located and added to the structure factor calculation in idealized 
positions with isotropic thermal parameters set to 1.3 X B h  of the bonded 
atom. Hydrogen parameters were not refined. Refinement was carried 
out by full-matrix least squares on F, minimizing the function ~ w ( 1 F J  
- lFC1), where the weight w is defined as [u2(F) + (0 .04n2 + 
Scattering factors were taken from Cromer and Waber,), and anomalous 
dispersion effects were included in F,; the values of Af’ and Af” were 
those of C r o ~ n e r . ~ ~  An isotropic extinction parameter was not refined. 
CH,CI, solvate (clearly evident in the IH NMR spectrum and estimated 
to be 12 mol % for that crystal) was only partially located as disordered 
chlorine atoms lying across the crystallographic 2-fold axis. The carbon 
atom of the solvate was not located. Carbon atoms at the end of the 
octanoate ligand have very large thermal parameters, indicative of sig- 
nificant movement of the carbon chain, but no disorder was observed. In 
the final cycles of refinement the parameters for these atoms were held 
constant. The model converged with final agreement factors of R = 

0.051. The highest peak in the final difference Fourier map had a height 
of 1.25 (5) e/.&). 

~ I l ~ o I  - l ~ c l l ( ~ l ~ o l  = 0.956 and R w  = [Xw(lF.I - l ~ c 1 ) 2 / X ~ l ~ . 1 2 1 ” 2  = 

(31) Lawson, S. L.; Jacobsen, R. A. Ames Laboratory Report IS-141; 
USAEC, Iowa State University: Ames, IA, 1965. 
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SDP system of crystallographic programs unless otherwise stated: 
Frenz, B. A. In Computing in Crystallography; Schenk, H . ,  Olthof- 
Hazelkamp, R., vanKonigsveld, H., Bassi, G .  C., Eds.; Delft University 
Press: Delft, Holland, 1978. 
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(34) Cromer, D. T.; Waber, J .  T. International Tables for  X-ray Crystal- 

lography; Kynoch: Birmingham, England, 1974; Vol. IV, Table 2.2B. 
(35) Cromer, D. T. Inrernational Tables for  X-ray Crystallography; Kynoch: 

Birmingham, England, 1974; Vol. IV, Table 2.3.1. 
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Table 11. Positional Parameters for Non-Hydrogen Atoms and Equivalent Isotropic Temperature Factors 
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atom X Y z B,  A2 atom X Y z B, A= 
Mo(1) 0.82286 (2) 0.10061 (3) 0.41526 (1) 2.869 17) (2125) 0.5997 (3) 0.3876 (6) 0.3045 13) 5.5 (1 )  

0.79969 (2j 
0.0479 (8) 

0.77108 (5) 
0.85729 (5) 
0.89676 (6) 
0.82388 (6) 
0.77007 (5) 
0.83971 (5) 
0.87670 (5) 
0.8755 (2) 
0.8955 (1) 
0.8535 (2) 
0.9281 (2) 
0.7402 (2) 
0.7676 (2) 
0.9055 (2) 
0.9565 (3) 
0.9757 (4) 
1.0225 (4) 
1.0419 (6) 
1.0869 (6) 
1.1264 (8) 
1.0931 (9) 
0.9643 (2) 
0.9866 (3) 
0.8065 (3) 
0.8118 (6) 
0.8008 (2) 
0.8020 (3) 
0.6938 (2) 
0.6973 (3) 
0.6507 (2) 
0.6015 (2) 

-0.0128 (7) 

0.25595 (2j 
0.5765 (7) 
0.693 (1) 
0.10334 (8) 
0.24877 (7) 
0.05053 (9) 

-0.07269 (8) 
0.28669 (8) 
0.41636 (8) 

-0.07781 (8) 
0.2190 (2) 
0.0909 (2) 

-0.1329 (3) 
-0.1425 (3) 

0.3026 (3) 
0.1057 (3) 
0.1518 (4) 
0.1375 (5) 
0.2087 (8) 

0.275 (1) 
0.273 (1) 
0.381 (1) 
0.340 (1) 

