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The tribromomethyl group in MII(CO)~CB~~ is subject 
to facile homolytic replacement of Br by H upon treatment 
with H S ~ ( ~ - B U ) ~  Rapid exothermic reaction occurs when 
Mn(CO)&Br, is treated with 2 equiv of H S ~ ( ~ - B U ) ~  to 
afford a mixture of Mn(C0)sCHBr2 and Mn(C0)&H2Br. 
Complete replacement of all the bromine atoms by hy- 
drogen to yield Mn(CO),Me requires heating to 60 OC (eq 
12). Some Mn2(CO)lo is detected in the reaction mixture 
Mn(CO)sCH2Br + H S ~ ( ~ - B U ) ~  - 

Mn(CO)SMe + BrSn(r~-Bu)~ (12) 
implying that Mn-C bond cleavage also takes place. No 
reaction is observed between Mn(C0)&F3 and excess 
H S ~ ( ~ - B U ) ~  under similar conditions. Homolytic halide 
replacement by H S ~ ( ~ - B U ) ~  also has been observed in 
halomethylidyne cluster c o m p l e ~ e s . ~ ~  

Conclusion 
The reaction chemistry of transition-metal trihalomethyl 

complexes (X = C1, Br) is much more diverse than that 

(38) Shi, Q. Z.; Richmond, T. G.; Trogler, W. C.; Basolo, F. J. Am. 

(39) Kiester, J. B.; Horling, T. L. Znorg. Chem. 1980,19,2304-2307. 
Chem. SOC. 1982,104,4032-4034. 

of their thermally stable trifluoromethyl precursors. The 
enhanced reactivity is particularly evident in reactions with 
nucleophiles or in homolytic processes. Cation dihalo- 
carbene complexes are implicated as intermediates in 
heterolytic reactions, whereas transition-metal dihalo- 
carbene radicals may be involved in the free radical re- 
actions. 
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The mechanism of Ziegler-Natta catalysis has been investigated by using the atom superposition and 
electron delocalization moleculer orbital theory. Model nickel compounds of the form Ni(C2H4)(CH3)LX 
(L = PH3, X = C1) were studied. Polymerization was examined by assuming a Cossee mechanism. From 
MO symmetry considerations, a rearrangement involving rotation of the olefin around ita bond to the metal 
is required before the reaction wil l  occur. The barrier to this rotation is found to be a function of the ligand 
trans effect and steric interactions with the cis ligands. Calculated barriers for Pt(II) and Rh(1) compounds 
compare favorably with results obtained from NMR experiments. 

Introduction 
Typical Ziegler-Natta catalysts are formed from tran- 

sition-metal salts and main-group (usually aluminum) 
metal alkyl, metal aryl, and alkyl metal halides.IJ These 
catalysts are used for polymerization of a-olefins such as 
ethylene, propylene, etc.= Only moderate pressures (8-30 
atm) and slightly elevated temperatures (20-120 OC) are 
required for the reaction to proceed. The products of 
polymerization, in contrast to the polymers produced by 
free radical reactions, have a narrow molecular weight 
distribution and high ~ tereospec i f ic i ty .~~~ The reaction 
offers the possibility of forming a well-controlled product 
through the choice of an appropriate metal center, with 
appropriate conditions of temperature and pressure. A 
polymer of a lower molecular weight usually is produced 
at  elevated  temperature^.^ 

'Texas A&M University. * Case Western Reserve University. 

A most interesting question about the pofymerization 
mechanism is the origin of high stereoselectivity. This 
stereoselectivity can lead to a polymer with special char- 
acteristics such as crystallinity or (with dienes) high tac- 
ticity. A number of theories exist that attempt to explain 
the stereoregularity.2p6JoJ1 Most involve formation of a 

(1) Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, H. Angew. Chem. 

(2) Boor, H. 'Ziegler-Natta Catalysis and Polymerization"; Academic 
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(4) Natta, G.; Pino, P.; Mazzanti, G.; Giannini, U. J. Am. Chem. SOC. 

