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CHAPTER 6 

RADICAL DECOMPOSITION AND STRUCTURE OF (~5-c~Me,),Ti(Me)cH,Ph. 
KINETIC DETERMINATION OF THE METAL-BENZYL BOND DISSOCIATION ENERGY. 
EVIDENCE FOR SUBSTANTIAL ACTIVATION BARRIERS FOR RECOMBINATION OF 
METAL FRAGMENTS AND BENZYL RADICALS. 

Summary 
The compound Cp*,Ti(Me)CH,Ph (1) (Cp*: q5-C5Me5) decomposes thermally through 
homolysis of the titanium benzyl bond. The temperature dependence of the rate 
constant, as determined from the exchange of benzyl radicals between 1 and 
Cp*,TiMe-d,, gives an extremely low upper limit for the Ti-CH,Ph bond 
dissociation energy of 88.1 (5) kJ.mo1-'. This probably has steric origins, as 
an X-ray structure determination shows a very crowded coordination sphere 
around titanium. c~*~Ti(Me)CH~ph crystallizes in the orthorhombic space group 
Pbca (a = 14.537(1), b = 18.135(1), c = 17.876(1) A, V = 4712.6(5) A: Z = 8, d 
calcd = 1.197 gcm-,). Of the 5672 unique intensities collected with Mo K a  
(0.071073 A, p = 3.7 cm-') the 3302 with I 2 2.5 o(1) were used in the 
least-squares full-matrix refinement on F with anisotropic thermal parameters 
for all non-hydrogen atoms to converge a t  RF = 0.053 (wR - 0.053). The 
relative rates for recombination of the benzyl radical with Cp*,TiMe and 
Cp*,TiEt, resp Cp*,TiMe and Cp*Ti(C5Me,CH2) were determined a t  9 resp 41, 
indicating a substantial difference in Gibbs energy of activation for radical 
recombination of 5 resp. 9 kJ.mo1-'. 

Introduction. The M-C bond in transition metal compounds has a variable bond 
strength, ranging from weak with a dissociation energy of approx 70 kJ.mol-I 
(e.g. Co(saloph)(pyr)R; R = Pr, CH2Ph, CH2CMe3') to strong bonds exceeding 300 
kJ.mo1-' (e.g. Cp*,ThR, (R = Me, Et, CH2CMe3)'). The early transition metal 
and lanthanides form strong, polar metal carbon bonds (D > 190 kJ.m01-').~ In 

general, bond homolysis is not observed in the chemistry of these complexes, 



and processes, e.g. C-H activation, proceed by concerted rnechani~ms.~ 
(Intramolecular) C-H activation has been a major topic in early transition 
metal chemi~try.~ Fundamental knowledge of kinetics, mechanisms and 
thermodynamics of these reactions has been obtained from the study of thermal 
decomposition of hydrocarbyl complexes. Kinetic and mechanistic studies on the 
thermolysis of (OAr)2MCH2Ph26 (M = Zr, Hf; OAr = 2,6-di-i-propylphenoxide), 
(OAr),MMeS7 (M = Ta, Nb; OAr = 2,6-di-t-butylphenoxide) and Cp*,MR2 (Cp*: 
q5-CsMes; M = Ti, R = Me8; M = Zr, R = Ph9; M = Hf, R - CH2Ph1') have been 
reported. A thorough study on the thermodynamics together with mechanistic and 
kinetic considerations has been published by Marks and coworkers on C-H 
activations in Cp*,ThR, (R = CH2XMe,, X = C, Si)." Thermal decomposition of 
the above mentioned compounds proceeds by extrusion of RH. The hydrogen in RH 
is  upp plied by an auxiliary ligand. Activation energies of these processes are 
well below bond dissociation energies with characteristic negative or small 
positive activation entropy. This is interpreted in terms of a concerted 
mechanism with a four-centered transition state, refered to as a-bond 
metathesis.'' A theoretical basis has been put forward by Goddard and 
Steigerwald.13 
We have investigated kinetic and mechanistic aspects of the thermolysis of a 
number of mixed alkyl/aryl complexes of tetravalent bispentamethylcyclopenta- 
dienyl titanium compounds CP*~T~(R)R'.'~ The majority of these compounds 
decomposes by intramolecular C-H activation in a concerted process of the type 
discussed above and without change of formal oxidation state. This is in 
agreement with calorimetric determinations of the Ti-C bond strength, 
indicating strong bonds (D > 150 kJ.m01-').~ 
However, benzyl compounds Cp*,Ti(R)CH,Ph appear to decompose by a completely 
different route. A facile reduction of the metal to tervalent compounds 
Cp*,TiR is observed, and the intermediacy of benzyl radicals is indicated by 
the observation of radical coupling products like 1,2-diphenylethane. 
Compounds Cp*,Ti(R)CH,Ph in general are not stable at  the temperatures at 
which they are formed. Various attempts to prepare tetravalent titanium 
benzyls have been unsuccessful, apparently due to the low thermal stability of 
the products. For instance, oxidation of Cp*,TiCH2Ph with PbC12 resulted in 
Cp*,TiCl (eq 1).15 Generation of Cp*,Ti(R)CH2Ph by halide substitution in 
Cp*,Ti(R)CI (R = 0-n-Pr, Cl) also resulted in reduction to tervalent CP*~T~R 
with concomitant formation of 1,2-diphenylethane (eq 2, 3). These observations 
indicate radical decomposition of intermediate Cp*,Ti(CH,Ph)R.l6 