0.2022 (9) 

-0.1211 (4) 
-0.2084 (6) 
-0.0990 (8) 
-0.130 (2) 

0.3991 (4) 
0.4652 (3) 
0.3388 (3) 
0.3528 (6) 
0.3823 (6) 
0.4037 (5) 

‘Atoms due to partial CH& 

Table 111. Selected Bond Distances (A) 

0.35588 (1 j 
0.2470 (5) 
0.2693 (7) 
0.32911 (4) 
0.44215 (4) 
0.50229 (5) 
0.40743 (5) 
0.26642 (5) 
0.36284 (5) 
0.47933 (5) 
0.3589 (1) 
0.4040 (1) 
0.5069 (1) 
0.4950 (2) 
0.3494 (2) 
0.4232 (1) 
0.3815 (2) 
0.3792 (3) 
0.3632 ( 5 )  
0.3584 (4) 
0.3411 (6) 
0.3371 (6) 
0.3324 (7) 
0.3031 (8) 
0.4775 (3) 
0.4698 (3) 
0.5065 (3) 
0.5532 (5) 
0.2643 (2) 
0.3008 (2) 
0.3479 (2) 
0.3912 (3) 
0.3909 (3) 
0.3479 (2) 

Mo( I)-S( 1) 
Mo( 1)-S(2) 
Mo( 1)-s(3) 
Mo( 1)-S(4) 
Mo( 1)-0(2) 
Mo( 1)-N(2) 
Mo(2)-S( 1) 
M0(2)-S(2) 
M0(2)-P( 1) 
M0(2)-P(2) 
Mo(2)-0( 1) 
M0(2)-N( 1 )  

2.355 (1) 
2.350 ( I )  
2.567 (1) 
2.552 (1) 
2.300 (6) 
1.732 (5) 
2.379 (1) 
2.366 (1) 
2.578 (2) 
2.571 (1) 
2.189 (5) 
1.743 (5) 

\ ,  

Mo( 1)-M0(2) 
P( 1)-C(13) 
P( 2)-C( 14) 
C(13)-C(14) 
P(3)-S(3) 
P(3)-S(4) 

C(1)-0(1) 
C(1)-0(2) 
C(l)-C(2) 

N(l)-C(21) 
N(2)-C(31) 

2.792 (7j 
7.5 (4) 
7.3 (4) 
3.46 (2) 
3.25 (2) 
4.03 (3) 
4.07 (3) 
3.30 (3) 
3.41 (3) 
3.53 (3) 
3.63 (8) 
3.68 (8) 
5.11 (9) 
4.81 (9) 
3.45 (9) 
3.60 (8) 
3.3 (1) 
5.7 (2) 

10.1 (2) 
24 (1) 
25 (1) 
38 (1) 
35 (1) 

11.4 (3) 

5.1 (1) 
6.5 (2) 
7.0 (2) 

4.6 (1) 
21.1 (4) 

4.7 (2) 
3.3 (1) 
5.3 (2) 
5.8 (2) 
4.8 (1) 

2.8161 (5) 
1.885 (7) 
1.839 (6) 
1.51 (1) 
1.989 (2) 
1.987 (2) 
1.408 (8) 
1.384 (8) 
1.254 (6) 
1.274 (7) 
1.52 (1) 

Selected results are given in Tables 11-IV; Figure 1 shows the mo- 
lecular structure. 
Results 

Ligand permutations on the [ M o ~ ( N T o ) ~ S ~ ] ~ +  core obtained 
in the current work include the dithiophosphate-diphos-pcar- 
boxylate dimer 2, the bis(diphos)-pdithiophosphate dimer cation 
3, and the bis(diphos)-p-acetate dimer cation 4. Both 3 and 4 
are readily isolated with (EtO),PS2- counterions. 

