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I . - 
Three new heterobimetallic compounds, (C0)4MnMo(C0)3[q5-C5H4P(C6H5)2], 1, (CO)4MnMo(C0)3- 

[q5-C5H4P(C6H4-P-CH3)2], 2, and (C0)4ReMo(CO)3[q5-c5H4P(C6H4-~-cH3)2], 3, have been prepared. 1 
was prepared by reaction of Li+[q5-C@4P(CJ-€J2]Mo(CO)f, 4, with [(CO)&~IB~]~ Similarly, 2 was prepared 
by reacting Li+[q5-C5H4P(C6H4-p-CH3)2]M~(CO)3-, 5, with [(CO)4MnBr]2, and 3 was prepared from 5 and 
[(CO)4ReBr]2. 1 was structurally characterized by X-ray crystallography. 1 crystallizes in the space oup 
Pbca [Dg] with 2 = 8 and orthorhombic unit cell dimensions of a = 11.782 (2) A, ti = 17.215 (3) fend 
c = 23.129 (6) A. The Mo-Mn bond length is 3.054 (1) A. 

- 

Introduction 
Binuclear transition-metal complexes have been known 

for many years, and they continue to be the focus of in- 
vestigations of their synthesis and reactivity.' Of par- 
ticular interest to us are heterobimetallic complexes. 
Complexes of this type include those which have two 
different metal fragments held together only through a 
metal-metal bond,2 only through bridging  ligand^,^ or 
through both bridging ligands and a metal-metal bond.4 
Our goal is to prepare heterobimetallic compounds which 
are held together through bridging ligands and metal- 
metal bonds and to investigate the reactivity of these 
compounds with hydrogen in an attempt to form hetero- 
bimetallic dihydrides which might be homogeneous cata- 
lysts for the reduction of carbon monoxide. Others have 
also explored the utility of heterobimetallic compounds 
for CO red~ct ion .~  In this paper we report the synthesis 
and characterization of (C0)4MnMo(C0)3[q5-C5H4PAr2] 
(Ar = C6H5, 1; Ar = C6H4-p-CH3, 2) and (CO)4ReMo- 
(C0)3[q5-C5H4PAr2] (Ar = C6H4-p-CH3, 3). In these het- 
erobimetallic compounds, two different metal atoms are 
linked by a metal-metal bond as well as by a heterodi- 
functional ligand in which one metal is bonded to a cy- 
clopentadienyl ring and the other metal is bonded to the 
phosphine portion of the bridging ligand. Schore and 
co-workers have prepared a similar heterodifunctional 
ligand which they used very successfully in the synthesis 
of a series of heterobimetallic compounds? 

Results and Discussion 
Synthesis. The heterobimetallic compounds 1-3 in 

which molybdenum is linked to either manganese or rhe- 
nium both by a metal-metal bond and by a heterodi- 
functional (diary1phosphino)cyclopentadienyl ligand were 
synthesized in a logical stepwise fashion (Scheme I). 
1-(Diphenylphosphino)cyclopentadiene,' 6, was prepared 

by reaction of sodium cyclopentadienide with chlorodi- 
phenylphosphine in THF as described by Davison et al.* 

I i 
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'This manuscript is dedicated to the fond memory of Rowland 
Pettit, one of the pioneers of transition-metal organometallic chem- 
istry. 
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Scheme I 

I M o I C O i 6  

Since 6 slowly decomposes a t  room temperature, it was 
immediately converted to the corresponding lithium salt 

(1) (a) Kubiak, C. P.; Eisenberg, R. J. Am. Chem. SOC. 1977, 99, 
6129-6131. (b) Benner, L. S.; Balch, A. L. Zbid. 1978,100,6099-8106. (c) 
Cooper, N. J.; Green, M. L. H.; Couldwell, C.; Prout, K. J. Chem. SOC., 
Chem. Commun. 1977, 146-146. (d) Smart, J. C.; Curtis, C. J. Znorg. 
Chem. 1978,17,3290-3292. (e) Wegner, P. A.; Uski, V. A. Zbid. 1979,18, 
846-6153. (0 Brown, M. P.; Fisher, J. R.; Puddephatt, R. J.; Seddon, K. 
R. Zbid. 1979, 18, 2808-2813. (g) Balch, A. L.; Hunt, C. T.; Lee, C.; 
Olmstead, M. M.; Farr, J. P. J. Am. Chem. SOC. 1981,103,3764-3772. (h) 
Herrmann, W. A,; Plank, J.; Riedel, D.; Ziegler, M. L.; Weidenhammer, 
K.; Guggolz, E.; Balbach, B. Zbid. 1981,109,63-76 and referenm therein. 
(i) Berry, M.; Cooper, N. J.; Green, M. L. H.; Simpson, 5. J. J. Chem. SOC., 
Dalton Trans. 1980, 29-40. 

(2) (a) Vyazankin, N. S.; Razuvaev, G. A.; Kruglaya, 0. A. Orgummet. 
Chem. Reu., Sect. A 1968,3, 323-423. (b) Abel, E. W.; Singh, A,; Wil- 
kinson, G. J. Chem. SOC. 1960,1321-1324. (c) Haneen, P. J.; Jacobson, 
R. A. J. Organomet. Chem. 1966,6,389-398. (d) King, R. B.; Treichel, 
P. M.; Stone, F. G. A. Chem. Znd. 1961,747-748. (e) Coffey, E.; Lewis, 
J.; Nyholm, R. S. J. Chem. SOC. 1964, 1741-1749. (0 Haines, R. J.; 
Nyhoh, R. S.; Stiddard, M. H. B. J. Chem. SOC. A 1988,4&47. (g) Bars, 
V. 0.; Braunstein, P. Angew. Chem. 1982,94, 319-320. 

(3) (a) Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. SOC. 1981, 103, 
2650-2669. (b) Schore, N. E.; Hope, H. Zbid. 1980,102,4251-4253. (c) 
Alcock, N. W.; Howarth, 0. W.; Moore, P.; Morris, G. E. J. Chem. SOC., 
Chem. Commun. 1979,1160-1162. (d) Pregosin, P. S.; Togni, A.; Venanzi, 
L. M. Angew. Chem., Znt. Ed. Engl. 1981,20,668-669. (e) Stelzer, 0.; 
Unger, E.; Wray, V. Chem. Ber. 1977,110,3430-3437. (0 Yasufuku, K.; 
Yamazaki, H. J. Organomet. Chem. 1972,35,367-373. (g) Johannsen, 
G.; Stelzer, 0. Chem. Ber. 1977,110,3438-3448. (h) Dias, A. R.; Green, 
M. L. H. J. Chem. SOC. A 1971. 1951-1956. 
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7 by treatment with n-butyllithium. Lithium salt 7 was 
characterized by 'H, 13C, and 31P NMR spectroscopy. The 
heterodifunctional ligand 7 had previously been used in 
situ for the synthesis of heterobimetallic compounds,B but 
it had not been isolated and characterized. Lithium (di- 
p-tolylphosphino)cyclopentadienide, 10, was prepared by 
an analogous route and was used for the preparation of 
heterobimetallic complexes since the 'H NMR spectra of 
its derivatives are greatly simplified compared with those 
of the related phenyl derivatives. 