Cp*,Ti(Me)CN2Ph (1) so far is the only benzyl derivative of the type 
Cp*,Ti(R)R' that could be isolated.14 Although it is thermally quite stable at 
room temperature, the thermolysis products, Cp*,TiMe and 1,2-diphenylethane 
are also reminiscent for a radical decomposition. This is in clear contrast 
with the concerted decomposition pathways observed for (non benzylic) 
derivatives Cp*,Ti(Me)R (R = Me, Et, Ph, CH=CH2).8914 We decided to carry out 
a detailed study of the thermal decomposition of 1 to determine the 
decomposition mechanism and hopefully the origin of the remarkably low 
stability of benzyl derivatives Cp*,Ti(R)CH,Ph compared . to other mixed 
alkyllaryl compounds CP*~T~(R)R' (Chapter 5a). 



Results and  Discussion. 
Thermal Decomposition o f  c ~ * ~ T i ( M e ) c H ~ P h  (1). When 1 is heated in benzene-d6 
solutions at  333 K (Figure l), a mixture of two titanium compounds is formed. 
The major product (>85 %) is Cp*,TiMeU, and the minor ( ~ 1 5 % )  is Cp*FvTiMe (eq 
4, Fv: r16-C,Me,CH2).8 Concomitantly, the formation of 1,2-diphenylethane (54%, 
based on Cp*,Ti(Me)CH2Ph) and toluene (42%) is observed. In early stages of 
the thermolysis there is a rapid growth of the resonance of 1,2-diphenylethane 
(and Cp*,TiMe). Later on the concentration of these compounds remains more or 
less constant, while the concentration of toluene and Cp*FvTiMe increases. 

Figure 1. Thermal decomposition of Cp*,Ti(Me)CH2Ph (1) in benzene-d, at  333 K, 
[I], = 0.20 mo1.L-l. (* )  Cp*,Ti(Me)CH,Ph, (0) toluene, (0 )  

Cp*FvTiMe, ( A )  1,2-diphenylethane. 

Thermal decomposition of 1 follows a first order rate law in benzene-d6 
solution over a concentration interval of 0.005-0.02 M. Activation parameters 
for the overall process are AH$ = 133 (9) kJ.mo1-' and Ad = 81 (8) 
J.mol-'.KV1, between 320 and 340 K. These data, however, cannot be correlated 
to a specific step in the decomposition mechanism; there are contributions 
from several processes in the radical decomposition of Cp*,Ti(Me)CH,Ph (vide 
infra). 



Table 1. Overall rate constants for the thermolysis of Cp*,Ti(Me)CHZPh in 
benzene-d6. [I] = 0.02 mo1.L-'. 

T (K) k& (s-') 

Although reduction to Ti(II1) and formation of 1,2-diphenylethane during the 
thermolysis of 1 strongly suggests a free radical decomposition, the 
possibility exists that in reality they are formed by a concerted me~hanism.'~ 
The following experiments, however, confirm the Ti-CH2Ph bond homolysis in 1, 
and are characteristic for a pre-equilibrium bond homolysis, followed by 
competition between cage recombination and consecutive, irreversible reactions 
leading to the final products (eq 5). 

The stability of 1 dramatically increases when Cp*,TiMe is added: The 
half-life time of 1 in benzene-d6 solution is ca 0.5 h at  340 K, whereas 
virtually no decomposition of 1 was observed after 9 h a t  this temperature in 
the presence of a tenfold quantity of Cp*,TiMe. In contrast, destabilization 
of 1 is observed when oxidants like chloroform or diphenyldisulfide are added. 
These reagents oxidize Cp*?TiMe to a tetravalent species in a fast reaction, 
thereby pulling the dissociation equilibrium to the right. For example, the 
half-life time of 1 changes from approx 3.103 h (extrapolated from the Eyring 
equation) to 1 h at  278 K when 1.5 mol of diphenyldisulfide is added. Also 
radical scavengers like triphenyltinhydride accelerate decomposition of 1. 
TEMPO (2,2,6,6-tetramethylpiperidinoxyl) is a widely used trapping agent for 
organic radicals.lg When Cp*,Ti(Me)CH,Ph is treated with five equivalents of 
this reagent, a rapid color change to orange-red is observed. The 'H NMR 
spectrum show resonances characteristic for a Cp*,TiMe(TEMPO) speciesZo and 
1-benzyloxy-2,2,6,6,-tetramethylpiperidin (6 = 4.95 ppm, C~15NOC,PPh).2L 
This illustrates that 1 forms a true equilibrium with c ~ * ~ T i M e  and a benzyl 
radical (eq 5), and that it decomposes in a radical fashion. When an excess of 



Cp*,TiMe is present the benzyl radical is effectively trapped by the 
paramagnetic Ti(II1) compound, in this way preventing dimerization to 
1,2-diphenylethane and effectively stabilizing 1. When one (or both) species 
on the right side of the eq 5 is consumed in consecutive reactions (cf. eq 
6-10), equilibrium 5 is pulled to the right, thus resulting in an enhanced 
decomposition rate. It further indicates that Cp*,TiMe is a very efficient 
trapping agent for a benzyl radical. 