To To 

2 I 
t< 

T p T p  + To To + 

0.6465 (2j 
0.5518 (4) 
0.7197 (2) 
0.7243 (3) 
0.6747 (3) 
0.6268 (3) 
0.6218 (4) 
0.6696 (3) 
0.5717 (3) 
0.7879 (2) 
0.7689 (3) 
0.7839 (3) 
0.8160 (3) 
0.8343 (3) 
0.8198 (3) 
0.6955 (2) 
0.6709 (3) 
0.6158 (3) 
0.5813 (3) 
0.6052 (3) 
0.6624 (2) 
0.8357 (3) 
0.8503 (4) 
0.8514 (4) 
0.8407 (4) 
0.8259 (4) 
0.8218 (3) 
0.9118 (3) 
0.9305 (3) 
0.9878 (3) 
1.0242 (4) 
1.0063 (4) 
0.9515 (3) 

0.3594 (5j 
0.4365 (8) 
0.1 189 (3) 
0.1481 (5) 
0.1696 (6) 
0.1616 (5) 
0.1336 (9) 
0.1141 (8) 
0.192 (1) 
0.2119 (4) 
0.2311 (6) 
0.174 (1 )  
0.1048 (6) 
0.0796 (5) 
0.1349 (5) 
0.2989 (4) 
0.3791 (5) 
0.3848 (7) 
0.3118 (7) 
0.2291 (7) 
0.2255 (4) 
0.5012 (3) 
0.5945 (5) 
0.6571 (4) 
0.6330 (5) 
0.5455 (5) 
0.4801 (4) 
0.4298 (3) 
0.4640 (5) 
0.4767 (8) 
0.458 (1) 
0.4180 (8) 
0.4060 (6) 

0.3049 (2j 
0.3468 (4) 
0.4229 (2) 
0.4662 (3) 
0.4645 (3) 
0.4244 (3) 
0.3792 (4) 
0.3802 (3) 
0.4197 (4) 
0.2316 (2) 
0.1838 (2) 
0.1566 (3) 
0.1771 (2) 
0.2240 (3) 
0.2519 (2) 
0.2251 (2) 
0.2003 (3) 
0.1706 (3) 
0.1621 (3) 
0.1872 (3) 
0.2192 (3) 
0.4017 (3) 
0.3993 (4) 
0.4320 (4) 
0.4675 (4) 
0.4680 (3) 
0.4354 (3) 
0.3831 (2) 
0.3543 (4) 
0.3736 (4) 
0.4209 (6) 
0.4499 (5) 
0.4319 (3) 

Table IV. Selected Bond Angles (deg) 
S(l)-Mo(l)-S(2) 107.33 (4) S(l)-Mo(2)-S(2) 
S(l)-Mo(l)-S(4) 86.18 (4) S(l)-Mo(2)-P(l) 
S(2)-Mo(l)-S(3) 85.36 (4) S(2)-Mo(2)-P(2) 
S(3)-Mo(l)-S(4) 77.17 (5) P(l)-Mo(2)-P(2) 
N(2)-M0(1)-0(2) 178.8 (2) N(l)-M0(2)-0(1) 
M0(2)-Mo(l)-N(2) 99.3 (1) Mo(l)-Mo(Z)-N(l) 
M0(2)-M0(1)-0(2) 81.32 (9) Mo(l)-M0(2)-0(1) 
Mo(l)-N(2)-C(31) 170.8 (4) M0(2)-N(l)-C(21) 
M0(1)-0(2)-C( 1) 122.8 (3) M0(2)-0(l)-C(l) 
O(1)-C(1)-0(2) 126.1 (6) 

4.7 ( i j  
7.6 (2) 
3.5 (1) 
4.8 (1) 
5.4 (2) 
6.2 (2) 
9.0 (3) 
7.9 (2) 
9.1 (2) 
3.9 (1) 
5.9 (2) 
7.5 (2) 
5.6 (2) 
5.9 (2) 
4.6 (1) 
4.0 (1) 
5.1 (2) 
6.0 (2) 
6.0 (2) 
6.2 (2) 
4.4 (1) 
4.3 (1) 
6.7 (2) 
6.7 (2) 
7.2 (2) 
6.5 (2) 
5.2 (2) 
4.1 (1) 
6.0 (2) 
7.3 (2) 

