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Summary 

A quantitative evaluation of the Cossee mechanism is performed on the 
TiMeCl, - C&H, system. Differential electron density contours maps are found to 
be more reliable than HOMO electron density maps for the description of ethyl- 
ene insertion into the Ti-C bond. Cossee’s “@a&r” assumption appears to be 
valid in this case while the %-back bonding” formulation seems improbable. The 
existence of a “four centre intermediate” is related to the magnitude of the acti- 
vation barrier to insertion. 

Introduction 

The mechanism of Ziegler-Natta catalysis of polymerization of cr-olefins pro- 
posed by Cossee in 1964 [l] is the most generally accepted_ The basic assump- 
tions of this mechanism were the following: (a) the trigonal bipyramidal struc- 
ture of a hypothetical TiRC14 compound is distorted in a first step towards an 
octahedral model situation in which a vacant site is created in an equatorial posi- 
tion; (b) an ethylene molecule is coordinated into the vacant site and the HOMO 
(highest occupied molecular orbital), QRM, of the formed octahedral complex, 
TiRCl, - C,H,, relates to the bond between alkyl group and Ti, (c) the energy 
gap between QRM and the LUMO (lowest unoccupied molecular orbital), the 
latter representing a combination of the d,, orbital and the 7r* antibonding of 
ethylene, is appreciably reduced. It is now easier to promote an electron from 
QRM into the LUMO by thermal excitation, and (d) the MR bond is more sus- 
ceptible to breaking and the alkyl group will be expelled as a radical which 
attaches itself to the nearest C atom of the ethylene, while the other C atom 
becomes attached to the titanium in a concerted process involving a four centre 
transition state. 



304 

At the time of his mechanistic proposal, Cossee could not offer any experi- 
mental or theoretical proof of this assumptions. UV photoelectron spectroscopy 
was inadequately developed and quantum calculation methods for ground and 
excited states of transition metals complexes were not available. More recently, 
calculations on similar “soluble” catalysts, assumed to be formed from the com- 
bination of titanium and aluminium compounds; have been performed by 
Perkins [a], Novaro [ 33 and Clementi [4]. 

_ In a previous paper [5], we reported the photoelectron spectra, of some TiRX, 
compounds (R = Me; X = Cl, Cp, OR, NR,) and their assignments made with the 
aid of the “extended CNDO” method. The first band observed in the spectrum of 
these compounds corresponds to the Ti-C bond orbital only in the case of 
TiMeCl,, considerable mixing occuring for cyclopentadienyl, alkoxy and dialkyl- 
amino derivatives between Ti-C bond orbitals and Cp, 0 and N orbitals, respec- 
tively. In other words, the Q nM assumption (b) appeared to be acceptable only 
for TiMeCl,. On the other hand, the ionization potentials attributed to the Ti-C! 
bond orbital lie in the range 9.8-10.8 eV: this would mean that, following 
Koopmans theorem [6], the energy gap between the HOMO and the LUMO 
would be ca. 10 eV, i.e. 230 kcal/mol. Under such conditions, whatever the mag- 
nitude of the effect resulting from coordination of ethylene, such an energy gap 
would seem to make assumption (c) improbable. 

However one of these compounds, TiMeCl,, for which the &M assumption 
0.J) is correct, is a moderately active monomeric, soluble catalyst for which there 
is little doubt that titanium( IV) centers are involved [ 71. We therefore decided 
to study the TiMeCl, - C?H_, system thoroughly in order to better understand the 
origin of the catalytic activity of titanium(IV) compounds and to assess the valid- 
ity of a Cossee-type mechanism when extended to this simple model for a solu- 
ble catalyst. 

Computational techniques 

All valence electron MO-SCF calculations were carried out by the Extended 
CNDO method [S j. In an earlier paper [ 53 we proposed for titanium a set of opti- 
mized orbital exponents CY and p parameters: (yqs 1.260; @4s-12.0; ‘y4p 0.375; p4p 
-10.0; a3d 2.24; f13d -19.0. These values were consistent with those previously 
reported for Ni, Fe, Cr [9]. 