Reaction of 7 with Mo(CO)~ in refluxing THF gave an 
impure solid that appeared by IR and 'H NMR spec- 
troscopy to be a 85:15 mixture of lithium [(diphenyl- 
phosphino)cyclopentadienyl] tricarbonylmolybdate, 4, and 
(C0)5MoP(CsH5)zC5H4-, 9. The infrared spectrum of the 
mixture in THF had bands at  1911,1812,1788, and 1726 
cm-I assigned to 4; for comparison, Li+(C5H5)Mo(C0)3- in 
THF has IR bands at 1905,1807,1780, and 1714 cm-I.9 In 
addition, the mixture had weaker IR bands at  2068,1983, 
and 1947 cm-I assigned to 9; for comparison, (CO)5MoP- 
(C6H5)3 in THF has IR bands at 2071,1991, and 1948 cm-'. 
Attempted purification of lithium salt 4 by crystallization 
from etheral, aromatic, and aliphatic solvents failed. 
Cation exchange with N(CH3)4+C1- or N(CH2CH3)4+C1- 
followed by attempted recrystallization also failed to give 
pure materials. Since we were unable to obtain pure salts 
of 4, we attempted to characterize 4 by preparation of 
derivatives. However, attempts to prepare a halogenated 
derivative of 4 by treatment with CC14, N-bromosuccin- 
imide, or 1,2-dibromoethane, a methylated derivative of 
4 by treatment with CH31, or a protonated derivative of 
4 by treatment with acetic acid gave complex reaction 
mixtures. 

Similarly, reaction of 10 with Mo(CO)~ gave L ~ + [ T ~ -  
C5H4P(C6H.I-p-CH3)2]Mo(C0)3-, 5, contaminated with 
(CO)5MoP(C6H4-p-CH3)zC5H4-. Attempted purification 
or derivatization of 5 was also unsuccessful. 

We initially set out to synthesize anions 4 and 5 since 
we thought that their reactions with halogen-bridged metal 
dimers would provide an excellent route to a wide variety 
of heterobimetallic compounds linked by the heterodi- 
functional (diary1phosphino)cyclopentadienyl ligand. The 
anions 4 and 5 can be viewed as a difunctional chelate 
ligand with phosphine and metal anion donor groups. The 
reaction of 4 with the bromine-bridged dimanganese com- 
pound [ (CO)4MnBr] 210 gave the heterobimetallic complex 

Casey et al. 

(4) (a) Finke, R. G.; Gaughan, G.; Pierpont, C.; C a s ,  M. E. J .  Am. 
Chem. SOC. 1981, 103, 1394-1399. (b) Wong, K. S.; Scheidt, W. R.; 
Labinger, J. A. Inorg. Chem. 1979,18,136-140,1709-1712. (c) Laonhard, 
K.; Wemer, H. Angew. Chem.; Int. Ed. Engl. 1977, 16, 649-650. (d) 
Hoxmeier, R.; Deubzer, B.; Kaesz, H. D. J.  Am. Chem. SOC. 1971, 93, 
536-537. (e) Yasufuku, K.; Yamazaki, H. J .  Orgammet. Chem. 1972,38, 
367-372. (0 Brockhaus, M.; Staudacher, F.; Vahrenkamp, H. Chem. Ber. 
1972,105,3716-3725. (g) Yasufuku, K.; Yamezaki, H. Bull. Chem. SOC. 
Jpn. 1973,46,1502-1504. (h) Yasufuku, K.; Yamazaki, H. J. Orgammet. 
Chem. 1971,223,415-421. (i) Yasufuku, K.; Yamazaki, H. Bull. Chem. 
SOC. Jpn. 1970.43, 158&1589. (j) Tilney-Bassett, J. F. J.  Chem. SOC. 
1963,4784-4788. (k) Ehrl, W.; Vahrenkamp, H. Chem. Ber. 1973, 106, 
2556-2562. 

(5) (a) Longato, B.; Norton, J. R.; Huffman, J. C.; Marsella, J. A.; 
Caulton, K. G. J. Am. Chem. SOC. 1981,103,209-210. (b) Labinger, J. 
A.; Wong, K. S.; Scheidt, W. R. Ibid. 1978,100,3254-3255. (c) Labinger, 
J. A.; Wong, K. S. Ibid. 1980,102,3652-3653. (d) Shoer, L. I.; Schwartz, 
J. Ibid. 1977,99,5831-5832. (e) Marsella, J. A.; Caulton, K. G. Ibid. 1980, 
102, 1747-1748. 

(6) (a) Schore, N. E. J .  Am. Chem. SOC. 1979, 101, 7410-7412. (b) 
Schore, N. E.; Benner, L. S.; Labelle, B. E. Inorg. Chem. 1981, 20, 
3200-3208. 

(7) Mathey, F.; Lampin, J.-P. Tetrahedron 1975, 31, 2685-2690. 
(8) Rudie, A. W.; Lichtenberg, D. W.; Katcher, M. L.; Davison, A. 

(9) Gladyaz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker, 

(10) Zingales, F.; Sartorelli, U. Inorg. Chem. 1967, 6, 1243-1246. 

Inorg. Chem. 1978,17, 2859-2863. 

D. W.; Selover, J. C. Inorg. Chem. 1979, 18, 553-558. 
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Figure 1. 

1 as an orange crystalline solid in 45% yield. 
The bimetallic compound 1 is simple and symmetric 

enough that its structure was readily determined spec- 
troscopically. The IR spectrum of 1 in cyclohexane has 
seven CO bands for the seven CO ligands at  2056, 1994, 
1980,1976,1941,1921, and 1901 cm-'. The 'H NMR of 
1 consists of multiplets a t  6 8.1 for the ortho-phenyl hy- 
drogens and at  6 7.6 for the meta- and para-phenyl hy- 
drogens and four-line patterns at 6 5.8 and 4.7 for the two 
sets of protons on the cyclopentadiene coupled to each 
other and to phosphorus. 