11.4 (4) 
8.7 (3) 
5.7 (2) 

106.02 (5) 
84.99 (5) 
86.42 (4) 
78.75 (5) 

170.4 (2) 
105.1 (2) 
84.3 (2) 

175.8 (4) 
125.3 (4) 

The neutral dimer 2 is readily obtained by reaction of 
Ph2PC2H,PPh2 with the dimer anion 1 (eq 1). The dimer anion 

- To To 
I I 
N N  

(Et 0)2 PL’G Mo Ill ?; MoLS$ Ill P (OEt)2 -t P h 2 P C 2 H 4 P P h2 
I I 
o.c’o 

1 I 
R To To 

I 1 

2 L  I 
R 

(1) 

1 is itself generated in situ by the favorable equilibrium of eq 2,36 
further enhanced by use of excess carboxylate in the syntheses. 
Compounds 2 were characterized by NMR and IR spectroscopy, 
and the crystal structure of the octanoate derivative (R = Hp) 
was obtained. A telltale feature of 31P N M R  spectra is the 

(36) Noble, M. E.; Huffman, J .  C.; Wentworth, R. A. D. Inorg. Chem. 1983, 
22, 1756. 
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[ M o ( N T o ) ( S ~ P ( O E ~ ) ~ ) S ] ~  + 2 RCO2- 

Lizano et al. 

- To To 
I I 
" 

R 
( 2 )  

observation of 4Jp-p = 7 Hz due to the different ligands. The 
products are extremely tenacious for a variety of lattice solvents, 
and long periods of vacuum-drying are needed even to totally 
remove CH2C12. It was this property that dictated synthesis of 
the three carboxylate derivatives for crystallographic purposes: 
only with the octanoate derivative was lattice solvent retention 
sufficiently stable during data collection, although some solvent 
was nevertheless present. 

Interestingly, treatment of the dimer anion 1 or the singly 
exchanged product 2 with excess Ph2PC2H4PPh2 fails to displace 
the second dithiophosphate. This is unexpected, since the an- 
ticipated bis(diphos)-p-acetate dimer 4 is obtainable by other 
means described below. 

The bis(diphos)-p-dithiophosphate dimer cation 3 is obtained 
in high yield as the (EtO),PS,- salt by simple ligand exchange 
between [Mo(NTo)(S,P(OEt),)S], and Ph2PC2H4PPh2 (eq 3). 

r M o ( N T o ) ( S 2 P ( O E t ) z ) S ] 4  + 4 Ph2PC2H4PPh2  

To To + 

( 3 )  

The products were characterized by N M R  and IR spectroscopy. 
The 31P N M R  spectrum was most definitive: equivalent phos- 
phines are clearly contained within one doublet, while the bridge 
(EtO),PS, appears as a quintet, 3Jp-p = 24 Hz. The (EtO),PS, 
anion is clearly observed separately from its bridge counterpart, 
in both 31P and 'H N M R  spectra. Bridge dithiophosphates are 
well-known as asymmetrically bridging or as symmetrically 
bridging, albeit puckered or t ~ i s t e d . ~ ' - ~ l  The N M R  data of 3 
clearly indicate a bridge of high (at least averaged) symmetry. 

Equation 3 is in fact an equilibrium, and all species are clearly 
seen in the NMR spectra. The equilibration is rapid and displays 
a marked solvent dependence. Attempts to determine K values 
were inconsistent and indicated substantial ion pairing. The solvent 
dependence was demonstrable by product/reactant ratios, however, 
as determined by 31P NMR spectroscopy. For solutions that were 
0.055 F in 3, the observed ratios were 80 (1/1 C6D6/MeOH), 
16 (CH,Cl,), 9 (CDCI3), 0.19 (THF), and 0.024 (C6D6). The 
equilibrium of eq 3 prevents N M R  analysis of the presence of 
coprecipitated starting materials in the isolated products. That 
the high yield is indeed of clean product is discernible by other 
means. The presence of coprecipitated Ph2PC2H,PPh2 is not 
evident in IR spectra; this was determined by doping a sample 
of 3 with 2% diphos: the dopant gave a very distinct peak at 729 

(37) Lawton, S. L.; Rohrbaugh, W. J.; Kokotailo, G. T. Inorg. Chem. 1972, 
11, 2221. See also: Jiang, Y. ;  Alvarez, S.; Hoffmann, R. Inorg. Chem. 
1985, 24, 749. 