(5) Natta, G. J. Polym. Sci. 1956,16, 143-154. 
(6) Sinn, H.; Kaminsky, W. Adu. Organomet. Chem. 1980,18,99-151. 
(7) Peuckert, M. Keim, W. Organometallics 1983,2, 594-597. 
(8) Keim, W., Proceedings of the 3rd International Symposium on 

(9) Doi, T.; Kincehita, H.; Morinaga, A,; Keii, T. J. Polym. Sci., Polym. 

(10) Zambelli, A,; Gatti, G.; Sacchi, C., Crain, W. O., Jr.; Roberta, J. 

1955,67, 541-547. 
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1957, 79, 2975-2976. 
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Table I. Parameters Used in the ASED Calculation 
double-t d orbitals 

coeff adjusted 
ionizatn exponent 

orbital potential, eV (QV)53 exP c(1)  c(2)  
Nil' 4s 

4P 
3d 

Pt5O 6s 
6P 
5d 

C 2s 
2P 

P 3s 
3P 

c1 3s 
3P 

H 1s 

7.64 
3.99 

10.00 
10.00 

5.96 
10.60 
20.00 
11.26 
16.15 
10.55 
24.54 
13.01 
13.60 

1.8 
1.5 
5.75 
2.55 
2.25 
6.01 
1.65 
1.61 
1.88 
1.62 
2.35 
2.03 
1.2 

R R 0 
- M L I  - /ML(J - ;M'xR 

Figure 1. Important steps in the Cossee mechanism for polym- 
erization of olefins. represents an open coordination site. 

four-membered metallacycle that includes the metal atom, 
the last carbon of the polymer chain, and the two carbon 
atoms of the olefin. The ring can exist with the growing 
polymer chain in a configuration either cis or trans relative 
to other ligands on the metal atom and the substituents 
on the ring. Preference for one of those conformations 
dictates stereospecificity of the polymer. The asymmetry 
of the metal center appears to be the determining factor 
in this stereoregularity.12 

The usual Ziegler-Natta catalysts are formed from 
compounds of metals in groups 4 or 5 in the transition 
series. Metals from group 8, particularly cobalt and nickel, 
also may act as catalysts under Ziegler-Natta conditions. 
These metals, however, generally promote dimerization or 
oligomerization of a-olefins rather than long-chain polym- 
erization. Oligomerization with a nickel catalyst in the 
absence of cocatalyst is the basis of Shell's SHOP pr0cea9.l~ 

Although the precise mechanism and structure of de 
metal catalysts are not known, many of the factors af- 
fecting such reactions have been studied. It is known that 
the stereochemistry of the product is more dependent on 
the asymmetry of the metal ion and the ligands sur- 
rounding it than the geometry of the olefin itself.12J4 
Polymerization reactions in the presence of cobalt or nickel 
can be accompanied by isomerization of the products. 
Because of the mild reaction conditions generally required 
and a tolerance to various functional groups, nickel com- 
plexes often can be used in organic synthesis when high 
stereospecificity is demanded.16J6 

Polymerization reactions with de metal ions require the 
presence of Lewis acids. Although Lewis acids can them- 
selves cause oligomerization and isomerization of olefins, 
the transition metal is essential for the reaction to proceed 
at  a significant rate.14 With nickel the catalyst may be 
formed from either Ni(0) or Ni(I1) complexes, depending 
on specific reaction c~ndi t ions . '~J~  

/ 

~~ ~ 

(11) Ivin, K. J.; Rooney, J. J.; Stewart, C. D.; Green, M. L. H.; Mahtab, 

(12) Miyazowa, T.; Indenguchi, T. J. Polym. Sci., Part B 1963, 389. 
(13) Feitas, E. R.; Gum, C. R. Tech. Bull., Shell Chem. Co. 1978, 

(14) Jolly, P.; Wilke, G. "The Organic Chemistry of Nickel"; Academic 

(16) Lochow, C. F.; Miller, R. G .  J. Org. Chem. 1976,41, 3020-3022. 
(16) Miller, R. G.; Pinke, P. A.; Stauffer, R. D.; Golden, H. J.; Baker, 

R. J. Chem. SOC. Chem. Commun. 1978,604. 

sc:335-79. 

