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Mechanism of Arene Exchange by Phosphines and Phosphites in the 19 Electron 
Complexes [FeCp(arene)], cp = q5-C5H5, Arene = C6H6-,,Me, ( n  = &I) 
Jaime Ruiz and Didier Astruc 
Laboratoire de Chimie Organique et Organometaliique, U.A. CNRS No 35, Universite de Bordeaux I, 351 cours de la 
1 iberation, 33405 Taience Cedex, France 

A l ow  temperature spectroscopic study of  the facile arene exchange by phosphines and phosphites in the 
air-sensitive 19 electron complexes [FeICp(+arene)], (Cp = cyclopentadienyl, v5-C5H5), shows an associative 
pathway in the rate l imit ing step, which suggests a fast pre-equilibrium generating a 17 electron species. 

The associative mechanism of ligand substitution is well 
recognized as being responsible for the marked substitution 
lability of 17 electron (17 e) complexes.1--3 However, due to 
their instability, 19 e complexes are much less studied3” and 
although their substitution lability is recognised,2cJa precise 
mechanisms are unknown. Sandwich complexes are some- 
times considered as a special group in this respect and efforts 
have so far concentrated on metal carbonyls.l.2 Indeed the 
stabilisation of the 19 e state by the sandwich structure offers a 
unique opportunity to study the substitution mechanism. We 
report here the first kinetic studies of 19 e complexes showing 
that the rate limiting step is also associative in the latter. This 
leads us to propose a fast pre-dissociation equilibrium 
between the 17 e and 19 e states. There are qualitative reports4 
showing the substitution lability of the 19 e sandwich 
complexes [Fe’Cp(arene)]s (l), but their instability and 
sensitivity to air has presumably discouraged mechanistic 
investigations. 

The complexes (1) (arene = C6H6 or PhMe)4a,5 react in 
tetrahydrofuran (THF) with phosphines (P) (P = PMe3, 
PPh3), to give FeCp(P)2(H) and with P(OMe)3 to give 

each in 50% yield.4d These products arise by radical reaction 
(H atom abstraction or Arbuzov-type) of the transient 17 e 
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Figure 1. Plot of kobs versus P(OMe)3 concentration for the 
substitution of [FelCp(toluene)] in THF solution at various tempera- 
tures: A, 239.5 K; 0, 245.5 K; X , 251.5 K; 0, 257.5 K; ., 263.5 K. 

species FeCp(P)Z, (equation 1). The reactions can be con- 
veniently monitored by observing the disappearance of the 
visible spectrum of (1) as a function of time.? The rate of 
disappearance of (1) varies with the concentration of P(OMe)3 
and the temperature as in Figure 1. Substitution proceeds by a 
second-order process ( k  = 5 x 10-3 ~ - 1  s-1 at -1OOC) 
according to the rate law given in equation 2. 

[FelCp(arene)] + 2(P) + FeICp(P)2 + arene (1) 

I (1) 
radical reaction 

-d[FeCp(toluene)]ldt = k[FeCp(toluene)][P(OMe)3] ( 2 )  

The better nucleophile PMe3 substitutes the toluene ligand 
approximately 3 times faster than P(OMe)3 and 4.5 times 
faster than P(OPh)3. The reaction rate also varies with the 
nature of the leaving arene ligand; displacement of toluene 
proceeds about 400 times faster than that of hexamethylben- 
zene. The bimolecular mechanism is confirmed by the 
observed activation parameters: AH$ = 13.3 k 1.0 kcal mol-1 
and A S  = -22 k 3 cal mol-1 K-1 (cal = 4.184 J) for 
P(OMe)3. The relatively large, negative entropy of activation 
indicates a transition state of higher co-ordination number. 

The substitution lability of the arene in (1) contrasts with 
the reported behaviour of the 18 e cation (1+) which reacts 
with P donors only at high temperatures.6 Thus the complex 
(1) (arene = toluene) reacts about l o 7  times faster with 
P(OMe)3 than its 18 e analogue (l+). 

We believe a direct mechanism involving (1) providing a 
21 e transition state is highly unlikely because such species 
have never been proposed7--9$ and would be of too high 
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Scheme 1 
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t Kinetic runs were conducted under pseudo-first-order conditions 
(with [P(OMe)3] >10 [FeICp(toluene)] by observing the change in 
optical density at 710 nm. Since [FelCp(toluene)] is very air sensitive, 
ail manipulations were carried out under an atmosphere of Ar. THF 
was dried (Nahenzophenone) and rigorously degassed prior to use. 
Reactions were carried out in 1.00 cm quartz cells in the thermostated 
cell compartment of a Varian Cary 219 spectrophotorneter. Plots of 
ln(A, - Am) versus time were linear for more than three half-lives, and 
kobs was determined from the slope of this line by least-squares 
analysis. 
f Note that the complexes [Fe(arene)*] have a 20 electron state in 
[Fe(y6-C6Me&]8a,b and a 18 electron state in [Fe(y6-toluene)(~4- 
toluene)].8c-e 
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Scheme 2 

energy. In contrast, the reaction takes place very readily and a 
reasonable possibility is a pre-equilibrium with an q4-benzene 
species (17 e)  (Scheme l).8,9$ 

Close (but less likely) 17 e alternatives to this species are (i) 
a slipping of the benzene ligand without bending and (ii) a 
reduction of hapticity of the Cp ligand in [Fe(~f-Cp)(+ 
arene)] . 

