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Paramagnetic Intermediates in Oxidative Coupling Reactions. Molecular 
Orbital Calculations as an Aid to Rational Organometallic Synthesis 

By RONALD J. MCKINNEY 
(Central Research and Development Department, Experimental Station, E .  I .  d u  Pont de Nemours and Company, Wilmington, 

Delaware 19898) 

Summary Oxidation of (q6-C6H6) Rh(PPh3), by silver ion 
results in coupling of cyclopentadienyl ligands to give 
fulvalene-dirhodium(I1) complexes ; semi-empirical MO 
calculations give insight into the reaction sequence and 
allow a rational extension to the coupling reaction of a 
co-ordinated ally1 ligand to give a hexa-lJ5-diene complex. 
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PARAMAGNETIC organometallic species have been detected 
or implicated in an increasing number of catalytic pro- 
cesses.1 However, aside from radical initiation of chain 
reactions, the role of such species in a reaction sequence 
often remains unclear. We have isolated a series of 
thermally stable 17-electron cobalt complexes exemplified 
by (1) (equation 1) .z In contrast, attempts to synthesize 
similar rhodium complexes resulted in oxidative coupling of 
the cyclopentadienyl ligand to give violet rhodium(I1) 
fulvalene complexes (3) (equation 2). 
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Cp = q6-C6H6; L = PPh,; THF = tetrahydrofuran 

When a brown solution of (2) is treated with 1 equiv. of 
silver ion, the colour changes immediately to blue-violet. 
Adding hexane to the mixture causes (3) and the hydride 
complex (4) to coprecipitate quantitatively. Because (3) 
and (4) were difficult to separate, analytically pure samples 
were prepared by the alternative syntheses7 in equations 
(3) and (4).394 That (3) may be prepared from the fulva- 
lene dianion, and the fact that in the l3C n.m.r. spectra the 
rhodium-carbon coupling constants are small (ca. 3 Hz) and 
equivalent, strongly argue against an q6 : q1 structure such 
as (A). While we cannot clearly distinguish between 
structures (B) and (C) a t  this time, we tend to favour (C), 
similar to that found for titanocene derivatives.6 
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Semi-empirical MO calculations6 reveal that the highest 

occupied molecular orbital (HOMO) of (2) is relatively 
high-lying and, although primarily metal d-orbital in 
character, contains significant contribution from a carbon 
p-orbital in the cyclopentadienyl group. Removing one 
electron from the HOMO may be looked upon as resulting 
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t N.m.r. data: (3) lH (CD2C12) S 3.9 (m, 4H), 6.1 (m, 4H), and 7.3 (m, 60H); 31P (p.p.m. from H,PO,), 33.6 (d, J 193 Hz); 
13C proton-decoupled (p.p.m. from Me$) 83-0 (d, J ca. 2), 92.9 (d, J ca. 3), 102-4 (d, J ca. 2), 129.1 (t, J 5.3), 131.4 (s), and 133.6 (t, 
J 6.0); (5) lH (C,D,) 6 4.3 (m, 4H), 5.1 (m, 4H), 6.8 (m. 36H), and 7.5 (m, 24H); (6) lH [(CD,),CO] 6 2.4 (m, 4H), 3.7 (m, 4H), 3.8 
(m, 18H), and 6.2 (m, 2H). 
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in a metal-stabilized carbon radical. Coupling two such 
radicals followed by deprotonation would give (5 )  (Scheme). 
Protonating unchanged (2) would leave silver ion remaining 
to oxidize (5)  further to (3). Why the cobalt complexes 
do not couple is unclear. 

Hoping to extend the oxidative coupling reaction to allyl 
ligands,’ we carried out MO calculations which revealed 
that the HOMO of Rh(q3-C3HS)(PH3), is relatively low 
lying and nearly pure metal-d-orbital in character, but that 
of Rh(+C,H,) (PH3)3 is much higher-lying with significant 
p-orbital contribution on each of the outside carbon atoms 
of the allyl group. Accordingly Rh(q3-C3H,) [P(OPri),],* 
was isolated unchanged after treatment with silver hexa- 
fluorophosphate in THF for several hours, but similar 

treatment of Rh(q3-C3H,) [P(OMe),], resulted in immediate 
precipitation of silver metal and the subsequent isolation 
of the hexadiene complex [Rh(q4-C,Hlo) [P(OMe),], [PF,], 
(6) . t 

Thus the information derived from relatively simple 
molecular orbital calculations can lead to rational syntheses 
of new organometallic complexes. 

(Received, 22nd February 1980; Corn. 191.) 

J. K. Kochi, ‘Organometallic Mechanisms and Catalysis,’ Academic Press, New York, 1978. 
R. J.  McKinney, manuscript in preparation. 
U. Mueller-Westerhoff and P. Eilbracht, J .  A m .  Chem. SOC., 1972, 94, 9272; C. LeVanda, K. Bechgaard, D. 0. Cowan, U. Mueller- 

Westerhoff, P. Eilbracht, G. A. Candela, and L. Collines, ibid.,1976, 98, 3181 ; A. Davison and J. C. Smart, J .  Organomet. Chem., 1973, 
49, c43. 

R. R.  Schrock and J .  A. Osborn, Inorg. Chem., 1970, 9, 2339; H.  Werner, H. Neukomm, and W. Klaui, Helv. Chim.  Acta, 1977, 
60, 326-333. 

L. J.  Guggenberger and F. N. Tebbe, J .  A m .  Chem. SOC., 1973, 95, 7870; A.  Davison and S. S. Wreford, ibid., 1974, 96, 3017-3018. 
The theory, derived by A. Anderson ( J .  Chem. Phys., 1975,62, 1187) is similar to extended Huckel theory but includes a correction 

for two-body repulsion. The parameter set and examples of the application of this technique to optimize transition metal carbonyl 
bonding are found in D. A. Pensak and R. J .  McKinney, Inorg. Chem., 1979, 18, 3407. 

Other recent reports of oxidative coupling of hydrocarbon ligands include N. G. Conpelly, M. D. Kitchen, K. F. D. Stansfield, 
S. M. Whiting, and P. Woodward, J .  Organomet. Chem., 1978,155, C34-C36; P. S. Waterman and W. P. Giering, J .  Organomet. Chem., 
1978, 155, C45-C50. 

8 A. J. Sivak and E. L. Muetterties, J .  Am. Chem. SOC., 1979, 101, 4878. 




