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Density functional calculations have been carried out on the thermochemical aspects of catalytic ethylene 
dimerization by the d8 hydride (propanedialato( 1 -))Ni-H (I), where the propanedialate( 1 -) anion served as a 
model for the chelate acac ligand, acetylacetonate(1-). The hydride (I) was found to have a low-spin d8 
configuration with a square planar structure where one site is vacated cis to hydrogen. It was shown that ethylene 
inserts readily into the Ni-H bond of (I) with an exothermicity of 44.6 kcdmol. The resulting ethyl complex 
(111) has a strong agostic interaction between nickel and a P-hydrogen. It is suggested that the ethyl complex is 
the actual catalyst in the dimerization cycle. The agostic interaction in III is estimated to have a strength of 10 
kcal/mol. The next insertion of ethylene into the Ni-ethyl bond of I11 leads to the butyl complex (IV). The 
insertion is exothermic by 25 kcdmol. The reaction between (IV) and ethylene leads finally to the release of 
1-butene and the regeneration of the ethyl complex (111). This step is nearly thermoneutral with a reaction heat 
of 0.1 kcal/mol. It is suggested that the elimination of 1-butene takes place via a transition state in which both 
ethylene and 1-butene are n-complexed to I. The intemal barrier of activation for the final step is calculated to 
be 17 kcdmol. The substitution of hydrogen by CH3 or CF3 groups on the propanedialate(1-) ligand were also 
considered. It was found that such substitutions only had a minor effect on the thermochemistry of the insertion 
processes in the dimerization cycle. 

1. Introduction 

Dimerization of ethylene to 1-butene or oligomerization of 
ethylene to higher linear a-olefins are both processes of 
considerable industrial importance. The linear oligomers are 
widely used in the synthesis of detergents or plasticizers, while 
1-butene is an important comonomer in the production of linear 
low density polyethylenes. It is possible to synthesis a-olefins 
by catalytic cracking or pyrolysis as well as acid or base 
catalysis. However, organometallic type catalysts provide the 
highest degree of selectivity in the production of a-olefins.' 
Most recently, interest has been directed toward transition metal 
based catalysts with a bidentate chelating ligand, X-Y. Thus, 
Keim and co-workers have developed a number of nickel- 
containing catalysts2 with X-Y = 0-0 and P-0, respectively. 
Similar catalysts with S-S ligands were reported by Brown 
and  master^.^ Active titanium-based catalyst have also been 
developed by Kr~ywicki .~  

There has been a number of theoretical studies on ethylene 
polymerization. The more recent studies5 have concentrated 
on olefin polymerization catalyzed by Kaminsky type metal- 
locenes of early transition metals.6 The emphasis in all 
theoretical polymerization studies have been on the chain- 
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growing step whereas the much slower chain terminating 
processes have received much less attention. Ethylene dimer- 
ization and oligomerization have by contrast not been the subject 
of recent ab initio studies. In oligomerization chain growth and 
chain termination take place at comparable rates. However, it 
is not clear from the experimental or theoretical studies carried 
out to date why metallocenes of early transition metals favor 
polymerization whereas nickel based catalysts with a bidentate 
chelating ligand, X-Y, favor oligomerization. 

The mechanism for oligomerization catalyzed by transition 
metal complexes is not yet fully established. Keim2 has 
proposed a mechanism for his nickel-based systems in which a 
nickel hydride species is assumed to be the actual catalyst. The 
cycle proposed by Keim is shown in Scheme 1 for the 
dimerization of ethylene with acetylacetonate (acac) nickel 
hydride as the catalyst. It is assumed that (acac)Ni-H is formed 
from bis(cyc1ooctadiene- 1 ,S)nickel according to the process in 
eq 1. 

Ni(C0D)Z (nm3Ni-H 

The first step, S1, in the cycle represents the formation of an 
ethylene n-complex, 11, followed by the insertion, S2, of C2& 
into the nickel-hydride bond to form the ethyl derivative, 111, 
Scheme 1. The sequence S1+ S2 resembles the insertion steps 
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Scheme 1 
(acac)Ni-H 

proposed by Cossee7 in his mechanism for olefin polymerization. 
The next step, S3, gives rise to a new ethylene insertion, and 
the formation of the butyl complex, IV. The cycle is completed 
when the butyl complex, IV, reacts in S4 with another ethylene 
to form the 1-butene product and the regenerated n-complex 
11. 