Cp*,TiMe + ( P a ) ,  - Cp*,Ti(Me)PhS + PhS. (6) 

Cp*,TiMe + CCl,H - Cp*,TiMeCl + CC12H. (7) 

PhCH, + Ph,SnH - PhCH, + Ph,Sn. (8) 
Cp*,TiMe + TEMPO - Cp*,Ti(Me)TEMPO (9) 
PhCH, + TEMPO - PhCH,O-NC$l15 (10) 

The formation of the diamagnetic byproduct of the thermolysis, Cp*FvTiMe, is 
typical for decomposition by a concerted mechanism. Cp*FvTiMe could indeed be 
formed in a [2, + 2,] process12 (eq ll), in analogy to the thermolysis of 
Cp*,TiMe,. The latter compound decomposes in a concerted fashion to Cp*FvTiMe 
and methane with a transient titanium carbene, formed after rate limiting 
a-hydrogen abstract i~n.~ This suggests that besides Ti-CH,Ph bond homolysis, a 
competitive concerted process is kinetically accessible for the decomposition 
of 1. 

On the other hand, it is very well possible that a benzyl radical, generated 
by homolysis, abstracts a hydrogen atom from the methyl ligand, or directly 
from the Cp* ligand (eq 12). Cooper and coworkers22 presented convincing 
evidence for a radical type of C-H activation in the reaction of Cp2WMez (Cp: 
q5-C,H5) and triphenylmethyl (trityl) radicals to form a carbene intermediate. 
Since the product ratio Cp*,TiMe/Cp*FvTiMe is virtually independent of the 
temperature (between 70 and 90 OC) and is essential the same for the 
thermolysis of the trideutero methyl derivative Cp*,Ti(Me-d,)CH2Ph (1-d,), 
formation of Cp*FvTiMe does not seem to originate from a concerted mechanism. 
For decomposition by a concerted process, a moderate deuterium isotope effect 
(kH/kD r: 2-5)8-10914 may be anticipated, changing the product ratio in favor 
of Cp*,TiMe. Furthermore, when Cp*,TiMe formed in situ is trapped by an 
oxidizing agent, the fulvene complex is no longer formed. These observations 
indicate that Cp*FvTiMe indeed is formed from the reaction of a benzyl radical 
and Cp*,TiMe after a (rate limiting) homolytic step (eq 12), and that there is 



no concerted parallel low-energy pathway for thermal decomposition of 1. 

Parallel to 1, a comparable study was carried out on the reactivity of 
Cp*,TiMe,. From the literature it is known that the Ti-Me bond dissociation 
energy in Cp*,TiMe2 is quite high (D(Ti-Me) = 271 kJ.mol-I), making homolytic 
decomposition very It is highly unlikely that steric constraints in 
Cp*,TiMe, are more severe than in 1. Thus, if the same reactions are observed 
for Cp*,TiMe, and 1, they may proceed by nonhomolytic pathways. However, 
Cp*,TiMe, has showed inert towards molecules like diphenyldisulfide and TEMPO. 
It illustrates that the fast reactions between 1 and these substrates results 
from an unique reaction mode. 

Homolytic Decomposition of 1. Obviously, the rate constant k1 for homolysis 
contains essential information on the stability and reactivity of 1. The rate 
constant kl can be evaluated from the overall kinetics of decomposition of 1 

by adding an efficient radical trapping scavenger (cf. Scheme 1). This 
procedure has been used extensively by Halpernlg et al. for the measurement of 
the rate of M-C bond homolysis in organocobalamins. To be applied this method 
has to  meet two boundary conditions: ( i)  radical decomposition of the 
compound, in a clean stoichiometric process, and (ii) a suitable radical trap, 
which preferably intervenes with only one of the formed radicals, being 
inactive towards starting materials and other products.lg 
As was demonstrated above, 1 decomposes by clean homolysis of the Ti-CH,Ph 
bond. Finding a radical trap to meet the second condition was not easy. 
Cp*,TiR and Cp*,Ti(R)R' do not tolerate many functionalities. Alcohols and the 
thiols often used are ~ n s u i t a b l e ~ ~ ,  because an acid-base reaction with the 
highly polar titanium carbon bond cannot a pn'on' be excluded. Chloroform does 
in early stages lead to formation of Cp*,Ti(Me)C114, but the subsequent 
reactions of formed .CCI2H radicals are not known under the thermolysis 
conditions. Also, triphenyltinhydride is not suitable, since it reacts in a 
complicated fashion with 1, generating an unknown Ti(II1) compound ('H NMR, 6 
= 14.1 ppm). 
With diphenyl disulfide clean generation of Cp*,TiMe(PhS) is observed. 
However, pseudo-first-order conditions in PhSSPh are not reached, not even 
when using a four-fold excess. The decomposition rate of 1 is still slightly 
dependent on the radical trap concentration (kl = 2.9.10-4 s-', [PhSSPh] = 37 
mmo1.L-'; kl = 2.2.10-4 s-', [PhSSPh] = 15 mmo1.L-I with [lIo = 0.010 mo1.L-l; 



T = 277 K ) ,  unnecessary complicating the evaluation of k1 from kobs. In 
addition, the reactivity of in situ generated phenylsulfide radicals is not 
known, and difficult to predict. 
In order to bypass these problems we decided to determine kl from the transfer 
rate of benzyl radicals between Cp*,Ti(Me)CH,Ph (1) and Cp*,Ti(Me-d3) (eq 13, 
Scheme 1). 