Press: New York, 1975. 

D. J. J. Am. Chem. Soc. 1974,96,4211-4220. 

2.00 0.5631 0.6293 

2.40 0.6661 0.5711 

Table 11. Bond Lengths Used in the ASED 
C a l c u l a t i ~ n ~ ~ - ~ ~  ( A )  

Ni-C 1.85 C-H 1.10 
Ni-P 2.15 Pt-Cl 2.305 (cis) 
Ni-olefin 1.90 2.327 (trans) 
Ni-C1 2.21 Pt-olefin 2.05 
c = c  1.37 

In the early 1960s, Cossee proposed a mechanism for 
polymerization of a-olefins.17-19 The Cossee mechanism 
(Figure 1) involves coordination of the olefin to a metal 
center followed by migration of an alkyl group to the olefii, 
forming a carbon-carbon bond. Four conditions were 
postulated for the reaction: (1) a nearly octahedral six 
coordinate metal atom; (2) an empty or nearly empty set 
of orbitals; (3) at  least one alkyl group in the coordi- 
nation sphere of the metal; and (4) at least one vacant 
coordination site. Conditions 1 and 2 apply specifically 
to the early transition metals that have a limited number 
of electrons. However, in its most general form this 
mechanism can be extended to the reactions with any of 
the transition metals. Here we consider specifically the 
d8 nickel complexes such as those involved in the oligom- 
erization and polymerization of 01efins.~*~J~ Our interest 
in olefin binding to the d8 metals goes back to the early 
sixties and studies of Zeise's salt.20 

Method of Calculation 
Calculations were performed by using the atom super- 

position and electron delocalization t e ~ h n i q u e . ~ l - ~ ~  This 
theory adds together an atom-atom pairwise repulsion 
energy, ER, and an electron delocalization energy, ED. As 
has been these energies, which come from inte- 
grating the forces on each nucleus as the atoms are brought 
together to form a molecule, yield the system energy E: 

(1) 
For each pair of atoms, the contribution to ER is the 
Coulombic potential energy of the nucleus in the field of 
the other atoms. As each atom is added to the molecule, 
there is a contribution to ED that is the integrated elec- 
trostatic force on the nucleus of the new atom due to bond 
charge formation. While ED would ordinarily be practically 
impossible to obtain in this manner, it has been found to 

E = ER + ED 

(17) Cossee, P. J. Catal. 1964, 3, 80-88. 
(18) Arlman, E. J. J. Catal. 1964,3, 89-98. 
(19) Coeaee, P.; Arlman, E. J. J. Catal. 1964, 3, 99-104. 
(20) Paradilla-Sonano, J.; Fackler, J. P., Jr. J. Mol. Spectrosc. 1967, 

(21) Anderson, A. B. J. Chem. Phys. 1974,60, 2477-2479. 
(22) Anderson, A. B. J. Chem. Phys. 1975,62,1187-1188. 
(23) Anderson, A. B. J. Am. Chem. SOC. 1978,100, 1153-1159. 

22, 80-98. 
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CH3 C H3 
PH3- Ni'Il PH,--Ni'/ 

C i  
/ 

CI 

C/H, C/H3 
Cl- Ni-11 CI-Ni-/ 

/ 
PH, PH3 

Figure 3. Model compounds used in the ASED calculation. 

where S . .  is an atomic overlap integral and R is an inter- 
nuclear &stance. Experience has shown that E., is better 
taken as the interaction between the nucleus of the less 
electronegative atom with the charge distribution of the 
more electronegative atom when the molecular orbital 
approximation to ED is used. Parameters used are listed 
in Tables I and 11. 