The present investigation has several objectives. We want 
in the first place to characterize the molecular and electronic 
structure of the catalytic hydride I. Some evidence for the 
existence of I during the oligomerization process has been 
provided.8 However, unsaturated three-coordinated nickel hy- 
drides such as I have not been isolated and characterized. The 
thermochemistry of steps S1 and S2 as well as the structures of 
the ethylene n-complex I1 and the insertion product 111 will 
also be examined. We shall further assess the thermochemistry 
for the terminating sequence S4 in which 1-butene is formed 
and the catalytic species I1 regenerated according to 

VI + C2H4 - C,Hg + I1 (2) 

We shall finally try to assess the thermochemistry of the 
process in eq 2 relative to the reaction enthalpy of a regular 
insertion step in which IV reacts with ethylene to form the hexyl 
derivative (acac)Ni-C6Hl3 according to 

IV + C2H4 - (acac)Ni-C,H,, (3) 

The emphasis in the present investigation is clearly on the 
thermochemistry of the processes in Scheme 1 as well as the 
structure of some of the species involved in dimerization of 
ethylene. We have not been able to carry out detailed reaction 
path calculations on the insertion processes of Scheme 1. Thus, 
only rough estimates of the activation barriers can be provided 
for these reactions. An actual transition state structure will be 
provided for the termination step, S4, in which 1-butene is 
displaced from the butyl complex IV. 

2. Computational Details 
Density Functional Theory9 (DIT) has been widely recognized as a 

powerful alternative computational method to traditional ab initio 
schemes, particularly in studies of transition metal complexes where 

(7) Cossee, P. J.  Catal. 1964, 3, 80. 
(8) (a) Muller, U.; Keim, K.; Kriiger, C.; Betz, P. Angew. Chem., Inr. Ed. 

Engl. 1989, 28, 1011. (b) Jolly, P. W.; Milke, G. The Organic 
Chemistry of Nickel; Academic Press: New York, 1975, Vol. 2. (c) 
Bogdnanovic, B. Adv. Organomet. Chem. 1979, 17, 105. 

(9) (a) Ziegler, T. Chem. Rev. 1991, 91, 651. (b) Parr, R. G.; Yang, W. 
Density Functional %ory of Atoms and Molecules; Oxford University 
Press: New York, 1989. 

large size basis sets and an explicit treatment of electron correlation 
are required. The local spin density approximationlo (LDA) is the most 
frequently applied approach within the families of approximate DFT 
schemes. It has been used extensively in studies on solids and 
molecules. Most properties obtained by the LDA scheme are in better 
agreement with experiment than data estimated by ab initio calculations 
at the Hartree-Fock level?a However, bond energies are usually 
overestimated by LDA. Thus, gradient or nonlocal corrections” have 
been introduced to rectify shortcomings in the LDA approximation. 
The nonlocal corrections can be introduced as a perturbation or 
incorporated in a fully variational calculation. In the perturbative 
approach the nonlocal energy functional is evaluated based on the LDA 
electronic density while in the variational approach the electronic density 
itself is determined by optimizing the gradient corrected energy. The 
variational procedure is computationally more demanding than the 
perturbative approach by a factor of 2-3. We have shown in previous 
studied2 that the density change induced by nonlocal correction is minor 
and that the two approaches lead to similar results for most of the 
molecular properties that have been studied. 

All calculations were carried out by the AMOL program due to 
BaerendsI3 et al. In the present investigation the molecular geometries 
were all optimized based on the LDA approximation in the parametri- 
zation due to Vosko14 et al. Single-point energy evaluations were then 
carried out with Becke’sllb nonlocal exchange correction and Perdew’s1Ic 
nonlocal correlation correction. The basisI5 set used for the 3s, 3p, 
3d, and 4s valence shells on nickel was of triple-f quality and 
augmented by three 4p Slater-type-orbitals (STO). The triple-f basis 
set used for the 2s and 2p valence orbitals on fluorine was augmented 
by two 3d polarization functions. A double-f basis set was applied 
for the 2s and 2p shells of oxygen and carbon as well as the 1s shell 
of hydrogen. An additional 3d STO was added to oxygen and carbon 
whereas hydrogen was given a single 2p STO. All inner shell orbitals 
were kept frozen13 in the variational calculations. A set of auxiliary16 
s, p, d, f, and g type of STOs centered on the different atoms was used 
to fit the electronic density. The numerical integrations were carried 
out according to the scheme” proposed by te Velde et al. Geometries 
were optimized on the basis of the scheme implemented by Versluis 
and Ziegler.’* 