Steady-State approximation for concentration of benzyl radicals leads to: 

For X - Me-de (kg - k.1) and [TiXl ,, [TiMel, 5 4  reduoes to k,,, - k, 
From 5 4  the ratio kn: k-, was oeloulated at low oonversions, 

(paeudo-first order oondltlons in [TiMel and [TiXl, Table 2) 

SCHEME 1 

Exchange rates were determined by monitoring the methyl resonance of 1 by 'H 
NMR spectroscopy. By applying pseudo first-order conditions in Cp*2TiMe-d325, 
the expression for the overall rate constant kOa, reduces to kl, the rate 



constant for homolysis. As expected, the decrease in [I] has first-order 
kinetics, and rates were independent of concentration of added Cp*,Ti(Me-d,) 
(Table 2). This illustrates that 1 decomposes in a unimolecular fashion, with 
a rate limiting extrusion of benzyl radicals. The rate constant of 3.4.10-4 
s-l (277 K )  is comparable to rate constants found for homolysis of metal 
carbon bonds in c ~ b a l a m i n s . ~ ~ ~ ~ ~  In a control experiment, Cp*,TiMe, was allowed 
to react under the same conditions with a tenfold excess of Cp*,Ti(Me-d,). As 
was anticipated on basis of Ti-Me bond dissociation energy in Cp*,TiMe,, no 
exchange of methyl groups was found, not even after 9 h a t  303 K. 
The thermal stability of Cp*,Ti(Me)CH,Ph (1) now can be interpreted in terms 
of effective radical recombination. Compound 1 has a half-life of approx 0.5 h 
at 277 K, but decomposition of 1 is not observed because benzyl radicals are 
trapped by Cp*,TiMe in a highly efficient process. The concentration of benzyl 
radicals therefore remains a t  a very low level, preventing subsequent 
dimerization and decomposition of 1. 

Exchange of Benzyl Radicals between 1 a n d  o the r  Tervalent Titanium 
Derivatives. The recombination rate of organometal-centered and organic 
radicals, k is often very high, and difficult to measure directly.lQ 
However, the relative effectiveness of recombination of various metal species 
with organic radicals can conveniently be determined. The recombination rate 
of benzyl radicals with Cp*,TiX (X = Et, CI) and Cp*FvTi relative to Cp*,TiMe 
was measured. The ratio, krd (= k-,/k2), accounts in part for the differences 
in decomposition rate of Cp*,Ti(X)CH,Ph. 
Cp*,Ti(Me)CH,Ph can be used as a convenient source of benzyl radicals. 
Reaction of 1 and one equivalent of Cp*,TiEt gives a mixture of 
Cp*2Ti(q2-C2H,)27, Cp*,TiMe and toluene (eq 14). The formation of the products 
can be readily interpreted as originating from thermal decomposition of 
Cp*,Ti(Et)CH,Ph, formed from Cp*,TiEt and a benzyl radical. Cp*,Ti(Et)CH,Ph is 
known to decompose rapidly to Cp*,Ti(q2-C2H4) and toluene. l4 

The reaction rate (decrease in 1) was measured a t  low conversion at 277 K, 
under pseudo-first-order conditions in Cp*,TiMe and Cp*,TiEt. The products 
again are Cp*,Ti(q2-C2H4), Cp*,TiMe and toluene. Under these conditions, the 
decomposition of 1 is first-order, indicating that the exchange process 
proceeds as before via free benzyl radicals. From the observed rate constant, 

kobs, the ratio hd was calculated (Table 2, Scheme 1). It was found that a 
benzyl radical recombines 9 times faster with Cp*,TiMe than with Cp*,TiEt 



(Table 2), giving rise to a difference in free energy of activation of 
4 4 ~ $ ( 2 7 7 )  = 5 (1) kJ.mo1-I (Figure 2). 

Figure 2. Schematic energy diagram for Ti-CHzPh bond homolysis of 
Cp*,Ti(Me)CHZPh (1) in the presence of Cp*,Ti. 