The geometry of TiMeCl, being unknown, the calculations were performed on 
a partiahy optimized Pople and Gordon’s standard model [lo J: d(Ti-C) 2.15 A 
(optimized); d(Ti-Cl) 2.17 A (as in TiCl, 1111); d(C-H) 1.10 A; tetrahedral 
angles assumed all equal on Ti. These bond lengths were kept constant when 
passing to the various model situations which will be further described, only the 
valency angles being varied. On doing this, we observed that the non bonding 
bicentric energy terms, as defined by Pople [ 121, involving the chlorine atoms, 
namely E(Cl-Cl) and &C-Cl), were, as previously noted [ 131, overestimated. 
This arises from the evaluation of the semi-empirical bonding parameters /3”,, 
[ 141: 

in which the constant K is generally taken as 0.75 for elements of the first and 





306 

Me 

CI 

7 
I 
Ti\ CL 

CL 
E TOT = -38404.0 

Trigonal bipyramid 

p 0 
“‘qi_ Me 

c/I 
CI 

E TOT = - 30396.8 

Me @ 

“‘Q--_-a 
a/l 

Cl 

E TOT = - 3834 9.6 

Square pyramid 

E TOT = - 38372.4 E TOT= -38356.9 E TOT = - 38303.7 

Fig_ 2. To& energy (ETOT) vzllues of tetrahedral TiMeC13 and distorted tigonal bipyramid and square 

pyramid model situations. 

B. Reaction path of ethylene coordination 

The approach of the ethylene to the vacant site of model 1, the C=C bond 
remaining parallel to the Ti-Me bond, has been examined in several steps by cal- 
cuIating the total energy of this hypersystem as a function of two parameters: 
(i) the d(Ti-G) distance from Ti to the centre of gravity of C&H, and (ii) the 
d(C-C) distance in ethylene. The potential energy well of this hypersurface was 
obtained for: d(Ti-G) 3.55 & and d(C-C) 1.324 A\; EToT -49145.2 kcal/mol * 

(Fig. 3). 
It will be noticed that d(C-C) in the complex is almost equal to the C-C 

bond Iength in free ethylene as optimized by CNDO/Z (1.310 _& 1171). Also of 
interest is the very large value of d(Ti--G) compared to the corresponding dist- 
ance (2.09 a) experimentally measured in the trans-[Pt(C,H,){NH(CH,),}CL], 
in which incidentally, &C-C) is equal to 1.47 a [18]. These results are consis- 
tent with a very smooth complexation of ethylene with TiMeCl, when compared 
to the strong coordination observed in the stable platinum complex. 

Furthermore, a detailed analysis of the electronic structure of the 
TiMeCl, - C,H, system shows that the d,, orbital population of titanium is equal 
to zero, as it is in TiMeCl,-model 1. This result does not support the ‘?-back 

* The total ener&s of the systems resulting from the approach of ethylene to the other model situa- 
tions were found to be energetically less favoured. 
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Fig. 3. The optimized TiMeC13 - CzH4 hypersystem (numbers in parentheses are net charges). 

donation to the X* of ethylene” formulation which was taken into account in 
the Cossee mechanism (assumption c; vide supra). Perkins et al. [2] reached the 
same conclusion from their quantum calculations on a titanium-aluminium- 
ethylene complex, whereas the reverse conclusion was obtained by ROS et al. 
[19] in their study of ethylene complexation to a titanium fluoride crystal. 

On complexation the ethylene molecule in total loses 0.06 electrons, which 
are transferred to the titanium atom. This extremely weak charge transfer is illu- 
strated by the comparison of the differential molecular electron density con- 
tours maps * for model 1 + free ethylene at a distance of 3.55 A (Fig. 4a) and for 
the real TiMeCl, - C,H, system (Fig. 4b): the contours are extremely similar for 
both maps except perhaps for the small contraction of the line +O.OOl along the 
Ti-G direction_ 

In conclusion, all the indications are against formation of a real o-bond 
between ethylene and Ti in the TiMeCl, - C2H, system. This is in agreement with 
the conclusions of Clementi et al. [4].about the weak binding of ethylene to Ti 
in the TiCIJ - Al(CH,), Ziegler--Natta catalyst. 