3. Results and Discussion 

Structure of the Hydride Catalyst. The chelated nickel 
hydride I is assumed to be the active species in the olefin 
dimerization cycle depicted in Scheme 1. However, no 
experimental data are available on the electronic and molecular 
structure of I. We have investigated three possible geometries 
of a model hydride in which the methyl groups on the acac 
ligand of I have been replaced by hydrogens to produce the 
propanedial anion. 

The hydride of highest symmetry, la, has the Ni-H bond in 
the chelate plane, and the Ni-H bond vector bisecting the 
0-Ni-0 angle. Conformation l a  is of CzV point group 
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8.1 kcaumol 

la  

symmetry, and it has a 3B2 triplet ground state corresponding 
to the (la2)*(lb1)~(la1)~ (2al)l(lb2)’ electron configuration, 
Figure 1. The d8 hydride has two unpaired electrons placed in 
the closely spaced antibonding orbitals 2a1 and lbz made up of 
respectively d2-3 and dv on nickel. 

A distortion of the Ni-H bond in l a  out of the chelate plane 
leads to l b  of C, symmetry. This conformation has a 3Aff triplet 
ground state with the electron configuration ( la’)2(2a’)2- 

2.8 kcal/mol 

l b  

(3a’)l(2a’’)’, Figure 1. The distortion of the Ni-H bond out of 
the chelate plane will stabilize the dg-3-based orbital 2a1 of 
l a  as the antibonding interaction with hydrogen is removed, 
leading to the nonbonding d,+,z-based orbital 2a‘ of lb, Figure 
1. However, the distortion will at the same time destabilize 
lb, (dxz) which evolves into 3a’ of lb. This orbital has an 
antibonding interaction between dxz and ISH. Thus lb, like la, 
has two closely spaced antibonding d-based orbitals and adopts 
a high-spin configuration. Conformation l b  is related to a 
tetrahedral d8 nickel complex with one ligand removed. Most 
tetrahedral d8 nickel complexes have a triplet ground state. We 
calculate l b  to be more stable than l a  by 5.3 kcdmol. 

The most stable hydride conformation is IC. It is related to 
l a  by an in-plane distortion of the N-H bond from the C2 
symmetry axis by 43”. This distortion will stabilize 2al of l a  
just as in lb, but without introducing another strongly anti- 

0 kcallmol 
IC 

bonding orbital, Figure 1. In IC there is only one antibonding 
orbital, 3a’, and IC adopts a low spin ‘A’ ground state 
corresponding to the ( la”)2(2af’)2( la’)2(2a’)z electron configura- 
tion. The conformation IC is related to a square planar geometry 
with one ligand missing, and square planar d8 nickel complexes 
are low spin. Conformation IC is lower in energy than l a  by 
8.2 kcal/mol. 

The chelate ring structures are quite similar in the three 
conformations. The only noticeable difference is the Ni-0 
distances which are slightly shorter in IC than in l a  and lb. 
The nickel and hydrogen atoms are also bonded more tight1 

shorter than in l a  and lb. The stronger Ni-H and Ni-0 bonds 
in IC reflect the fact that no Ni-ligand antibonding orbital is 
occupied in this species, Figure 1. 

in IC with a N-H bond length of 1.468 8, which is 0.04 1 

IC la  l b  
Figure 1. Diagram correlating d-based orbitals of the metal hydrides 
la, lb, and IC. 
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Figure 2. Energetics of ethylene insertion into Ni-H bond of IC. 

First Insertion of Ethylene. It follows from Scheme 1. that 
the first step, S1, in the dimerization of ethylene involves the 
formation of an ethylene n-complex, 11, followed by the 
insertion, S2, of C2H4 into the nickel-hydride bond to form 
the ethyl derivative, III. The ethylene molecule can approach 
the hydride, IC, in the chelate plane or perpendicular to the 
chelate plane. 