(38 )  Wasson, J. R.; Woltermann, G. M.; Stoklosa, H. J. Fortschr. Chem. 
Forsch. 1913, 35, 65 .  

(39) Mehrotra, R. C.; Srivastava, G.; Chauhan, B. P. S. Coord. Chem. Reu. 
1984. 55. 207. - - - - , - - . - -  

(40) Chisholm, M. H.; Ho, D. M.; Huffman, J .  C.; Van Der Sluys, W. G. 
Polyhedron 1987, 6, 11 15.  

(41)  Drew, M .  G. E.: Hobson, R. J . ;  Mumba, P. P. E.; Rice, D. A. Inorg. 
Chim. Acfa 1988, 142, 301. 

cm-I not previously present. Further substantiation was obtained 
by dissolving a sample of 3 in CDC13 containing a 3-fold excess 
of Et3NH(02CMe): 31P N M R  analysis showed the p-acetate 
dimer 4 with no peaks attributable to any coprecipitated impurities. 

The equilibrium of eq 3 is also all-or-none: there is no indication 
whatsoever of an intermediate containing one chelating dithio- 
phosphate and one chelating diphos, regardless of bridge. 

The bis(diphos)-pacetate dimer cation 4 is obtained by simple 
bridge exchange between the bis(diphos)-w-dithiophosphate dimer 
cation 3 and acetate (eq 4). The reaction is total and no equi- 

To T;" + , 

To To -t 
I I 
LI N 

4 I 
Me 

( 4 )  

librium is observed, even with isolation of the dimer cation as the 
(EtO),PST salt. The products were characterized by NMR and 
IR spectroscopy, the results of which were fully consistent with 
the structure shown. 

In addition to the irreversibility of eq 4, anionic (EtO),PS,- 
does not exchange with bound Ph2PC2H4PPh2, which would give 
the neutral dithiophosphate-diphos-pacetate dimer 2. The 
neutral dimer 2, however, is obtained as an impurity when the 
sequence of addition in the synthesis is reversed: dissolution first 
of the bis(diphos)-p-dithiophosphate dimer cation 3 sets up the 
equilibrium of eq 3; treatment with acetate then gives some 2 due 
to the sequence of eq 2 and eq 1. 

NMR Spectroscopy. Some 31P N M R  results have been noted 
above in terms of P-P couplings. 'H N M R  spectra display un- 
usual upfield shifts due to proximity to Ph2PC2H4PPh2 phenyl 
rings. Tolylimido ring resonances in the neutral dimers 2 lie a t  
6 6.8 and 6.6 for those next to (EtO),PS, but at 6 5.9 and 5.1 for 
those next to Ph2PC2H4PPh2. The upfield shift is also seen in the 
bis(diphos)-p-dithiophosphate dimer cation 3 and, albeit less 
dramatically, in the bis(diphos)-pacetate dimer cation 4. Upfield 
shifts for bridge resonances are also clearly seen in both bis(diphos) 
dimer cations 3 and 4. For the p-dithiophosphate dimer 3, the 
bridge POCH, resonance is at 6 2.06 versus 6 4.22 for the anion. 
For the p-acetate dimer 4, the acetate resonance is upfield of Me4Si 
a t  6 -0.17. 