The total energy of the TiMeCl, - C,H, “complex” is found to be lower by 
38.4 kcal/mol than the sum (E ToT (Model 1) + &oT (free C,I-I,)). This large 
energy difference appears to conflict with the above conclusion, but it should 
be noted that the CNDO approach is we11 known to overestimate bond energies 

* It should be noted that positive density contours correspond to regions where electron gain is ob- 
served while negative contours conespond to electron deficiency. 
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Fig. 4. Differential electron density contours maps for (a) model 1 + free C?H, (d(Ti.G) 3.55 _A) and (b) 
for the real TiMeC13 - CzH4 system. (electron density in lo3 e a~-~). 
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[20], and this must be kept in mind in considering other energy gaps of that 
kind. 

C. Insertion of ethylene 
The total energy for the various steps of the insertion of ethylene into the 

Ti-Me bond was calculated, as shown in Fig. 5, with TiMeCl, - CIH, “complex” 
II as the initial stage. The final state III, i.e. the propyl species within the Cossee 
mechanism, is found to be 131.8 kcal/mol more stable than the initial complex 
II, the vacant site being now in the equatorial position_ This model III, however, 
is not expected to be the most favourable because of steric hindrance induced 
by the methyl group. As a matter of fact a more stable conformation (by 10.1 
kcal/mol) is obtained by a 27r rotation of the Me group around the C-C bond 
(model IVa). Furthermore, as noted in paragraph A, the most stable situation is 
that in which the vacant site is in axial position_ Our calculations confirm that 
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Fig. 5. Thermodynamical cycle for ethylene insertion (numbers in parenthesis are ET-T values in kcal/ 

mol). 
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such a model, obtained by an intramolecular rearrangement of model IVa to 
model V, is more stable by 48.3 kcal/mol. Alternatively a second route, involv- 
ing initially an equatorial-axial reorganization (model IVb) followed by a rota- 
tion of the methyl group, can be envisaged. 

Which path is considered (III + IVa + V or III +- IVb --t V) the reaction runs 
sequentially downhill energy-wise and the “driving force” as defined by Perkins 
[Z] for the insertion of ethylene seems consequently to be the tendency for the 
system to go to the state of lowest energy, i.e. a propyl species which may now 
complex a new ethylene molecule on its axial vacant site to continue the process 
of oligomerization. 

The cycle described in Fig. 5 is thermodynamically in favour of an extended 
Cossee-type mechanism *, but this description of the catalytic cycle can be ques- 
tioned. One can argue that, even if model III is more stable than model II, for 
example, the system may not necessarily pass from II to II%, especially because 
there may be a large activation barrier. Detailed studies would have then to be 
performed for all the steps of Fig. 5. This work focuses on the II 4 III reaction 
path because of the cost of such detailed studies and because this step is critical 
for discussion of the Cossee mechanism. 

Detailed analysis of the II + III reaction path 

Seven intermediates were studied for the postulated reaction path from II to 
III. The interatomic distances C(l)-C(2) in ethylene, C(2)-C(3)(Me), Ti--C(l) 
and Ti--C( 3) were varied in eight equal and simultaneous steps. The results of 
these calculations may be depicted in two ways, (i) by the HOMO electron den- 
sity contours maps which are shown for five points of the reaction in Fig. 6-10 
and (ii) by the molecular differential density contours maps shown in Fig. ll- 
15. The HOMO of the initial complex II is, as expected, essentially connected to 
the Ti-C(3) (Me) bond (Fig. 6). During the migration of the methyl group (Fig. 
7-9) a progressive delocalization of the electron density on the Ti, C(l), C(2) 
and C(3) atoms becomes apparent and finally in model III (Fig: 10) the HOMO 
represents now essentially the Ti-C( 1) (propyl) bond with some contributions 
from the C(l), C(2) and Cl atoms. The contribution in the HOMO of the titani- 

um d,, orbital, which is zero in II, increases, reaches a maximum for the fifth 
intermediate, and decreases again to zero in the final III. The dyz orbital could 
be thus considered responsible for the generation of the system without bond 
rupture at any time. This role was described by Perkins in this study on a titani- 
um-aluminium-ethylene compound [2] as a “transfer agent function”. How- 
ever, such a description based on .the sole HOMO maps may be questioned: the 
bonding between the methyl carbon and the d,, orbital, initially forbidden in II, 
is induced by the new symmetry of the system and this is related to the observed 
increasing contribution of the d,, orbital. Moreover, the existence of a four cen- 
tre transient state, which is essential in the Cossee mechanism, never clearly 
appears throughout Fig. 6-10. 