This method proves to be particularly useful for calcu- 
lating barriers to rotation of The orbitals 
were derived by starting with an ML4 model with D4h 
symmetry and removing one of the ligands to obtain the 
ML, fragment. Such geometry was discussed previously 
by B ~ r d e t t ~ ~  and by H ~ f f m a n n . ~ ~ ~ "  In this model, three 
of the d orbitals are essentially nonbonding with respect 
to the olefin. The d,z+ orbital combines with the olefin 
to form a u donor bond and its antibonding counterpart 
(Figure 2). The d,, orbital is available for ?r back-bonding 
as in the Dewar-Chatt-Duncan~on~~~~~ model. 

The correlation diagram for the ethylene coordination 
to the ML3 fragment is in Figure 2. The unsubstituted 
olefin is perpendicular to the plane of the ML3 fragment 
as the experimental studies dem~nstrate.'~*~' Steric con- 
straints present in substituted or cyclic olefins may offer 
some distortion from the idealized g e ~ m e t r y . ~ ~ . ~ ~  

Results and Discussion 
In the metal-olefin complex in its equilibrium (per- 

pendicular) geometry (Figure 3), the distance between the 
carbon atoms in the olefin and the carbon atom of the alkyl 
group is large (2.7 A). There is no significant interaction 
between the R group and the olefin. Rotation of the olefin 
into the plane of the molecule not only brings the carbon 
atoms from the olefin and the polymer chain closer to- 
gether (2.2 A) but also provides orbitals of appropriate 
symmetry for bonding overlap between the two carbon 

a IrlI 

0 131 - 
a I21 - 
a l l 1  7 

o a  \ 

O1 \ 

m 

81 

B b  

(24) Albright, T. A. Acc. Chem. Res. 1982, 15, 149-155. 
(25) To relate the barrier to the rotation of olefin to compounds for 

which experimental results have been obtained, the barrier to rotation 
in Ziese's anion [PtC13 (C2H,)'-] waa calculated. The result compares 
rather favorably with experimental data in similar complexes (calculated 
75 KJ mol-', experimental 60-67 KJ 

(26) Miya, S.; Saito, K. Znorg. Chem. 1981,20, 287-288. 
(27) Cramer, R.; Kline, J. B.; Roberta, J. D. J .  Am. Chem. SOC. 1969, 

91, 2519-2524. 
(28) Holloway, C. E.; Hulley, G.; Johnson, B. F. G.; Lewis, J. J. Chem. 

SOC. A 1969, 53. 
(29) Good agreement waa obtained for the barrier to rotation of the 

olefin around the metal atom-olefin bond in the (r-cyclopehtadieny1)- 
diethylenerhodium. Both the crystal structurem and the rotational energy 
are known (calculated 78.4 KJ mol-', experimental 62.7 KG mol-'). 

(30) Guggenberger, L. J.; Cramer, R. J. Am. Chem. SOC. 1972, 94, 
3779-3786. 

(31) Cramer, R. J .  Am. Chem. SOC. 1964.86, 217. 
(32) Burdett, J. K. Znorg. Chem. 1975, 14, 375-382. 
(33) Albright, T. A,; Hoffmann, R.; Thibeault, T.; Thorn, D. L. J. Am. 

Chem. SOC. 1979.101. 3801-3812. _. 

Hoff-,'D. M.; Hoffmann, R. Inorg. Chem. 1981,20,3543-3555. 
Dewar, M. J. S. Bull. SOC. Chim. Fr. 1951,18, C79. 
Chatt, J.; Duncanson, L. A. J .  Chem. SOC. A 1953, 2939-2947. 
Love, R. A.; Koet.de, T. F.; Williams, G. J. B.; Andrews, L. C.; 
. Inorg. Chem. 1975,14, 2653. 

(38) Wright, L. L.; Wing, R. M.; Rettig, M. F.; Wiger, G. R. J. Am. 