Extended Hiickel calculations10 have led to estimate that 
the 19 e species [Fe1Cp(q6-C6H6)] and the 17 e species 
[FeICp(@-C6H6)] have comparable energies, although solid 
state Mossbauer studies" are in favour of the 19 e form. 
However, in solution, the formation of small amounts of the 
17 e form in fast equilibrium with the 19 e form is consequently 
probable. Furthermore, it explains the reactivity towards 
ligand exchange with P donors. The reactions of P donors with 
this 17 e form give 19 e transition states and the mechanism 
should probably best be formulated as a series of exchanges 
between 17 e and 19 e states as in Scheme 2. The fast 
interconversion between 17 e and 19 e appears to be a key 
feature of the reactivity of organo-transition metal radicals.2.12 

We thank the 'Laboratoire de Photochimie et Photophy- 
sique Moleculaire' (Bordeaux I) for allowing us to use their 

Cary 219 spectrophotometer and Dr. J.-P. Desvergne for kind 
assistance. 

Received, 5th December 1988; Corn. 8104793F 

References 
1 A. Fox, J. Malito, and A. Poi;, J .  Chem. Soc., Chem. Commun., 

1981, 1052; D. R. Kidd and T. L. Brown, J .  Am.  Chem. Soc., 
1978,100,4095; Q.-Z. Shi, T. G. Richmond, W. C. Trogler, and 
F. Basolo, J. Am. Chem. Soc., 1982,104,4032; J. W. Hershberger 
and J. K. Kochi, J .  Chem. SOC., Chem. Commun., 1982,212. 

2 Reviews: W. C. Trogler, Int. J .  Chem. Kinet., 1987, 19, 1025; 
M. C. Baird, Chem. Rev., 1988,88,1217; D. Astruc, Chem. Rev., 
1988,88, 1189; E. Roman and D. Astruc, Bol. Soc. Quim. Chile, 
1989, 34, 39. 

3 (a) J. E. Scheats, J .  Organomet. Chem. Library, 1979,7,461; (b) 
A. E. Stiegman and D. R.  Tyler, Comments Znorg. Chem., 1986, 
5 ,  215. 

4 (a) A. N. Nesmeyanov, N .  A. Vol'kenau, L. S. Shilovstseva, and 
V. A. Petrakova, J .  Organomet. Chem., 1973, 61, 329; (b) C. 
Moinet, E. Roman, and D. Astruc, J .  Electroanal. Interfac. 
Chem., 1981, 121, 241; (c) A. Darchen, J .  Chem. Soc., Chem. 
Commun., 1983, 763; (d) J .  Ruiz, M. Lacoste, and D. Astruc, 
ibid., 1989, 813. 

5 J.  R. Hamon, D. Astruc, and P. Michaud, J .  Am.  Chern. Soc., 
1981, 103, 758; D. Astruc, Ace. Chem. Res., 1986, 19, 377. 

6 C. C. Lee, M. Igbal, U. S .  Gill, and R. G. Sutherland, 
J .  Organomet. Chem., 1985, 288, 89. 

7 The 21 e complex [MnCp2(Me2PCH2PMe2)] was reported but the 
ionic bonds preclude an electron count: C. G. Howard, G. S.  
Girolami, G. Wilkinson, M. T. Pett, and M. B. Hursthouse, 
J .  Am.  Chem. SOC., 1984, 106, 2033. 

8 (a) E. 0. Fischer and F. Rohrscheid, 2. Naturforsch, Teil B ,  1962, 
17, 483; (b) P. Michaud, J.-P. Mariot, F. Varret, and D. Astruc. 
J .  Chem. Soc., Chem. Commun., 1982, 1383; (c) S.  F. Parker and 
C. H. F. Peden, J. Organomet. Chem., 1984,272, 411; (d) G. A. 
Ozin, C. G. Francis, H.  X. Huber, M. Andrews, and L. Nazar, 
J .  Am.  Chem. Soc., 1981, 103,2453; (e) P. D. Morand and C. G. 
Francis, Organometallics, 198.5, 4, 1653. 

9 Compare with the 19 e complex [co(q6-C&e6)(q4-c6Me6)]: E. 0.  
Fischer and H. H. Lindner, J .  Organomet. Chem., 1964, 2, 222. 

10 J .  Y.  Saillard, personal communication. 
11 J. P. Mariot, P. Michaud, S.  Lauer, D. Astruc, A. X. Trautwein, 

and F. Varret, J .  Phys., 1983, 44, 1377. 
12 J.  Ruiz, V. Guerchais, and D. Astruc, J .  Chem. Soc., Chem. 

Commun., 1989, 812. 