The 13C NMR spectrum of 1 was particularly useful in 
structural characterization. In the room-temperature 13C 
NMR of 1, the molybdenum bound CO's give rise to two 
resonances at  6 236.8 and 227.0 in a 1:2 ratio, while the 
manganese bound CO's give rise to a 55Mn quadrupole 
broadened resonance at  6 216. In the 13C NMR at -40 "C, 
"thermal decoupling"" of the 55Mn quadrupole results in 
the appearance of three peaks at 6 2248,222.9, and 216.2 
in a 1:1:2 ratio assigned to the CO's bonded to manganese. 
The C2 and C3 carbons of the cyclopentadienyl ring appear 
a t  the normal positions of 6 91.0 and 89.2; however, the 
C1 carbon bonded to the diarylphosphine group appears 
as a doublet (Jpc = 51.3 Hz) a t  6 57.8. This -32-ppm 
upfield shift of the C1 carbon of the cyclopentadienyl group 
is undoubtedly related to the fact that it is held directly 
over the Mo-Mn bond. 

Reaction of lithium [ (di-p-toly1phosphino)cyclo- 
pentadienylltricarbonylmolybdate, 5, with [(C0)4MnBr]2'o 
similarly gave a 32 % yield of the bridged bimetallic com- 
pound 2. In the 'H NMR of 2, the protons ortho to 
phosphorus appear at 6 7.65 as a doublet of doublets (JPH 
= 11.6 Hz, JHH = 7.9 Hz), protons meta to phosphorus 
appear at 6 6.72 as a broad doublet and the tolyl methyl 
groups appear as a singlet a t  6 1.84. The simplified 'H 
NMR spectra of the p-tolyl derivatives have proven useful 
in studying the reactions of 2 and 3. 

Reaction of 5 with [(C0)4ReBr]z'2 gave the bridged 
molybdenum-rhenium compound 3 as a yellow solid in 
31% yield. In the 13C NMR at  -50 "C, the molybdenum 
carbonyls give rise to two resonances in a 1:2 ratio at 6 230.7 
and 223.9 and the rhenium carbonyls appear in 1:2:1 ratio 
a t  6 192.4 (d, Jpc = 47 Hz, CO trans to P), 189.7 (d, Jpc 
= 9.2 Hz), and 187.4 (d, Jpc = 4.6 Hz). At 30 "C the I3C 
resonances of the molybdenum carbonyls were broadened, 
and at 63 "C these resonances were not observable but the 
rhenium carbonyls remained sharp at  all temperatures. 

(11) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, BO, 

(12) Abel, E. W.; Hargreaves, G. B.; Wilkinson, G. J. Chem. SOC. 1958, 
C31-C34. 

3149-3152. 
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Table I. Bond Distances and Bond Angles in 
7 1  

(C 0 1 ,MnMo( C 0 1 [ rl ’-C ,H,P(C, H , 1 1 a 

Bond Distances ( A )  
Mo-Mn-P 3.054 (1) Cpl-Cp2 1.423 (7) 
Mn-P 2.278 (1) Cp2-Cp3 1.394 ( 7 )  
Mn-C( 1) 1.845 (5)  Cp3-Cp4 1.423 (7)  
Mn-C( 2) 1.833 (5)  Cp4-Cp5 1.392 (7) 
Mn-C( 3) 1.847 (5 )  Cp5-Cpl 1.444 (6) 
Mn-C(4) 1.792 (5)  Cpl-P 1.797 (5) 
MO-C(5) 2.004 (6) C(ll)-P 1.829 (5)  
Mo-C(6) 1.957 (5 )  C(21)-P 1.837 (5)  
MO-C(7) 1.970 (5) C(l1)-C(12) 1.388 (7) 
O(l)-C(l)  1.139 (6)  C(12)-C(13) 1.365 (7 )  
0(2)-C(2) 1.151 (6) C(13)-C(14) 1.356 (8) 
0(3)-C(3) 1.137 (6)  C(14)-C(15) 1.361 (8) 
0(4)-C(4) 1.161 (7) C(15)-C(16) 1.389 (7 )  
0(5)-C(5) 1.137 (7)  C(16)-C(ll) 1.375 (7)  
O(6)-C(6) 1.162 (7)  C(21)-C(22) 1.388 (7)  
0 ( 7 ) C ( 7 )  1.149 (6) C(22)-C(23) 1.369 (8) 
Mo-Cpl 2.377 (5 )  C(23)-C(24) 1.358 (9)  
Mo-Cp2 2.333 (5)  C(24)-C(25) 1.370 (9) 
Mo-Cp3 2.334 (5)  C(25)-C(26) 1.394 (8) 
Mo-Cp4 2.335 (5 )  C(26)-C(21) 1.367 (7)  
Mo-Cp5 2.356 (5)  CENT-MO 2.015 (3) 

Bpnd Angles (deg) 
Mo-Mn-P 77.3 (0) C( 5)-Mo-C(6) 77.9 (2)  
C( 1)-Mn-P 90.9 (1) C(5)-Mo-C(7) 98.2(2)  
C( 2)-Mn-P 165.7 (2)  C(6)-M04(7) 81.2 (2)  
C( 3)-Mn-P 87.5 (2) Mo-C(5)-0(5) 174.2 (5)  
C( 4)-Mn-P 97.3 (2) Mo-C(6)-0(6) 179.2 (5)  
Mn-C(l)-O(l) 176.5 (4) Mo-C(7)-O(7) 175.4 (4) 
Mn-C( 2)-O( 2) 178.5 (4)  C( 1)-Mn-Mo 87.1 (2)  
Mn-C( 3)-O( 3) 176.4 (5)  C( 2)-Mn-Mo 88.6 (2) 
Mn-C(4)-O(4) 179.5 (3) C(3)-Mn-Mo 91.2 (2) 
Mn-P-C(l1) 116.4 (2) C(4)-Mn-Mo 174.1 (2)  

Mn-P-Cpl 103.6 (2)  C(6)-Mo-Mn 141.2 (2)  
C(ll)-p-C(21) 103.5 (2)  C(7)-Mo-Mn 75.0 (1) 
P-Cpl-cp2 128.2 (3) P-C(11)-C(12) 119.1 (4)  
P-Cpl -cp5 122.0 ( 4 )  P-C(11)-C(16) 123.3 (4 )  
Cpl-Cp2-Cp3 108.2 (4 )  P-C(21)-C(22) 120.0 (4 )  
cp2-cp3-Cp4 108.8 (5) P-C(21)-C(26) 120.7 (4)  

Mn-P-C(21) 121.1 (2) C(5)-Mo-Mn 75.7 (2) 

Cp3-Cp4-Cp5 108.0 (4 )  (av) phenyl(1) 119.7 (5 )  
Cp4-Cp5-Cpl 108.1 (4 )  (av) phenyl(2) 120.0 (5) 
Cp5-Cpl-Cp2 106.9 (4)  CENT-Cpl-P 165.1 (6)  

a CENT = Cp ring centroid, 

This broadening might be due to exchange between the 
two different types of molybdenum carbonyls. 