(39) Rettig, M. F.; Wing, R. M.; Wiger, G. R. J. Am. Chem. SOC. 1981, 
Chem. SOC. 1980,102, 5949-6950. 

103, 2980-2986. 
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The need to form a planar configuration involving the 
metal atom, the two carbon atoms of the olefin, and the 
alkyl group (or hydrogen atom) that migrates to the olefin 
was established earlier by Hoffmann and who 
studied ethylene insertion into a metal-hydride bond in 
square-planar platinum complexes. On the basis of the 
above argument, a first step in the reaction is the rotation 
of the olefin around its bond to the metal atom. The 
barrier to this rotation as well as the HOMO-LUMO 
separation can be controlled by other ligands, some of 
which are Lewis acids, phosphines, and halides. Catalyst 
modification has been achieved in this way.14 

The rotation is not only essential from the molecular 
orbital standpoint, but it is also needed in order to bring 
the caPbon atoms closer together. Once the plane con- 
taining the three carbon atoms and the metal center is 
established, the carbon atoms from the ethylene and from 
the polymer chain are within distance comparable to the 
sum of their van der Waals radii (2.2 A)43 and only small 
further rearrangement must occur to form the new C-C 
bond. Analysis of the possible vibrational motions suggests 
that the energy to move the olefin is lower than the energy 
required to shift the methyl group. The reaction is likely 
to have some combination of these two motions with some 
preference for movement (or slippage) ) of the olefin, al- 
though we have not explored this energy surface in detail. 

A recently reported structure determination of di- 
chloro(5-methylenecycloheptene)platinum(II) that has two 
olefins coordinated to the metal atom shows both C-C and 
M-C bond lengthening and a slight displacement of the 
in plane olefin when compared with the olefin in the 
perpendicular, preferred conf igu ra t i~n .~?~~  The Pt-olefin 
bond is lengthened by 0.1 A. Calculations for nickel show 
a bond lengthening of 0.2 A upon rotation of the olefin into 
the plane of the complex. This difference from the ex- 
perimental results for the platinum complex may be ex- 
plained by greater steric crowding around the smaller 
nickel atom. In general, the olefin rotation around the 
bond with nickel is a higher energy process than rotation 
around the bond with platinum, suggesting that steric 
effects play a major role in Ziegler-Natta catalysis. 

To  examine the importance of the steric effect relative 
to the electronic effect in the olefin rotation process, the 
chlorine atom cis to the olefin was protonated. The 
proton was placed (1) such that Cl-H bond was parallel 
to the x axis and the C1-H vector was pointing toward the 
olefin and (2) the proton was removed from the olefin by 
placing the C1-H bond along the z axis (Figure 5). The 
barrier to rotation was calculated in both configurations. 
If the electronic effects were the major factor, the influence 
of the proton should be small. The calculations show that 
the proton raised the barrier to rotation by -0.7 eV at  a 
HCl distance of 1.3 A when the proton is in the C1-H- 
olefin plane (Figure 5). The barrier to rotation has been 
calculated for other H-C1 distances. As expected for a 
steric effect, this function has a maximum at a point 
representing closest contact with olefinic hydrogen atom. 

Electronic effects are more pronounced with changes in 
the atom in the trans position. A 7-acid ligand in a trans 
position completes for the back-bonding electrons from the 
metal d orbitals. Calculations performed for four config- 
urations of the phosphine, halide, and the olefin (parallel 
and perpendicular to the coordination plane (Figure 6)), 
show that phosphine in the trans position lowers the 

I dx2 

HOMO 

Figure 4. The most relevant orbitals: (a) HOMO and LUMO 
from planar complex; (b) HOMO and LUMO from perpendicular 
complex; (c) other significant orbit& facilitating bonding. Metal 
orbitals used in forming the molecular orbitals are labeled as 
atomic d orbitals. 