Ti-Me + 'CH,Ph + Ti-X 

4 

Ti-Me + Ti(X)CH,Ph 

Similar experiments were performed for C ~ * F V T ~ . ~ ~  Reaction of 1 and Cp*FvTi 
gives stoichiometric formation of Cp*FvTiCH2PhZ9 and Cp*,TiMe (eq 15). 
Thermodynamics favors the transfer of the benzyl group from 1 to the less 
crowded Cp*FvTi: 1 reacts with one equivalent of Cp*FvTi to Cp*,TiMe and 
Cp*FvTiCH2Ph. Apparently, the Ti-CHzPh bond is stronger in Cp*FvTiCHzPh than 
in 

The ratio of benzyl radical recombination with c ~ * ~ T i M e  and CptFvTi again was 
calculated from the decomposition rate of 1 in the presence of Cp*,TiMe and 
Cp*FvTi under pseudo first-order conditions in the last two compounds. The 
ratio of benzyl radical trapping velocity of Cp*,TiMe and Cp*FvTi is 44 (Table 
2). This gives a difference in Gibbs energy of activation MGS (277) = 9 (1) 

kJ.mo1-' for the two competing benzyl radical recombination processes (Figure 
2, Scheme 1). Thus, although there is a thermodynamic preference for the 
benzyl radical to react with Cp*FvTi and form Cp*FvTiCH,Ph, the kinetics for 



capture of a benzyl radical are in favor of Cp*,TiMe by more than an order of 
magnitude. 
Analogous studies were carried out for Cp*,Ticl. However, treatment of 1 with 
a tenfold excess of Cp*,Ticl did not lead to a change in the 'H NMR, not even 
after two days at room temperature. At this moment it is impossible to 
establish the cause for this inreactivity. It might be thermodynamic 
(D(Ti-CH2Ph) in 1 being larger than in c~*~Ti(cl)CH,Ph) or kinetic in origin. 
The parallel study Cp*,TiMe, showed that it is inreactive towards Cp*,TiEt, 
Cp*FvTi and Cp*,Ticl, consistent with the high dissociation energy of the 
titanium carbon bond in c~*~TiMe,. It indicates that the exchange of the 
benzyl group between 1 and other tervalent titanium species does not proceed 
through a complex between these compounds. 

Table 2. Rate constants for the exchange of benzyl radicals between 
Cp*,Ti(Me)CH,Ph (1) and titanium(II1) compounds at 277 K. 

111" [TiMeIa [TiX]a>b X koh S-') kTdC 

Measurements in toluene-d,. a in mol/L, Added radical trap Cp*,TiX (X = 

Me-d,, Et, CI; Fv: added Cp*FvTi). ratio of rate constants for reaction of 
benzyl radical with Cp*,TiMe and Cp*,TiX. 

Determination of t h e  Ti-C Bond Dissociation Energy in 1. The homolytic 
decomposition of 1 creates the opportunity to determine the Ti-CH2Ph 
dissociation energy from kinetic data.lg The dissociation energy D(Ti-CH,Ph) 
can be derived from eq 16 (cf. Figure 2). 



The Eyring activation enthalpy, AH$,, follows from the temperature dependence 

of k,. Rate constants k1 were determined from the exchange rate of benzyl 
radicals between 1 and Cp*,Ti(Me-d,) (tenfold excess, eq 13), giving AH$, = 

88.1 (5) kJ.mo1-' and ASS = 6 (6) J.mol-'.K-' (Table 3). The positive entropy 
of activation is consistent with a dissociative process in the rate 
determining step. Values are in the range found for M-C bond homolysis in 
cobalamin  compound^.'^^^^ The enthalpy of activation sets the upper limit for 
the Ti-CH,Ph bond dissociation energy in 1 at 88.1 (5) kJ.mo1-', which is an 
extremely low value. 

Table 3. Rate constants for the exchange of benzyl radicals between 
Cp*,Ti(Me)CH,Ph (1) and Cp*,TiMe-d,. 

Measurements in toluene-d,/benzene-d, = 1. [Cp*,Ti(Me)CH,Ph] = 

0.024 mo1.L-', [Cp*,TiMe-d,] = 0.22 mo1.L-'. 

Determination of k-, from experimental data is less simple. In cases where k-, 
has been estimated, the reaction turned out to be close to diffusion 
~ o n t r o l l e d . ~ ~  In consequence AH$-, is assumed to correspond to the activation 
enthalpy for a diffusion controlled reaction, which can be approximated by AH$ 
for viscous flow. For toluene, AH1 for viscous flow is approx 7 kJ.mo1-l, 
giving a dissociation energy D(Ti-CH2Ph) of 81 kJ.mo1-I.,3 
Calorimetric determinations of the D(Ti-C) show values ranging from 190 
kJ.mo1-I (in Ti(CH2CMe3),)34 to  330 kJ.mo1-I (in Cp*2TiPh2)23. The 
exceptionally weak Ti-CH2Ph bond in 1 probably originates from the combination 
of intrinsic weak metal-benzyl bonds 35 and steric repulsions in Cp*,TiR, (R = 

alkyl) compounds, inhibiting the benzyl ligand to reach a optimum bonding 
situation. Notice that the Ti-H bond is stronger in the steric more congested 
Cp*,Ti(H)Cl than in Cp*,TiH, illustrating that not electronic but steric 
reasons underlie the weakening of the titanium carbon bond going from 
Cp*,TiCH2Ph to Cp*2Ti(Cl)CH2Ph.15 Relevant in this context is also the 
quantitative formation of toluene in the thermolysis of Cp2Ti(CH2Ph),. The 
activation enthalpy of this process is much smaller than the bond dissociation 



energy (AH$ = 67 kJ.mo1-', D(Ti-CH2Ph) = 237 kJ.m01-').~~ In this compound 
sterics are less important, leading to higher Ti-CH2Ph bond strengths, and 
consequently to concerted decomposition mechanisms. 

