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We recently reported the conversion of RuOEP(CH2CH3)2 (I)1 

to the ethylidene complex RuOEP(CHCH3) (2).2 The presumed 
lack of cis-coordination sites on one face of the metalloporphyrin 
seemed to limit mechanistic possibilities to those that involve loss 
of the a hydrogen directly without migration to the metal. Re
arrangement of alkyl to alkylidene ligands in non-porphyrinic 
complexes has been observed to occur via deprotonation3 and 
hydride abstraction4 from the a-position of the ligand. In addition, 
Cooper has shown that reaction of (r;5-C5H5)2W(CH3)2 with the 
trityl cation goes by electron transfer from the organometallic 
substrate. The resulting trityl radical then abstracts an a-hydrogen 
to give a methylidene complex which undergoes further reaction.5 

The known tendency for metal alkyls to undergo homolysis6 

suggested the possible involvement of alkyl radicals in the observed 
rearrangement. In this paper, we present the results of our studies 
on the conversion of 1 to 2 and demonstrate the radical nature 
of the mechanism. In the course of our kinetic studies, we have 
also determined the bond dissociation energy (BDE) of the ru
thenium-carbon bond in 1. 

Upon standing at room temperature in benzene for a few hours, 
samples of 1 are converted to a 34:66 mixture of RuOEP(CHCH3) 
and a paramagnetic compound that we have assigned as 
RuOEP(CH2CH3) (3).7'8 The product ratio does not change 
appreciably during the course of the reaction, indicating that the 
products are formed simultaneously and 3 does not lead to 2 on 
this time scale. Kinetic studies9 show that the reaction is greater 
than first order in 1. Addition of a large excess (>80 equiv) of 
TEMPO, a nitroxide known to trap alkyl radicals at nearly dif
fusion-controlled rates in the presence of organometallics,10 resulted 
in first-order decomposition of 1 over 4 half-lives and an ap
proximately sixfold increase in the rate. Control experiments 
demonstrated that in this regime of TEMPO concentrations, the 
reaction is zero order in TEMPO.11 In the presence of excess 
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Table I. Rate Constants for the 

T, 0C 

12 
15 
20 

kohii X 10\ s-

0.243 
0.487 
0.867 

Decomposition 
b rj, QQ 

25 
30 
35 

of 1" 

A:obsdX 104, s - " 

1.68 
3.32 
6.48 

"Rates determined at TEMPO concentrations of 0.162 M in C6D6. 
4AIl rate constants are ±15%. 

TEMPO, formation of ethylidene species 2 is suppressed. 
The mechanism shown in Scheme I is consistent with these 

observations. The initial step is reversible homolysis of the ru
thenium-carbon bond to give 3 plus an ethyl radical which then 
attacks the starting material by abstracting either an a- or a 
/3-hydrogen (k2 or k}, respectively). The product ratio, which 
reflects the competition between these two processes, is close to 
the statistical value, indicating that there is little intrinsic pref
erence for /3 over a abstraction. Loss of the a-hydrogen leads to 
the radical species 4 which would be expected to undergo homolysis 
much more easily than 1 due to the formation of a metal-carbon 
double bond in the ethylidene product 2. /3 abstraction would give 
olefin complex 5, which would be expected to lose ethylene rapidly 
due to the strong trans effect of alkyl ligands. Ethane and 
ethylene, both predicted by this mechanism, are indeed observed 
by GC.12 The rate expression for this scheme (eq 1) rationalizes 

-d[lj 

At = *,[!] 1 + 
(fc2 + fc3)[l]-*_i[3] 

it., [3] + Jt3[I] + Zt4[TEMPO] (1) 

both the kinetic behavior of the system in the absence of TEMPO 
and the effect of trapping ethyl radicals when it is present (Jt4). 

At sufficiently high concentrations of TEMPO, both recom
bination (JL1) and attack of ethyl radical on 1 (Jt2 + Ic3) are no 
longer competitive. Homolysis is then the rate-determining step13 

and the rate expression simplifies to eq 2. We have measured 

-d[l] 

dr = * l [ l ] = *obSd[l] (2) 

the temperature dependence of /cobsd over a 23 0C temperature 
range (Table I) in the presence of excess TEMPO. An Arrhenius 
plot of the data yields log A = 14.1 ± 0.2 and £ a = 24.3 ± 0.5 
kcal/mol or AIf1 = 23.7 ± 0.5 kcal/mol. As the bond dissociation 
energy is equal to AH*1 - AH*„U this sets an upper limit of 23.7 
kcal/mol for the metal-carbon bond energy in RuOEP(CH2CH3)2. 