Observation of interligand 3Jp-p in the bis(diphos)-r-dithio- 
phosphate dimer cation 3 suggested 3Jpc coupling might be ob- 
servable between Ph2PC2H4PPh2 and bridge acetate C- 1 positions 
in the neutral dimer 2 (R = Me) and in the bis(diphos)-p-acetate 
dimer cation 4. This was considered further confirmation for the 
structure of the latter. The coupling was readily seen by using 
enriched products obtained in syntheses with CH3l3CO2H. [ 1- 
13C]Acetate 2 indeed showed coupling to Ph2PC2H4PPh2 but not 
to (EtO),PS,: the carboxylate I3C resonance was a triplet a t  6 
174.3, and the diphos 31P resonance was now a double doublet; 
3Jpc = 3.5 Hz. Likewise, [ 1-l3C]acetate 4 showed the carboxylate 
I3C resonance as a quintet at 6 175.0 and the diphos 31P resonance 
as a doublet; 3Jp_c = 3.5 Hz. 

As a final note on interligand P-C coupling, this was also 
observed for the tolylimido ipso (N-bound) carbon (I3C: 6 151.5 
t; 3Jp-c = 2 Hz) at the diphos end in the neutral dimer 2 (R = 
Me) but not for the dithiophosphate end (13C: 6 153.6 s), thereby 
allowing a distinction between the two. No such coupling was 
resolved for ipso carbons in the bis(diphos) dimer cations 3 and 
4 although these peaks were noticeably broader. Nielson42 has 

(42) Nielson, A. J. Inorg. Chim. Acfa 1987, 133, 305 
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related I3C ipso shifts for (pheny1imido)tungsten complexes to 
electronic influences of the metal. While the shift difference (2.1 
ppm) presently observed in 2 (R = Me) is significant relative to 
the range reported (5.4 ~ p m ) , ~ ~  electronic conclusions thereby 
regarding cis dithiophosphate ligation versus cis diphos ligation 
would necessarily be tempered by anisotropic contributions to the 
shift difference. 

Crystal Structure. Many crystal structures of syn- [ Mo2Z2(p 
S),L2] (Z = 0, S, NR; L = chelating ligand) have been reported 
for a variety of molybdenum(V) c o m p o ~ n d s . ~ ~ ' ~ * ~ ~ - ~ ~  Several 
imido-dithiophosphate-pcarboxylate derivatives have also been 
r e p ~ r t e d . ~ ~ * ~ ~ " ~  The crystal structure results for the present 
dithiophosphate-diphos-p-octanoate 2 (R = Hp) show basic 
similarities to the general features of these compounds, and these 
aspects need not be further discussed. The primary features for 
present consideration are the ligation by Ph2PC2H4PPh2 on an 
Mo2S2+ core and any end-to-end inequivalence in the structure 
that may be a result of the different bidentate ligands. While 
many lower valent (up to Mo(IV)) Mo-diphos complexes have 
been crystallographically characterized, Mo(V)-diphos crystal 
structures are lacking. Several end-to-end inequivalent 
[ M O ~ Z ~ ( ~ - S ) ~ L ~ ]  complexes have also been structurally charac- 
terized; these generally involve dimers with different terminal 
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Bunzey, G.; Enemark, J. H. Inorg. Chem. 1978, 17, 682. 
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Newton, W. E.; McDonald, J. W.; Yamanouchi, K.; Enemark, J. H. 
Inorg. Chem. 1979, 18, 1621. 
Clegg, W.; Mohan, N.; Muller, A,; Neumann, A,; Rittner, W.; Shel- 
drick, G. M. Inorg. Chem. 1980, 19, 2066. 
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1981, 20, 1562. 
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Noble, M. E.; Folting, K.; Huffman, J. C.; Wentworth, R. A. D. Inorg. 
Chem. 1983, 22, 3671. 
Halbert, T. R.; Pan, W.-H.; Stiefel, E. I. J .  Am. Chem. SOC. 1983, 105, 
5476. 
Shaofang, L.; Maoyu, S.; Wendan, C.; Meiyun, H.; Jinling, H. Fenzi 
Kexue Yu Huaxue Yanjiu 1984, 4, 345. 
Pan, W.-H.; Harmer, M. A,; Halbert, T. R.; Stiefel, E. I. J .  Am.  Chem. 
SOC. 1984, 106, 459. 
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groups, Z, or different end ligands, L.13,46,48,52,56,57 
Mo-P bond lengths for 2 (R = Hp) are long compared to a 