X-ray Structure of 1. While the IR and NMR spectra 
of 1 established its overall structure, we were interested 
to see what distortions the heterodifunctional ligand 
caused in this cyclic bimetallic compound. Consequently, 
the X-ray crystal structure of 1 was determined. Bond 
lengths and angles are listed in Table I. 

The ORTEP diagram of 1 (Figure 1) clearly demonstrates 
that the heterodifunctional (phosphino)cyclopentadienyl 
ligand links the manganese and molybdenum atoms. The 
manganese and molybdenum atoms are also linked by a 
single bond of 3.054 (1) A. For comparison, the bond 
length of the metal-metal bond in (C5H5)(CO)3Mo-Mn- 
(CO), is 3.08 A,13 and the average of the metal-metal bond 
lengths of [(C5H5)Mo(C0)3]24 (3.23 A) and of Mn2(CO)l&5 
(2.93 A) is 3.08 A. The molybdenum, manganese, phos- 
phorous, and cyclopentadiene centroid form a nearly 
planar slightly strained ring system. Two carbonyls on 

(13) Bir’yukov, B. P.; Struchkov, Yu. T.; Anieimov, K. N.; Kolobova, 
N. E.; Bescbtnov, A. S. J. Chem. Soc., Chem. Commun. 1968,667-668. 

(14) Adame. R. D.; Collins. D. M.: Cotton, F. A. Zmra. Chem. 1974.19, - 
1086-1090. 

1750-1751. 
(16) DahI, L. F.; Ishiehi, E.; Rundle, R. E. J. Chem. Phys. 1967,26, 

Table 11. Least-Squares Planes for 

(CO ),MnMo(CO), [+CS H,P( C, H, ) J a ,  
I I  

atoms dev atoms dev 

Plane I: 0.0593X + 0.5500Y + 0.83302 = 7.3163 
Cpl*  0.012 (7)  Cp4* -0.004 (7) 
cp2* -0.014 (7)  Cp5* -0.005 (7) 
cp3* 0.011 (7) P -0.420 (4) 
C(2) -0.096 

Plane 11: 0.5080X + 0.6931Y + 0.51142 = 5.5900 
Mo* 0.008 (1) C ( l )  1.835 (7) 
Mn* -0.007 (1) C(2) -0.096 (7) 
P* 0.008 (4)  C(3) -1.851 (7)  
CENT* -0.008 (7) C( 4) 0.057 (7) 
C(11) -1.417 (8) C(5) 1.498 (7) 

1.455 (8) C(6) 0.05 2 (7)  
-0.049 (7)  C(7) -1.503 (7) 

C(21) 
CP(1) 

Atoms marked with an asterisk were used in cal- 
culating the planes. 

manganese, two carbonyls on molybdenum, and the two 
phenyl rings are arranged nearly symmetrically on either 
side of this plane (Table 11). The distance from molyb- 
denum to the phosphine substituted cyclopentadiene 
carbon (Cpl) is -0.04 A longer than the distance to the 
other four cyclopentadiene carbons. 

The slight strain of the ring system gives rise to several 
distortions from the geometry expected for acyclic systems. 
The P-Mn-Mo angle is contracted to 77.3’ and is the only 
major distortion from idealized octahedral geometry about 
manganese. The phosphorous atom is bent down 0.42 A 
(Table 11) from the plane of the cyclopentadiene ring to- 
ward the manganese atom. The angle between the cen- 
troid of the cyclopentadiene ring, molybdenum, and 
manganese is contracted to 102.0O; for comparison the 
Cp-Mo-Mo angle in [C5H5M~(C0)3]2 is 117.6’,16 and the 
Cp-Mo-Hg angle in (C5H5)(C0)3Mo-HgC1 is 111.95’.’’ 
This distortion of the idealized four-legged piano stool 
geometry about molybdenum in 1 leads to a wider angle 
of 141.2’ between manganese-molybdenum and the CO 
“trans” to manganese [Mn-Mo-C(6)] and a smaller angle 
of 98.2’ about molybdenum and the CO’s “trans” to one 
another [C(5)-Mo-C(7) 1. For comparison, the corre- 
sponding Mo-Mo-CO angle is 128.2’ and the CO-Mo-CO 
angle between “trans” CO’s is 105.9’ in [(C5H5)Mo(C- 
O)3]2.14 There are no significant interactions between 
manganese and the carbonyls on molybdenum (C-Mn 
distances 13.17 A) or between molybdenum and the car- 
bonyls on manganese (C-Mo distances 13.49). Moreover, 
the carbonyl ligands are not significantly bent; the most 
distorted carbonyl is a molybdenum carbonyl cis to man- 
ganese (<Mo-C(5)-0(5) = 174.2’). 

Stability of 1 under H2. In our continuing search for 
heterobimetallic dihydrides, we have looked for interaction 
between 1 and H2 Cyclohexane solutions of 1 under high 
pressure of H2 were examined by high-pressure IR spec- 
troscopy as a function of temperature. No change in the 
IR spectrum of 1 was seen even upon heating to 145 ‘C 
under 1200 psi of HP Slow decomposition of 1 occurs 
above 170 ‘C, and the integrated intensities of the metal 
carbonyl bands decrease. The major band in the IR 
spectrum of decomposed 1 is seen at  -1960 cm-l. 

The stability of rhenium-molybdenum compound 3 
under H2 was studied by heating THF solutions of 3 under 
high hydrogen pressure, cooling the solutions, and exam- 

Dihedral angle (I/II) = 90.8 (4)”. 

(16) Wilson, F. C.; Shoemaker, D. P. J. Chem. Phys. 1967,27,809-810. 
(17) Bueno, C.; Churchill, M. R. Inorg. Chem. 1981,20, 2197-2202. 
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ining samples of the solutions at  room temperature and 
atmospheric pressure. No change in the IR spectrum of 
3 was noted upon heating at  90 "C for 4 h under 1400 psi 
of H2. Further heating at  120 "C for 14 h led to 10% 
decomposition. Complete decomposition to nonmetal 
carbonyl-containing material occurred when 3 was heated 
at  150 "C for 24 h under 1400 psi of H2. 

Thus 1 and 3 thermally decompose when heated under 
H2, and no evidence was obtained for formation of a bi- 
metallic dihydride resulting from addition of hydrogen 
across the metal-metal bond. 

In the hope that a catalytic, undetectable amount of 
heterobimetallic dihydride might be in equilibrium with 
1 and that it might act as a CO hydrogenation catalyst, 
we heated 1 under high pressure of synthesis gas. When 
a toluene solution of 1 (6 mM) was heated at  180 "C for 
22 h under 1400 psi of a 1:l CO/H2 mixture, a small 
amount of decomposition of 8 was noted by IR spectros- 
copy but no CHI or CH30H were detected by gas chro- 
matography (detection limit 0.1 5%). Similarly, when a 
toluene solution of rhenium-molybdenum compound 3 (5 
mM) was heated at  205 "C for 16 h under 1200 psi of 1:l 
CO/H2, a small amount of decomposition of 3 occurred but 
no CH, or CH30H were observed. 