(12) GC analyses were performed on a 10 ft X '/g in. Porapak Q column. 
(13) For an elegant example of application of this approach to the deter

mination of the Co-C bond energy in adenosylcobalamin and its analogues, 
see: Finke, R. G.; Hay, B. P. Inorg. Chem. 1984, 23, 3041-3043. Finke, R. 
G.; Smith, B. L.; Mayer, B. J.; Molinero, A. A. Inorg. Chem. 1983, 22, 
3677-3679. 
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Measurements of A//*_, for recombination of Ru(III) and alkyl 
radicals are not available, but the literature contains data on 
analogous Co(II) systems,1314 for which recombination occurs at 
nearly diffusion-controlled rates (A#*_, = ca. 2 kcal/mol). 
Assumption of a similar rate for the Ru(III) species 3 yields a 
bond dissociation energy of 21.7 ± 1.5 kcal/mol for 1. 

Thermochemical data are sparse for organometallic complexes15 

with the exception of the cobalt alkyls which have been of great 
interest due to metal-carbon bond homolysis in the vitamin Bi2 

cofactor.13,16 It is interesting to note that our value for the BDE 
in 1 lies within the 18-32 kcal/mol range found by Finke and 
Halpern for Co-C bond dissociation in cofactor B12 and its 
analogues.13'14'16 However, the stability of 3 to further Ru-ethyl 
cleavage under our reaction conditions suggests that the BDE of 
1 may be anomalously low, possibly due to the large trans effect 
of the second alkyl ligand. 
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A large number of cage hydrocarbons have been synthesized 
in the last few decades.1"5 These compounds do not have an atom 
or metal ion in the center of the molecule and their inner cavities 
are vacant. Some attempts have been made to entrap a metal 
ion or a small neutral molecule into the cavity of such cage 
hydrocarbons,6,7 but the desired "core compounds" have not yet 
been reported.8,9 Synthesis of intramolecularly pentabridged 
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Figure 1. ORTEP drawings of 2b projected on the Cp ring (a) and on the 
side of the molecule (b) and space-filling representation (c). 

ferrocene, an analogue of superphane,3 provides an example of 
this type of core compound. Much effort to synthesize such 
compounds10 has been made by several groups.11"14 However, 
compounds having four or five bridges have not been found until 
we recently synthesized some tetrabridged ferrocenophanes15 and 
pentabridged [44][3]ferrocenophanes (I)16 containing one tri-

1 a : X = O 2 

b: X = H 2 

methylene bridge. This paper describes the synthesis and char
acterization of symmetrical perbridged [45] ferrocenophane (2b),17 

the ultimate target compound. 
Insertion of a one-carbon unit into the oxotrimethylene bridge 

of the precursor ferrocenophane la16 was not successful by ap
plication of the reaction conditions which we had developed for 
the bridge enlargement of multibridged ferrocenophanes.18 This 

(8) Cage metal complexes of cryptands may be classified into the other 
category (chelates): (a) Creaser, I. L; Harrowfield, J. M.; Herlt, A. J.; 
Sargeson, A. M.; Springborg, J.; Geue, R. J.; Snow, M. R. J. Am. Chem. Soc. 
1977, 99, 3181. (b) Creaser, I. I.; Geue, R. J.; Harrowfield, J. M.; Herlt, A. 
J.; Sargeson, A. M.; Snow, M. R.; Springborg, J. Ibid. 1982, 104, 6016. 

(9) Recently, Cram et al. reported the shell closure of two hemispherical 
cavitands to form carcerand (a heterocyclic cage compound), in which interior 
is trapped molecular components of the medium as permanent guests: Cram, 
D. J.; Karbach, S.; Kim, Y. H.; Baczynskyj, L.; Kalleymeyn, G. W. J. Am. 
Chem. Soc. 1985, 107, 2575. 

(10) The nomenclature of multibridged ferrocenes described in this paper 
is according to the method used for multibridged cyclophanes.3b 

(11) Rinehart, K. L., Jr.; Bublitz, D. E.; Gustafson, D. H. J. Am. Chem. 
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(12) (a) Schlogl, K.; Peterlik, M. Tetrahedron Lett. 1962, 573. (b) Bub
litz, D. E.; Rinehart, K. L., Jr. Ibid. 1964, 827. 

(13) Vigo, F. M. Ph.D. Thesis, University of Illinois, Urbana, IL, 1969; 
Diss. Abstr. 1970-1971, 31, 598-B. 

(14) Hillman, M.; Gordon, B.; Weiss, A. J.; Guzikowski, A. P. J. Orga-
nomet. Chem. 1978, 155, 77. 

(15) (a) Hisatome, M.; Kawajiri, Y.; Yamakawa, K.; Iitaka, Y. Tetra
hedron Lett. 1979, 1777. (b) Hisatome, M.; Kawajiri, Y.; Yamakawa, K.; 
Mamiya, K.; Harada, Y.; Iitaka, Y. Inorg. Chem. 1982, 21, 1345. (c) Hisa
tome, M.; Watanabe, J.; Yamakawa, K.; Kozawa, K.; Uchida, T. J. Orga-
nomet. Chem. 1984, 262, 365. 

(16) Hisatome, M.; Kawajiri, Y.; Yamakawa, K.; Harada, Y.; Iitaka, Y. 
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