range (2.485-2.565 A) observed for Mo(1V)-Ph PC2H4PPh2 
this range, however, extends to 2.688 8, when steric 

or trans influences aTe o p e r a t i ~ e . ~ ~ ~ ~ ~  Steric effects are presently 
attributable to juxtaposition with the tolylimido ring. The edge 
of the imido ring is in the face of the diphos C(61) ring, with the 
distances between the ortho imido H and C(61) ring carbons as 
short as 2.8 A, corresponding to van der Waals contacts.69 Closest 
contact between the tolylimido ring and the C(7 1) ring, however, 
is only at  their mutual ortho hydrogens, with a separation of 2.37 
(1) A, again of a van der Waals distance.69 The proximity of the 
tolylimido and phenyl rings is consistent with the NMR anisotropic 
shifts discussed above. 

End-to-end structural differences are evident primarily in 
Mo-S(bridge) bond lengths and the binding of the octanoate. The 
difference in Mo-N bond lengths is of questionable significance 
and is nevertheless observed in end-to-end equivalent  structure^.^^*^^ 

Average Mo(2)-S(bridge) bond lengths are distinctly longer 
than those for Mo( 1) by 0.020 A. An explanation for the disparity 
based on steric or electronic considerations is not obvious here, 
since even greater disparities have been reported for [Mo2S4- 
(S2)(S4)12-,48 [M~~OZSZ(S~)(S~~~)I~-,~~ and [Mo2S4(HB- 
(C5H7N2)3)(S2CNEt2)],57 which had average Mo-S(bridge) 
end-to-end differences of 0.046, 0.034, and 0.033 A, respectively. 
Symmetrically ligated [ M O ~ O ~ S ~ ( S ~ ) ~ ] ~ -  shows a corresponding 
difference of -0.04 A although its Mo2S2 core showed a sub- 
stantial skew in individual Mo-S(bridge) lengths.56 

The octanoate bridge in the present structure is greatly displaced 
from a symmetric position, as evidenced by Mo-0 bond lengths. 
Actually, the entire octanoate chain appears to be elongated and 
pulled to one side of the molecule. C ( l )  through C(8) are 
somewhat planar, with plane deviations of 0.00-0.05 8, for C( 1) 
through C(6), although C(7) and C(8) deviate by f 0 . 5  A. The 
orientation is believed to be due to packing, although there are 
no unusually short distances to the octanoate chain. Packing 
diagrams show C(8) approaches the spatial region bordered by 
the C(51) and C(81) rings of an adjacent molecule, but there 
remains no"obvious reason to favor this overall arrangement over 
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one more conducive to  equal Mo-0 bond lengths. 
Discussion 

Reactions demonstrated in the  current work a re  summarized 
in Scheme I. T h e  two branches depicted differ only in the 
seque~lce of the exchange by RCO, or Ph2PC2H4PPh, It  remains 
interesting that no kinetic connection was observed beween dimers 
2 and 4 in the presence of excess diphos or dithiophosphate, despite 
the otherwise facile displacement of the  latter by the  former. 

The  vast majority (but not all) of [ M O ~ Z ~ ( ~ - S ) ~ L , ]  complexes 
in recent years have involved an L = anionic (-1 or -2) sulfur 
donor. Two significant consequences of replacing one or both 
ligands L with phosphines are reduction of the overall charge on 
the complex and substitution of a potential *-donor by a potential 
*-acceptor. T h e  a-acceptor properties per se, however, a r e  not 
expected to be of great significance for d’ Mo(V), which is itself 
*-accepting, particularly with regard to the terminal Z group. 