Crystal structure of Cp*,Ti(Me)CH$h (1). Taking the possible importance of 
steric hinderance in 1 for the homolytic decomposition pathway into 
consideration, we decided to carry out an X-ray structure determination of 
this compound. Suitable crystals were grown from pentane. The orthorhombic 
unit cell contains eight discrete molecules of 1 separated by normal Van der 
Waals distances. In Figure 3 a PUITO drawing of the molecule is given with the 
adopted numbering scheme. 
The methyl and benzyl ligands bind in the equatorial plane of a normal, bent 
sandwich titanocene fragment. The cyclopentadienyl rings are planar (deviation 
from least square plane < 0.023 A),  and the ring bonded methyl groups are 
slightly pushed out of the plane of the rings, away from titanium (deviation < 
0.34 A for C(6)-C(10), resp < 0.45 A for C(16)-C(20)), which is not unusual 
for C P * ~ T ~  compounds.37 The C(ring)-C(ring), C(ring)-C(methy1) and Ti-C(ring) 
distances vary over a small range (1.410(4)-1.424(4), 1.490(5)-1.508(5), 
2.438(3)-2.488(3) resp.) showing a regular v5-coordination for the 
Cp*-rings. The Ti-C(ring) distances are somewhat on the long side of the range 
for Cp*-Ti compounds38, but are completely comparable to c~*,TiCl , .~~ The 
CE(1,2)-Ti distances of 2.07 (1) resp. 2.12 (1) A are in the normal range 
(Table 4), the difference obviously induced by the steric bulk of the phenyl 
g r o ~ p . ~ ~ ~ ~ ~  The CE(1)-Ti-CE(2) angle of 135.6O is close to that of other 
tetravalent Cp*,Ti compounds.40 The benzyl ligand is q1 bonded, with a planar 
aromatic phenyl ring (C-C bond length of 1.380 (6)-1.402 (5) A, angles close 
to 120° (116.5-122.1°)). There is no Ti-C(21)-H(211) agostic interaction, the 
closest titanium hydrogen distance is Ti-H(2ll) (2.52 (3) A). The 
C(21)-Ti-C(28) angle of 88.2O excludes close contacts between hydrogen atoms 
on these carbon atoms (closest H-H distance 2.55(5) hi). 

Table 4. Selected bond distances and Angles for Cp*,Ti(Me)CH,Ph. Standard 
deviations in the last decimal place are given in parentheses. 

Bond distances (hi) 
Ti-CE(1)" 2.06(1) Ti-CE(2) 2.12(1) 
Ti-C(21) 2.227(4) C(21)-C(22) 1.480(5) 
Ti-C(28) 2.181(3) 



Bond Angles (deg) 
CE(1)-Ti-CE(2) 
CE(1)-Ti-C(21) 
CE(2)-Ti-C(28) 
Ti-C(21)-C(22) 
C(21)-C(22)-C(27) 
C(22)-C(23)-C(24) 
C(24)-C(25)-C(26) 
C(22)-C(27)-C(26) 

a CE(l), CE(2): [C(l) ... C(5)], respectively [C(10) ... C(15)] ring centriod 

Figure 3. PLUTO drawing of c~*~Ti(Me)CH,ph (1) and the adopted numbering 
scheme. 

Of interest are the Ti-C a-bonds of 2.181(3) and 2.227(4) A for methyl 
respectively benzyl group. They are fully within the range for Ti-C a-bonds 



(2.11-2.32 Comparison of Ti-C distances between the benzyl groups in 1 

and in various other titanium benzyl compounds (Ti(CH2Ph), (2.13-2.15(3) 
A142.2, C P * T ~ ( C H ~ P ~ ) ~  (2.140-2.156 (10) Cp*2Ti2C12(o-CH2)2C6H4 
(2.24-2.26(3) A)42c and (C5H5)2Ti{o-(CH2)2C,H4) (2.204(4) A)42d) demonstrates 
that although the Ti-CH2Ph bond in 1 is somewhat on the long side of the 
spectrum, it certainly is not exceptional. 
The angles around benzylic carbon atom C(21), C(22)-C(21)-H(211), 
C(22)-C(21)-H(212) and H(211)-C(21)-H(212) respectively 106O, log0 and 111' 
only show little deviations from the tetrahedral angle, illustrating that the 
carbon atom is essentially sp3-hybridized. Also, the Ti-C(21)-H(212) angle of 
103O is more or less normal. However, the angles Ti-C(21)-H(211) (96O) and 
certainly Ti-C(21)-C(22) (130.7O) strongly deviate from the tetrahedral value 
of 109.42O and is obviously induced by the bulk of the bis-Cp* ligand system. 
This kind of distortions are more frequently observed, illustrating that 
stable compounds are formed with this binding mode. Also, in Cp*Ti(CH2Ph), 
( 1 3 9 ~ ) ~ ~ ~  and (Cp*Ti(CH2SiMe3))2(p-0)43 (130.4O and 138.g0), comparable 
deviated angles Ti-C-C (Ti-C-Si) were found, be it accompanied by a 
rehybridization of the or-carbon atom due to an or-agostic interaction, and in 
Cp*,TiCH,CMe, a large obtuse angle Ti-CH2-CMe, of 131' was found.17 
Thus, although 1 lacks any special structural features, the coordination 
sphere around the central titanium atom is certainly sterically very crowded. 
It is clear that the bulk of the bis-Cp* ligand system is crucial for the 
binding of the benzyl group. It appears to squeeze the benzyl group out of the 
molecule, in this way inducing an unfavorable binding situation. 