An attempt to intercept heterobimetallic dihydrides in 
equilibrium with 1 or 3 by reaction with cyclohexene was 
made but no hydrogenation of cyclohexene was observed. 
When a toluene solution of 1 (3.3 mM) and cyclohexene 
(20 mM) was heated at  165 "C under 1400 psi of H2 for 
27 h, about 50% decomposition of 1 was observed by IR, 
but no cyclohexane was detected by gas chromatography 
(detection limit 0.1%). Similarly, when a toluene solution 
of 3 (2.6 mM) and cyclohexene (25 mM) was heated at  170 
"C under 1200 psi of H2 for 20 h, no decomposition of 3 
or formation of cyclohexane was observed. 

The reaction of heterobimetallic compounds 1-3 with 
H2 might be expected to require prior metal-metal bond 
cleavage or ligand dissociation to generate a site for the 
activation of hydrogen. Their failure to react with hy- 
drogen may reflect the difficulty of generating such re- 
active sites in these molecules. We are now synthesizing 
heterobimetallic compounds in which one of the metals 
is a coordinatively unsaturated da metal capable of oxi- 
datively adding H2 without prior ligand dissociation or 
metal-metal bond cleavage. 

Experimental Section 
General Data. Solvents were distilled from sodium benzo- 

phenone ketyl prior to use. All reactions were run under dry 
nitrogen, except where indicated. 'H NMR spectra were recorded 
on a Bruker WH-270 (270 MHz) spectrometer; 13C NMR (50.10 
MHz) and 31P NMR (80.76 MHz) spectra were recorded on a 
JEOL FX-200 spectrometer. 31P chemical shifts are referenced 
in parts per million from 85% &,PO,; downfield chemical shifts 
are recorded as positive. Infrared spectra were recorded on either 
a Beckman 4230 infrared spectrometer or a Digilab FTS-20 in- 
terferometer. Elemental analyses were performed by Schwankopf 
Microanalytical Labs (Woodside, N.Y.). 

I-(Dipheny1phosphino)cyclopentadiene (6) was prepared 
by a modification of the method of Mathey and Lampin? Freshly 
distilled chlorodiphenylphosphine (19.5 g, 88.2 mmol) was added 
by cannula to a solution of Na(CJ-I5).DMElS (15.70 g, 88.2 "01) 
in THF (180 mL) at -78 "C and then stirred for 30 min at room 
temperature. The solution was fdtered through Celite in a drybox, 
and the solvent was evaporated on a vacuum line to give a pale 
orange oil (17.9 g, 81% yield). The 'H NMR of 6 was in agreement 
with the reported ~pec t rum.~  

1- and 2-(Di-p -tolylphosphino)cyclopentadiene (8A and 
SB). Reaction of Na(C5H5).DME18 (10.1 g, 57 mmol) with freshly 

(18) Smart, J. C.; Curtis, C. J. Znorg. Chem. 1977, 16, 1788-1790. 
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distilled P(C6H4;p-CH3)zCl'g (14.1 g, 57 mmol) following the 
procedure used in the preparation of 6 gave a 2:l mixture of 
8A/8B (14.4 g, 91%) as a red-brown oil: 'H NMR (270 MHz, 

meta), 6.38-6.60 (m, 3 H of C5H5P), 3.09 (s, 0.7 H, CH, of 8B), 

Lithium (Dipheny1phosphino)cyclopentadienide (7). Since 
6 decomposes if left standing at room temperature for several 
hours, it is imperative that the deprotonation be carried out on 
freshly prepared samples of 6. At -78 "C n-BuLi (31 mL, 1.51 
M in hexane, 46.6 mmol, 1.2 equiv) was added to a solution of 
6 (9.70 g, 38.8 mmol) in toluene (100 mL). When the solution 
was vigorously stirred at  room temperature for 15 min, a yellow 
precipitate formed. The precipitate was collected by filtration 
in a drybox and washed with hexane to give 7 as a yellow powder 
(9.47 g, 95% yield): mp 167-170 OC dec; 'H NMR (270 MHz, 
THF-ds) 6 7.15 (m, meta and para) 7.34 (m, ortho), 5.95-5.91 (m, 

ipso), 133.8 (d, Jpc = 18.3 Hz, ortho), 128.0 (d, Jpc = 6.1 Hz, meta), 
127.1 (s, para), 113.0 (d, Jpc = 20.8 Hz, Cz of C5H4P), 107.3 (d, 
Jpc = 9.8 Hz, C3 of C&P), 105.8 (9, C1 of C5H4P); ,'P NMR (80.76 
MHz, THF) 6 -18.1 (8 ) .  
Lithium (Di-p-toly1phosphino)cyclopentadienide (10). 

Reaction of 8 (8.90 g, 32 mmol) with n-BuLi (35 mL, 1.35 M in 
hexane, 47.6 mmol, 1.5 equiv) following a procedure similar to 
that described for 7 gave 10 as a pale yellow solid (8.70 g, 78% 
yield): mp 175-178 "C dec; 'H NMR (270 MHz, THF-d8) 6 7.20 
(t, Jm = JpH = 7.3 Hz, ortho), 6.97 (d, J = 7.7 Hz, meta), 5.95-5.91 
(m, CJ-I,), 2.25 (8, CH3); 'H NMR (270 MHz, CsD6) 6 7.51 (t, JIIH 
= JPH = 7.2 Hz, ortho), 7.04 (d, J = 7.5 Hz, meta), 5.65 and 5.37 
(2 br s, C5H4P), 2.13 (8,  CH3); 13C NMR (50.10 MHz, THF-d8) 
6 136.6 (s, para), 133.9 (d, Jpc = 18.3 Hz, ortho), 128.8 (d, Jpc = 
6.1 Hz, meta), 112.9 (d, J = 20.7 Hz, Cz of C5H4P), 107.0 (d, J 
= 8.6 Hz, C3 of C&$), 21.2 (8, CH3), ipso carbon and C1 of C5H4P 
not observed; 31P NMR (80.76 MHz, THF-d8) 6 -19.0 (8). 
Lithium [(Diphenylphosphino)cyclopentadienyl]tri- 