(continued on p. 313) 

* In agreement with Clemenii et al., [41 who observed that thermal energy (30-40 kcal/mol) must 
be released when such an insertion occurs. although as noted above, our AETOT values are sub- 
stantial overestimates. 
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Fig. 6-10: HOMO electron density contours maps for the five steps of ethylene insertion (electron density 
in lo3 e a~-~) (see also the two previous pages). 

What happens when the ethylene insertion is depicted by using the differential 
density description (Fig. 1 l-l 5)? 

In the differential density map of II (Fig. 11) the Ti-C(3) bond is clearly 
shown and is polarized towards C(3). This is in agreement with the net charges 
of titanium (t1.19) and C(3) (-O-29), respectively_ There is no visible interac- 
tion between C(3) and C(2). In the next stage (Fig. 12), the centre of gravity of 
the Ti-C(3) electron pair is shifted towards the C(2)-C( 3) axis. This shift is more 
pronounced in Fig. 13; the C(2)-C(3) and Ti--C(l) bonds are formed and this 
stage may be considered as the Cossee four centre intermediate_ In Fig. 14, the 
Ti-C(3) bond vanishes and the propyl group attached to titanium is formed at 
the same time, and in the final situation (Fig. 15) III looks very similar to the 
initial situation II with a Ti-C( 1) (propyl) bond polarized towards C(l), but the 
C(l)-C(2) and C(2)-+(3) bonds are now properly depicted. 

The differential density maps appear to be much more convenient than the 
HOMO density maps for the description of the change in electron density in the 
bonds induced by molecular reorganizations analogous to those proposed by 
Cossee. However, these differential density maps do not provide any clear proof 
of the reasons why the insertion of ethylene follows the Cossee reaction path. In 
model II the net charges on C(3) (-0.29) and C(2) (-0.03) are both negative, 
and do not predispose these atoms towards an attractive interaction which would 

(continued on B_ 317) 
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initiate the reaction. As a matter of fact, the corresponding E(C(Z)*G(3)) energy 
term is positive in II (+0.9 kcal/mol) and remains repulsive up to the stage 
depicted in Fig. 13, where it becomes attractive (-27.7 kcal/mol). Furthermore, 
there is an activation barrier of +76 kcal/mol on going from II to III (Fig. 16). 
Even if this value is, as discussed above, considerably overestimated, it neverthe- 
less corresponds to half of the energy gain (138.1 kcal/mol) from II to III. It is 
interesting to note that these two observations are in conflict with the interpreta- 
tion favorised by Perkins [2] and Clementi [4], and they may be related to the 
moderate activity of TiMeCl, as a catalyst for olefins oligomerization. 

Conclusion 

This quantitative assessment of the Cossee mechanism for the activity of the 
monomeric soluble catalyst TiMeCl, has demonstrated that in this case differen- 
tial electron density contours maps are more reliable than those based on HOMO 
electron density contours. The results of the calculations on the initial complex 
TiMeCl, - C,H, are in agreement with the QRhl assumption only when there are 
no alkoxy, dialkylamino or Cp groups linked to titanium_ The concept of r-back 
bonding from the titanium d,, orbital to the ?T* orbitals of ethylene is dis- 
favoured. UV photoelectron data and calculations show that the assumed promo- 
tion of an electron from QRM to the LUMO is improbable. The four centre inter- 
mediate proposed by Cossee may be a good pattern, although there are no obvi- 
ous reasons for its formation. Furthermore the magnitude of the activation 
barrier which may exist when this intermediate is formed must play a critical 
role, and this has not been considered in previous studies. Thus, even if the 
Cossee mechanism can be used with partial success, in some special cases, in 
which some of his assumptions happen to be correct, its general use for interpret- 
ing soluble catalyst activity is not justified. 
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