Concluding Remarks. 
One electron reduction of tetravalent titanium hydrocarbyl complexes is not 
uncommon44, but it has received little attention from a fundamental point of 
view. The reduction step, though, has frequently been used to generate 
electronically and sterically unsaturated titanium catalysts45, with 
Ziegler-Natta type polymerization catalysts46 as important exponent. Especially 
substituted alkyl derivatives tend to reduce to tervalent titanium. Recently 
an analogous approach has been applied to synthesize stable tervalent 
zirconium species.47 There has been and still is much discussion on the exact 
decomposition pathway (homolysis, concerted multicentre, (auto)catalytic). 
Mechanistic studies are scarce and often experiments are i n ~ o m p l e t e . ~ ~  For 1 

evidence presented clearly indicates a homolytic decomposition. 
In the Cp*,Ti(R)R' system we have an unique opportunity to study the influence 
of sterics on M-C dissociation energies. In the cases of Cp*,Ti(Me)R (R = Me, 
C2H3, Ph) concerted decomposition (extrusion of methane) are observed, with no 



indications for homolysis. Negative entropies of activation are consistent 
with an ordered transition state. Although the Ti-CH2Ph bond is not 
intrinsically weak (cf. D(Ti-CH2Ph) = 263 kJ.mo1-I in TiCH2Ph4)34, steric 
interactions in Cp*,Ti(Me)CH,Ph cause the D(Ti-CH2Ph) to drop below 88 
kJ.mol-I, making bond homolysis the preferential decomposition route. It 
illustrates that for titanium the balance between homolysis and other pathways 
for decomposition is very delicate. 
Thermochemical determination of the M-C bond dissociation energy in early 
transition metal compounds give values ranging from 190 to 410 k J . m ~ l - ' . ~ ~ ~ ~  As 

it turns out here, the D(Ti-C) can be found between 80 and 260 kJ.mo1-'. This 
broad range possibly can grow wider with increasing number of investigations. 
It is clear that the Ti-C bond strength is extremely variable, and to talk 
about the Ti-C dissociation energy is meaningless.48a~50 Great care should be 
taken when discussing bond energetics, kinetics and activations parameters for 
this type of organometallics, let alone to predict chemistry on the basis of a 
incomplete set of data. Calorimetric determinations of the Ti-C bond 
dissociation energy are not very extensive, and have necessarily been 
performed on stable  compound^.^^ This gives a misleading picture of the Ti-C 
bond strength.' 
Very interesting is the observed difference in free energy of activation of a 
benzyl radical to react with Cp*,TiMe and Cp*,TiEt (~ ($277  K) = 5 kJ.mo1-I) 
or Cp*FvTi ( ~ ~ G l ( 2 7 7  K) = 9 kJ.mol-I). This indicates that the assumption of 
diffusion controlled rates for radical recombination is not always valid, and 
care has to  be taken to correlate kinetic with thermodynamic parameters. 
Especially in cases wherein steric crowding is present a substantial barrier 
for radical recombination may exist.33 
The reason for the difference in stability of various compounds Cp*,Ti(R)CH,Ph 
(R = Me, Cl, 0-n-Pr etc) is unclear a t  the moment: As demonstrated, sterical 
constraints can be of crucial importance (thermodynamic origin), but also the 
ability of decomposition product Cp*,TiR to  recombine with benzyl radicals can 
play some role (kinetic). 

Experimental 
General Considerations. All operations were performed in an inert atmosphere 
with rigorous exclusion of oxygen and moisture using Schlenk, vacuum-line or 
glovebox techniques. Solvents were distilled from Na/K alloy prior to use. 
Cp*,TiCl, Cp*,TiR (R = Me, Et), MeLi and KCH2Ph were prepared by published 
procedures.17 Cp*FvTi was prepared by thermolysis of Cp*,TiEt in THF, and 
isolated from pentane solutions by crystallization. Diphenyldisulfide and 
tetramethyl-1-piperidinyloxyl (TEMPO, Aldrich) were recrystallized from ether 



solutions. Triphenyltinhydride (Janssen) was used as purchased. IR spectra 
were recorded on a Pye-Unicam Sp3-300 or Mattson Galaxy spectrometers as Nujol 
mulls between KBr disks. NMR spectra were recorded on a Brucker WH-90 or 
Varian VXR-300 spectrometer. Chemical shifts are reported in ppm and 
referenced to residual protons in deuterated solvents (benzene-d6: 6 = 7.15 
ppm; toluene-d,: 6 = 7.02 ppm for 'H NMR and benzene-d,: 6 = 127. 96 ppm for 
13C NMR). Mass spectroscopy was performed on a AEI Metrovac VC 9. Elemental 
analyses were carried out a t  the Microanalytical Department of this University 
under supervision of A.F. Hamminga. All data given are the average of at least 
two independent determinations. 