carbonylmolybdate (4). A solution of Mo(CO), (3.50 g, 13.3 
mmol) and 7 (3.40 g, 13.3 mmol) in THF (100 mL) was refluxed 
for 19 h. The solvent was removed on a vacuum line to give 5.62 
g of a tan solid. The IR in THF consisted of bands (cm-', relative 
absorption) assigned to 4 at 1911 ( l . O ) ,  1812 (0.88) 1788 (0.70) 
and 1726 (0.59); bands assigned to Li+(CO)SMoP(C6H5),(C5H4)- 
were at 2068 (0.08), 1983 (0.21), and 1947 (0.53). NMR indicated 
that the ratio of 4:Li' ( C ~ ) ~ M O P ( C ~ H ~ ) ~ ( C ~ H ~ ) -  was about 8515. 
'H NMR indicated that the solid was a THF solvate of 4 con- 
taining -1.6 molecules of THF/Mo: 'H NMR (270 MHz, C6D6) 
6 7.60 (m, ortho), 7.13 (m, meta and para), 5.40 (br s, C5H4P). Also 
observed in this spectrum were resonances from THF at 6 3.73 
and 1.56 and low intensity broad singlets at 6 5.50 and 5.31 which 
are probably due to Lit(CO)5MoP(C6H5)2(C5H4)-: 'H NMR (270 
MHz, THF-d8 6 7.32 (m, ortho), 7.15 (m, meta and para), 5.09 
and 4.94 (2 m, C5H4P); 13C NMR (50.10 MHz, THF-d8, 0.07 M 
Cr(aca~)~)  6 235.4 (8, Mo(CO),) 141.3 (d, Jpc = 12.8 Hz, ipso), 133.9 
(d, Jpc = 18.3 Hz, ortho), 128.1 (s, meta and para), 96.4 (br s, C1 

Lithium [ (Di-p-tolylphosphino)cyclopentadienyl]tri- 
carbonylmolybdate (5). A solution of Mo(CO)G (4.63 g, 17.5 
mmol) and 10 (5.00 g, 17.5 "01) in THF (130 mL) was refluxed 
for 22 h. The solvent was evaporated on a vacuum line to give 
9.09 g of a golden yellow solid. 'H NMR indicated the solid was 
a nearly pure THF solvate of 5 containing -2.5 molecules of 

Hz, ortho), 7.04 (d, J = 9.2 Hz, meta), 5.46 (pseudotriplet, J = 
1.8 Hz, 2 H of C5H4P), 5.43 (pseudodoublet, J = 1.8 Hz, 2 H of 
CJ-14P), 2.09 (s, CH,), resonances for THF at 6 3.72 and 1.57; 13C 
(50.10 MHz, THF-d8, 0.07 M (Cr(acac),) 6 235.7 (s, Mo(CO),), 
137.6 (s, para), 133.9 (d, Jpc = 18.3 Hz, ortho), 129.1 (br s, meta), 
21.5 (8,  CH,). Other observed resonances and tentative assign- 
ments include (1) a singlet at 6 128.3 which we believe is the upfield 
resonance of a doublet due to the ipso carbon; the downfield 
portion of the doublet is probably obscured by the peak at 6 129.1, 
(2) 6 97.7 (br s, C1 of C5H4P), (3) 6 94.1 (d, Jpc = 11.0 Hz, Cz of 

CDCl3) 6 7.26 (t, J m  = JPH 

3.0 (9, 1.3 H, CHZ of 8A), 2.32 (8,  CH3). 

7.2 Hz, ortho), 7.13 (d, J = 8.3 Hz, 

C5H4); 13C NMR (50.1 MHz, THF-ds) 6 145.6 (d, Jpc = 12.2 Hz, 

of CbHdP), 94.3 (d, Jpc = 14.6 Hz, Cz of CSHhP), 88.8 (5, C3 of 
C5H4P); ,'P NMR (80.76 MHz, THF) 6 -16.3 (9). 

THF/Mo: 'H NMR (270 MHz, C&3) S 7.61 (t, JHH JPH == 7.5 

(19) Montgomery, R. E.; Quinn, L. D. J. Org. Chem. 1965, 30, 
2393-2395. 
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Table 111. Crystallographic Data and Nicolet R3 Data 
Collection Parameters (24 "C) 

formula 
cryst system 
space group 
a, A 
b, A 
c,  A v, A3 

z 

MnMoC,,H,,PO, 
orthorhombic 
Pbca [D:; (No. S l ) ]  
11.782 (2) 
17.215 ( 3 )  
23.129 (6)  
4691.3 (2.3) 
8 

d c a l c d ,  g k m 3  1.6921 (2 )  
crystal size, mm 
radiation graphite monochromated 

Mo Ka ( h  = 0.71073 A )  
p ,  cm-I 10.22 
scan type W 

2e units 

no. of rflns measd 5404 
no. of unique data, 2431 

std reflns 31141 

R ( F 0 )  0.034 
W F O )  0.028 

largest shiftlerror on final cycle 0.093 
largest peak in final diff map, 0.29 

0.20 X 0.25 X 0.35 

3" < 2e < 42", +h,k,l 
scan range, deg 1.9 + A (a, -a,) 

( F 2  2 2.0o(F)') 

(no decay observed) 

esd of unit weight 1.200 

e / A 3  

CSHIP), and (4) 6 88.8 (8, C3 Of CSHIP). IR (THF): 1912 (s), 1813 
(s), 1790 (m), 1723 ( 8 )  cm-'. 

In various preparations, the purity of 5 varied from 95% to 
80% ; the major impurity is probably Li+(CO)SMoP(C6H4-p- 

(CO)4MnMo(C0)3[qS-C5H4P(C&15)2] (1). A solution of 4 
CH~)ZC&-. 

i 

(3.00 g) in THF (75 mL) was added by cannula to a suspension 
of [(CO)4MnBr]Jo (150 g, 3.0 "01) in THF at 0 OC. The solution 
was stirred at  0 OC for 3 h, and the solvent was evaporated on 
a vacuum line. The residue was purified by column chroma- 
tography (silica gel, 9 1  hexane/ether) to give 1 as an orange solid 
(1.62 g, 45% based on [(CO)4MnBr]z, mp 184-187 OC dec): 'H 
NMR (270 MHz, acetone-de) S 8.1 (m, ortho), 7.57 (m, meta and 
para), 5.77 (pseudoquartet, J = 2.1 Hz, 2 H, C5H4P), 4.70 
(pseudoquartet, J = 2.0 Hz, 2 H, C5H4P); 'H NMR (270 MHz, 
C8D6) 6 7.72-7.63 (m, ortho), 6.84 (m, meta and para), 4.53 
(pseudoquartet, J = 2.1 Hz, 2 H, CsH4P), 3.80 (pseudoquartet, 
J -  2.1 Hz, 2 H, C,H4P); 13C NMR (50.10 MHz, acetone-de, 0.07 
M Cr(acac)a, 25 "C) 6 236.8 (s, Mo(CO)), 227.0 (8 ,  Mo(C0)2), 215.9 
(quadrupole broadened -Yvln(CO),), 134.2 (d, J ~ c  = 42.2 Hz, ipso), 
132.7 (s, para), 132.3 (d, Jpc = 12.8 Hz, ortho), 130.3 (d, JPc = 
10.9 Hz, meta), 91.0 (br s, Cz or C3 of CsH4P), 89.2 (d, J = 9.2 
Hz, C2 or C3 of C6H4P), 57.8 (d, J = 51.3 Hz, C1 of CSH4P). A 
13C NMR spectrum obtained at  -40 OC caused "thermal 
decoupling"" of the 5SMn quadrupole, and the Mn(CO)4 reso- 
nances appeared at  6 224.8,222.9, and 216.2 (relative intensities 
1:1:2) in addition to the other resonances described above: IR 
(cyclohexane): 2056 (m), 1994 (m), 1980 (s), 1976 (s), 1941 (m), 
1921 (m), 1901 (m) cm-'. Anal. Calcd for C24H14 MnMo0,P: C, 
48.35: H. 2.37. Found: C. 48.47: H. 2.35. 