Reduced overall negative charge would be expected to  reduce 
somewhat the nucleophilic reactivity a t  bridge sulfur positions. 
Initial results for the dithiophosphatdiphos-pcarboxylate dimer 
2 indeed show sulfur-based nucleophilic reactions, but these are 
much slower than those of dimer anion 1. Steric effects may also 
be operative. 
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MoBr3(THF), can be obtained in large scale and high yields by bromination of Mo2Br,(C0)8 in tetrahydrofuran (THF). The 
ligand replacement reaction of MoX,(THF)’ with bis(dipheny1phosphino)ethane (dppe) in THF as solvent affords the mononuclear 
MoX,(dppe)(THF) compounds. An X-ray crystal structure investigation of the iodide derivative shows an octahedral structure 
with a meridional arrangement of the three iodo ligands. Crystal data: monoclinic, space group P2,/n, a = 24.049 (4) A, b = 
12.283 (2) A, c = 12.985 (2) A, 0 = 99.94 ( 2 ) O ,  V =  3778.1 (2) A’, Z = 4, d, = 1.79 g cm-’, p(Mo Ka) = 29.34 cm-I, R = 0.0361, 
R, = 0.0517 for 354 parameters and 3589 observations with F: > 3u(F?). The remaining T H F  ligand in MoX,(dppe)(THF) 
can be replaced with MeCN or PMe, but not with P(n-Bu)’, PPh3, or dppe. The X-ray crystal structure of Mo13(dppe)(PMe3) 
shows an octahedral geometry with a facial arrangement of the three iodo ligands. Crystal data: orthorhombic, space group Pnma, 
a = 15.413 (4) A, b = 21.786 (4) A, c = 9.787 ( I )  A, V = 3286 (2) A’, 2 = 4, d, = 1.92 g cm-’, p(Cu Ka) = 274.81 cm-I, R 
= 0.080, R, = 0.080 for 154 parameters and 1091 observations with F: > 3u(F:). For comparison purposes, a crystallographic 
study of mer-Mo13(PMeJ3 has also been carried out. Crystal data: tetragonal, space group 14,/a, a = 18.379 ( 5 )  A, c = 26.257 
(5) A, V = 8896 (4) A), Z = 16, d, = 2.1 1 g cm-’, p(Mo Ka) = 47.62 cm-I, R = 0.064, R, = 0.074 for 145 parameters and 
1854 observations with F: > 2.5u(F:). The conformational preference in these octahedral Mo(II1) complexes is discussed in 
terms of the steric interactions between the neutral ligands. 

Introduction 
Mononuclear molybdenum( 111) compounds of general formula 

M0X3L3 or MoX,(L-L)L’ ( x  = halogen; L, L’ = neutral man- 
odentate lieand: L-L = neutral  bidentate ligand) have been 

pounds. Most of the  studies, however, have been carried out on 
the chloride systems, primarily because the  easiest route to these 
products is through the MoX3(THF)3 starting material (eq 1 and 
21, which can be easily prepared for x = C1.3gvh35 

- ,  

relatively well studied., The neutral monodeitate’or bidentate 
ligands can be either hard3 [tetrahydrofuran (THF) ,  nitriles] or 

M o X , ( T H F ) ~  + nL - M O X ~ L , ( T H F ) ~ _ ,  (1)  

soft4 (phosphines), always giving rise to high-spin stable com- M o X ~ ( T H F ) ~  + L-L - MoX,(L-L)(THF)  ( 2 )  
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Other synthetic routes employed include interaction of MoX3 
or [MoX,(H,O)]- with L3d,e36 and,  in the  case of hard donor 
ligands, disproportionation of Mo(I1) carbonyl c ~ m p o u n d s . ~ ~ * ~  
M ~ x , ( p y ) ~  (X = C1, Br; py = pyridine) was also prepared by 
interaction of the Mo(I1) dimer Mo2X4(py), with pyridine at high 
temperatures.’ These alternative methods, however, do not offer 
the generality and facilitation of the  THF replacement reactions 
described in eq 1 and  2. 

The  large-scale synthesis and  THF replacement reactions of 
MoI , (THF) ,  have been reported recently,8 and  we have suc- 
cessfully employed the same strategy in the large-scale preparation 
of the bromide system. The  reactions described in eq 1 and 2 can 
now be applied to the extended series of Mo(II1) halide derivatives, 
where X = CI, Br, I. W e  report here studies on mononuclear 
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