Cp*,Ti(Me)CH,Ph (1). Cp*,Ti(Me)Cl (0.515 g, 1.4 mmol) and KCH2Ph (192 mg, 1.47 
mmol) were stirred for 0.5 h in 10 mL of ether. The resulting dark-brown 
solution was evaporated to dryness, and the residue extracted with 20 mL of 
pentane. Crystallization a t  -80 OC yielded 0.42 g (0.94 mmol, 67%) of 1. 'H 
NMR 6 1.69 (Cp*, s, 30H), 6 -0.15 (Me, s, 3H), 6 1.04 (CH,, s, 2H), 6 6.75 
6.93 7.15 (Ph, m, 5H). 13C NMR 6 121.15 (Cp*, s), 6 12.28 (Cp*, q, J(CH) 126.6 
Hz), 6 57.3 (Me, q, J(CH) 123.2 Hz), 6 70.78 (CH,, t,  J(CH) 121.4 Hz), 6 154.1 
(Ph ipso, s), 6 121.28 (Ph meta, ddd, J(CH) 161 Hz J(CCH) 8.0, 6.9 Hz), 6 
127.24 (Ph ortho, dd, J(CCH) 8.1 Hz). IR (cm-'): 3050 (w), 1590 (s), 1215 (s), 
1180 (w), 1060 (w), 1030 (w), 1020 (m),  980 (m), 815 (w), 750 (s), 705 (s), 
460 (w). Anal. Calcd for C2,H,oTiC1: C, 79.21; H, 9.50; Ti, 11.28. Found: C, 
78.01; H, 9.40; Ti, 11.24. The deuterated Cp*,Ti(Me-d3)CH2Ph 1-d3 was prepared 
in a similar way, starting from c~*~Ti(Me-d,). IR (cm-I): 3050 (w), 2720 (w), 
2220 (m),  2200 (m),  2100 (w), 1590 (s), 1215 (s) ,  1180 (w), 1040 (w), 1020 
(s), 980 (m),  810 (m),  745 (s), 700 (s), 505 (m).  

Kinetic measurements  of the rmal  decomposition a n d  exchange reactions. The 
rate of thermal decomposition of 1 was followed by monitoring the integrated 
intensity of the methyl resonance in the 'H NMR spectrum. Under experimental 
conditions, _+ 0.02 M solutions of 1 in benzene-d, were sealed in 5 mm NMR 
tubes, and heated in the probe of a Brucker WH-90 NMR spectrometer. Spectra 
were recorded a t  preset intervals, using a homemade microprogram. Reaction 
temperatures were constant within 0.2OC. Rate constants were reproducible 
to within 5% error. 
For exchange kinetics of 1 with Cp*,Ti(Me-d3) and determination of krd, the 
tervalent titanium compound was dissolved in 0.15 rnL of toluene-d,, 
transferred to a 5 mm NMR tube and frozen in liquid nitrogen. Cp*,Ti(Me)CH,Ph 
was added in 0.30 mL of toluene-d, and the tube sealed. The components were 
then mixed a t  -30°C and quickly inserted into the cold nitrogen stream of the 



spectrometer. Although signals of 1 are somewhat broadened by the 
paramagnetism of tervalent Cp*,TiR or Cp*FvTi, they are still separated from 
other resonances and are suffciently sharp to allow an accurate determination 
of the integrated value. 

Cp*,TiCH,Ph + PbCl,. Cp*,TiCH2Ph (304 mg, 0.742 mmol) and PbCl, (103 mg, 0.37 
mmol) were suspended in 10 mL of ether at room temperature. After stirring for 
0.5 h during which the color changed to purple, the volatiles were removed in 
vacuum. The residue was extracted with pentane and crystallized at low 
temperature. Analysis with IR and 'H NMR indicated the presence of Cp*,TiCl 
and 1,P-diphenylethane. 

Cp*,TiC12 + 2 KCHJ'h. Cp*,TiCl, (1.76 g, 4.52 mmol) and KCHzPh (1.18 g, 9.06 
mmol) were stirred in 30 ml of pentane. The color of the solution slowly 
became purple and later brown. The pentane phase was filtered and after 
cooling brown and white crystals precipitated: isolated 0.63 g. 'H NMR 
spectroscopy showed the presence of Cp*,TiCH,Ph and 1,2-diphenylethane. 
Similar procedures were followed for Cp*,Ti(O-n-Pr)Cl and KCH,Ph. 

Reactions of Cp*,TiMe,. Reactions of Cp*,TiMe, were performed in sealed NMR 
tubes. A typical experiment is described. Cp*,TiMe, (6.7 mg, 19 pmol) and 

Cp*,TiEt (6.4 mg, 18 pmol) were dissolved in 0.5 mL of benzene-d,, and the 
tube sealed. The reaction mixture was monitored by 'H NMR spectroscopy at 
regular intervals during a 8 h period. No change in the spectrum was observed. 

X-ray diffraction: Crystal and Molecular Structure. Detailed information is 
available from Prof J.H. Teuben on request, and will be published. 
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