, I  , -, 

(CO)4MnMo(C0)3[q5-CSH4P(CeH4-p -CH3)2] (2). Reaction 
of molybdenum anion 5 (3.30 g) with [(CO)4MnBr],'o (1.25 g, 2.52 
mmol) using the procedures used in the preparation of 1 gave 2 
(1.00 g, 32% yield) as an orange solid: mp 169-170 "C dec; 'H 

ortho), 6.72 (br d, peak separation 7 Hz), 4.55 (m, 2 H, C5H4P), 
3.93 (m, 2 H, C,H4P), 1.84 (s, CH3); '% NMR (50.10 MHz, CDzCl2, 
0.07 M Cr(acac)J 6 231.4 (8,  Mo(CO)), 225.0 (s, MO(CO)~), 215.8 
(quadrupole broadened MMn(CO)4), 142.3 (s, para), 131.2 (d, JpC 
= 12.2 Hz, ortho), 129.9 (d, J ~ c  = 10.7 Hz, meta), 130.6 (tentatively 
assigned as one resonance of the ipso tolyl doublet; other resonance 

NMR (270 MHz, C&) S 7.65 (dd, JPH = 11.6 Hz, J H H  7.9 Hz, 

Table IV. Final Positional and Thermal Parameters' and Their Esd's for Non-Hydrogen Atoms 
7 

of (CO),MnMo(CO), [vS-C,H4P(C,H,)~I 

5160 (1) 
6236 (3)  
4270 (3 )  
3851 (4 )  
7165 (3 )  
3946 (3)  

810 (3) 
1954 (3)  
5740 (4 )  
4549 (4 )  
4265 (4)  
6327 (5 )  
3615 (4)  
1581 (5 )  
2340 (4)  
5179 (4 )  
5946 (4)  
5963 (5)  
5213 (5)  

4461 (5 )  
6297 (4 )  
6154 (5 )  
7010 (5 )  
8002 (5) 
8163 (5)  
7294 (4)  
3889 (4 )  
2764 (4 )  
2017 (4 )  
2653 (5)  
3798 (4)  

4473 (5 )  

3675 (1) 
4128 (3) 
2114 (2) 
1734 (2)  
2076 (2) 
4158 (2)  
4272 (2)  
2258 (2)  
3684 (3)  
2437 (3)  
2204 (3)  
2412 (3) 
4057 (3)  
4147 (3)  
2869 (3)  
3157 (3) 
2554 (3)  
2135 (3)  
2293 (3) 
2897 (3)  
3329 (3) 

5024 (3)  

5471 (3) 
4860 (4) 
4319 (3)  
4252 (2)  
4021 (3)  
45 68 (3) 
51 34 (3) 

4397 (3) 

5554 (3)  

4947 (3)  

1586 (1) 49 (1) 
8 0 ( 2 )  85 (3 )  

1494 (2 )  96 (3)  
912(2 )  5 7 ( 3 )  

-297 (1) 85 (3) 

-527 (2 )  76 (3)  
-86 (2 )  75 (3)  
595 (2)  69 (3 )  
343 (2)  61 (4 )  
115 (2)  5 0 ( 4 )  

8 6 0 ( 2 )  58 (4 )  

213(2 )  65 (4)  
624 (2 )  47 (3 )  

2276 ( 2 )  55 (4 )  
2355 (2 )  69 (4)  
2856 (2 )  95 (5 )  
3285 (2)  95 (5 )  
3235 (2 )  90 (5) 
2727 (2 )  90 (5 )  
1666 (2)  50 (3)  
2036 (3 )  82  (5)  
2104 (3 )  110 (5)  
1812 (3 )  100 (5)  
1440 (3)  53 (5 )  
1370 (2)  60 (4)  
1573 (2)  58 (4 )  
1714 (2)  55 (3 )  
1485 (2)  52 ( 4 )  
1176 (2 )  79 (5 )  
1226 (2 )  57 (4)  

1221 (2 )  57 (4 )  

-71 (3 )  49 (4)  

34 ( i j  30 (ij 2 ( i j  3 ( i j  -2 ( i j  
3 6 ( 1 )  3 1 ( 1 )  -1 (1) 0 (1) -2 (1) 
5 5 ( 2 )  6 0 ( 2 )  -14 (2 )  1 6 ( 2 )  8 (2)  
8 6 ( 3 )  39 (2)  5 (2)  -10 (2) -23 (2 )  
6 3 ( 3 )  6 6 ( 3 )  -38 (2 )  -12 (3)  2 0 ( 2 )  
77 (3)  7 2 ( 3 )  2 4 ( 2 )  -4 (2)  -2 (2 )  
7 2 ( 3 )  45 (3) - 4 ( 2 )  10 (2) l O ( 2 )  
8 9 ( 3 )  1 0 2 ( 3 )  9 (3) -30 (3) 4 (3)  
5 8 ( 2 )  7 6 ( 3 )  -16 (2 )  -9 (2 )  - 6 ( 2 )  
3 9 ( 3 )  37 (3)  1 ( 3 )  7 (3) -6 (3)  
4 7 ( 3 )  44 (3)  9 (3)  6 (3) 3 (3)  
4 6 ( 4 )  37 (4)  -2 (3)  -12 (3 )  -12(3)  
3 8 ( 3 )  3 5 ( 3 )  -6 (3)  2 (3) -5 (3)  
37 (3)  5 3 ( 4 )  4 (3) - 6 ( 3 )  -1 (3)  
5 2 ( 4 )  6 5 ( 4 )  2 (3) O(3)  -4 (3 )  
54 (3)  42 (3) 2 ( 3 )  - 9 ( 3 )  - 2 ( 3 )  
41 (3 )  26 (3) - 6 ( 3 )  1 ( 3 )  -4 (2 )  
60 (4)  35 (3) 1 3  (3) 5 (3)  -1 (3) 
5 9 ( 4 )  4 6 ( 4 )  2 2 ( 3 )  - 5 ( 4 )  6 (3) 