atoms (Figure 4). Thus rotation is an essential first step 
in the carbon-carbon bond formation. Once the three 
carbon atoms and the metal center are in plane, orbitals 
for the formatiov of a new bond are readily available. The 
key metal atom orbitals are d,z z and d,z. They provide 
optimum delocalization and azow for positive overlap 
between the p orbitals on the appropriate carbon atoms. 
Upon rotation of the olefin, the orbitals are rearranged 
such that they either directly promote or are in a position 
to contribute to the carbon-carbon bond formation (Figure 
4). The a(1) and a(9) orbitals (Figures 2b and 4b,c) have 
appropriate symmetry to form C-C bonds. Also several 
even lower energy predominantly ligand p and 7 orbitals 
are now in a position to form a bonding overlap between 
the last carbon of the polymer chain and the olefinic 
carbon. 

As described in Chatt's classical l e c t u r e ~ ~ , ~ ~  explaining 
reactivity of transition-metal complexes and in accord with 
the Cossee mechanism,ls lowering the HOMO-LUMO 
separation increases the reactivity of the complex. In this 
particular case, promotion of an electron from the HOMO 
to the LUMO has a dual effect. It weakens the metal-alkyl 
group bond by taking an electron out from a bonding 
orbital. By placing an electron into the LUMO, one ini- 
tiates the carbon-carbon bond formation while introducing 
more antibonding character onto the metal atom (Figure 
4a). 

(40) Chatt, J. 'Lectures in Inorganic Chemistry", Sept 23-0ct 7,1959, 

(41) Chatt, J. 'Lectures Inorganic Chemistry", Sept 23-0ct. 7,1959. 
Academia Nazionale Dei Lincei, Rome, pp 121-131. 

Academia Nazionale Dei Lincei, Rome, pp 113-120. 

(42) Thorn, D. L.; Hoffmann, R. J. Am. Chem. SOC. 1978, 100, 

(43) Gordon, A. J.; Ford, R. A. 'The Chemist Companion"; Wiley: 
2979-2090. 

New York, 1972; p 109. 
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x R X I S  

7 A X I S  

\ \  
I h k  

0 

%!OD 2b.00 Irb.00 sb.OO\Ob IbO.00 lbO.00 
A N G L E  OF ROTRTION ( D E G I  

Figure 5. Barrier to rotation in the protonated complex. 

barrier to rotation. Trans halide raised this barrier (Figure 
6). On the other hand, bulky groups in the cis position 
cause steric effects to dominate. For example, the PH3 
ligand raises the barrier to rotation by 0.3 eV in our model. 
Such differences in energy are sufficient to change the 
rate of the reaction by three to four orders of magnitude.44 

Cossee suggested that before a second step in the oli- 
gomerization could occur the polymer chain should migrate 
back to the position of the original R group." However, 
this postulate has not been proved. A rearrangement of 
the "T-shaped" three-coordinate species is expeded to take 
place with only a small barrier, a t  least according to other 
calculations for de 

An alternate mechanism involving a five-coordinate in- 
termediate may be envisioned. However, calculations show 
that placement of the olefin in the apical position of a 
square pyramid resulta in a weak bonding to the metal and 
disfavors a geometry in which it is in plane with the Ni- 
C(po1ymer) bond. Therefore, it seems unlikely that a 
five-coordinate (18-electron) intermediate plays an im- 
portant role in the reaction. 

McKinney performed similar calculations for the do-d2 
titanium systems,& He found evidence that a metallacycle 
mechanism, as suggested by Green,1°p4' might play a role 
in the polymerization and concluded that the mechanism 
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Figure 6. Barrier torotation as a function of ligands. 

varies with the oxidation state of the metal atom. In the 
de nickel system different orbitals participate in the 
metal-olefin bonds. Metallacycles involving nickel have 
been well established both theoreticallp and experimen- 
 tall^,^-^^ because the orbitals for the formation of a me- 
tallacycle are readily available. However, metallacycle 
formation does not lead to chain propagation, and conse- 
quently we have not examined these species further. 
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