78 (4)  3 6 ( 4 )  29 (4)  7 (3) 5 (3)  
38 (3) 38 (3) -7 (3)  - 8 ( 3 )  4 (3)  

78 (4) 47 (4) -7 (4 )  -5 ( 4 )  1 5 ( 3 )  
1 1 4 ( 5 )  4 0 ( 4 )  28 (4) 1 9 ( 3 )  19 (4)  

5 9 ( 4 )  72 (4)  -18 (4)  - 4 ( 4 )  -16 (4 )  
58 (4 )  9 4 ( 5 )  -22(4)  -27 (5) -13 (4 )  
6 1 ( 4 )  1 1 6 ( 6 )  -44 (4 )  -49 (5 )  2 7 ( 4 )  
87 (5)  8 6 ( 5 )  -18 (4) - l O ( 4 )  23 (4) 
47 (3)  5 7 ( 4 )  - 6 ( 3 )  -11 (3)  5 (3)  
34 (3 )  37 (3) 1 ( 3 )  3 (3) - 8 ( 3 )  
5 6 ( 3 )  3 9 ( 3 )  -3 (3 )  1 3 ( 3 )  -8 (3 )  
7 7 ( 4 )  52 (4 )  17 (3) 1 3  (3) -8 (3 )  
4 0 ( 3 )  5 1 ( 4 )  1 7 ( 3 )  - 0 ( 3 )  - 7 ( 3 )  
4 0 ( 3 )  45 (3)  4 ( 3 )  - 3 ( 3 )  -4 (3 )  

a The form of the expression defining the thermal ellipsoids is e~p[-2n'(U,,h 'a*~ + U,,kZb*' + U,,l'c*' + 
2U,,hka*b* + 2U,,hla*c* + 2U,,kZb*c*)]. X104. X103. 
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is obscured by either the 6 131.2 or the b 129.9 peak), 89.4 (d, J ~ c  solution. The crystals were mounted in thin-walled glass capil- 
= 9.1 Hz, C, of C5H4P), 88.0 (d, J ~ c  = 18.1 Hz, Cz of C,H4P), 57.3 laries, immobilized on an aluminum pin with beeswax, and fixed 
(d, Jpc = 50.5 Hz, C1 of C5H4P), 21.0 (s, CH,); IR (cyclohexane) in a eucentric goniometer head. Unit-cell dimensions were de- 
2059 (m), 1996 (m), 1978 (s), 1973 (s), 1939 (m), 1919 (m), 1900 termined and refined from the angular settings of 25 reflections, 
(m) cm-'. Anal. Calcd for cz6Hl8MnMoO7P: C, 50.02; H, 2.91. 20 I 28 5 30°, chosen to sample all regions of reciprocal space. 
Found: C, 50.45; H, 3.25. The space group Pbca was uniauelv determined from the svs- 
(CO)4ReMo(CO)3[q5-C5H4P(C6H4-p-CH3)] (3). A solution 

of 5 (183 mg) in THF (30 mL) was added by cannula to a BUS- 
pension of [(CO)4ReBr]12 (80 gm, 0.10 mmol) in 10 mL of THF 
at  -78 "C and stirred for 1 h at -78 "C and 10 min at room 
temperature. The solvent was removed by rotary evaporation, 
and the residue was purified by preparative TLC (silica gel, 1:l 
hexane/ether) which gave 10 (50 mg, 31% based on [(CO),ReBr]z, 
Rf = 0.4, lower yellow band) as a yellow solid: mp 167-169 "C 
dec; 'H NMR (270 MHz, C&) 6 7.58 (dd, JPH 12.0 Hz, J H H  
= 8.4 Hz, ortho), 6.70 (dd, J H H  = 8.0 Hz, JPH = 2.0 Hz, meta), 
4.66 (pseudoquartet, J = 2.1 Hz, 2 H, C&P), 4.02 (pseudoquartet, 

CD2Cl2, 0.07 M Cr(acac),, 25 "C) 6 224.2 (br s, Mo(CO),), 192.4 
(d, JPc = 47.7 Hz, Re(C0) trans to P), 189.7 (d, Jpc = 9.2 Hz, 
Re(C0)2), 187.4 (d, J ~ c  = 4.6 Hz, Re(C0) cis to P), 142.7 (8, para), 
131.8 (d, Jpc = 13.8 Hz, ortho), 130.0 (d, JPc = 12.2 Hz, meta), 
128.0 (d, Jpc = 49.0 Hz, ipso), 89.7 (d, Jpc = 7.6 Hz, Cz or C3 of 
C6H4P), 89.2 (d, Jpc = 9.2 Hz, Cz or C3 of C5H4P), 61.6 (d, Jpc 
= 59.7 Hz, C1 of C5H4P), 21.1 (s, CH3). At -50 "C, the Mo 
carbonyls appeared in a 1:2 ratio a t  6 230.7 and 223.9. IR (cy- 
clohexane): 2081 (m), 2006 (m), 1992 (s), 1974 (s), 1939 (m), 1910 
(m), 1886 (m) cm-'. Anal. Calcd for CmHrnMoO7PRe: C, 41.33: 

J 2.1 Hz, 2 H, CSHIP), 1.84 (8, CH,); 13C NMR (50.10 MHz, 

temaGc absences observed in the data. Crystal data and d k a  
collection parameters are listed in Table 111. All data processing 
was performed on a Data General Nova 4 using the Nicolet 
SHELXTL program library (version 3.0). An empirical absorption 
correction was performed by using the azimuthal data from four 
+-scan reflections collected in 10" increments, maximum/mini- 
mum intensity ratio was 1.16 f 0.01. Neutral atom scattering 
fadors were calculated by the standard procedures, and anomolous 
dispersion corrections were applied to all non-hydrogen atoms. 

The structure was solved by direct methods, and all non-hy- 
drogen atoms were located by subsequent difference Fourier 
syntheses phased by the metal atoms. All non-hydrogen atoms 
were refined with anisotropic thermal parameters. Hydrogen atom 
locations were calculated and not refmed by using a ''rid&' model 
with d(C-H) = 0.96 A and isotropic thermal parameters of 1.2 
times the isotropic equivalent for the carbon atom to which it 
was attached. A correction for extinction was applied to the data. 
The largest peak found on the fiial difference Fourier map, 0.29 
e/A3, was located equidistant from C(6) and O(6). A table of 
calculated vs. observed structure factors is available as supple- 
mentary material. Final positional and thermal Parameters and 
their esd's are listed in Table IV. - -- 
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