Starting with the first approach, we have tried to optimize a 
n-complex, 11, with ethylene in the chelate plane leading to a 
16-electron square-planar complex. Different starting geom- 
etries lead invariably directly to an ethyl complex, 111, rather 
than the n-complex, II. It seems as if no local minimum exists 
for an in-plane x-complex, 11, on the potential energy surface. 

The stable square planar ethyl structure with all degrees of 
freedom optimized is depicted as 2a. One of the hydrogens, 
H8 , on the ethyl group in 2a exhibits a strong B-agostic 

0 kcaYmol 

2a 

interaction with the nickel atom. The Ni-& distance of 1.61 
8, is only 0.14 8, longer than in the free hydride, IC. At the 
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same time the Hg-C5 distance has been stretched to 1.21 A 
which is 0.1 8, longer than an ordinary C-H bond in ethylene. 
The c4 -C~  distance on the ethyl group of 1.45 A is further 
seen to be shorter than an ordinary carbon-carbon single bond 
of 1.54 A, indicative of some double bond character. The strong 
agostic interaction involves a donation of charge from the C5- 
HE o-bonding orbital to the empty 3a' orbital on IC, Figure 1. 
In 2a the Ni-H bond has been maintained while ethylene has 
formed two new bonds to nickel and hydrogen, respectively. It 
is thus not surprising that the reaction between l a  and ethylene 
is highly exothermic with a reaction enthalpy of 44.6 kcdmol, 
Figure 2 . 

We have been able to locate a tetrahedral n-complex, 2b, 
with an open-shell triplet ground state that could be reached 
from a perpendicular approach of ethylene toward IC. The 

Fan et al. 

34.7 kcal/mol 

2b 

structure 2b is a typical n-complex in which the two carbon 
atoms of ethylene are at similar distances to nickel with Ni- 
Cq = 2.03 A and Ni-C5 = 2.02 A, respectively. In addition, 
both bonds are longer than the nickel-ethyl single bond in 2a 
with Ni-C4 = 1.86. The ethylene double bond has as expected 
been elongated from 1.34 to 1.38 A due to the donation of 
charge from the metal center to the n* olefin orbital. Finally, 
the Ni-Hg bond distance of 1.53 A is only slightly longer than 
the Ni-H distance of 1.51 8, in the high-spin tetrahedral based 
hydride lb .  The n complexation energy for the process IC i- 
Cz& - 2b was calculated to be 9.7 kcaYmol. The n-complex 
2b is 12.5 kcaYmol more stable than free l b  and C2&, Figure 
2. However, 2b is 34.7 kcaYmo1 above 2a in energy. 

It was also possible to optimize an ethyl complex 2c with a 
triplet ground state. This complex can be considered as the 
product due to a further perpendicular approach of ethylene from 

22.8 kcalimol 

2c 

2b toward the metal center leading to an insertion of C2& into 
the Ni-H bond. We note a modest P-agostic interaction with 
a stretch of the CS-Hg bond to 1.14 A and a Ni-H8 contact 
distance of 2.09 A, which is much longer than the normal Ni-H 
bond distance of 1.5 A. We can consider 2c as the ethyl 
analogues to the high-spin tetrahedral based hydride l b .  The 
insertion process 2b - 2c is calculated to be exothermic by 
1 1.9 kcaYmo1, Figure 2. 

Figure 2 summarizes the energetics for the species involved 
in the insertion of C2H4 into the Ni-H bond of IC for the in- 
plane as well as perpendicular approach. The species, 2a, 
formed by an in-plane approach of C2I& toward IC is seen to 

be more stable than the high spin ethyl complex, 2c, from the 
perpendicular approach by 22.8 kcdmol, Figure 2. Essentially, 
2a is much more stable than 2c on account of the stronger 
P-agostic interaction and the preference of a low-spin square 
planar conformation over a high-spin tetrahedral structure, IC 
versus lb .  

It is possible to estimate the strength of the P-agostic 
interaction in 2a by looking at low spin square planar ethyl 
isomers of 2a in which this interaction is absent. We have 
looked at the two isomers 2d and 2e. In 2d the methyl group 

9.9 kcal/mol 

2d 

10.7 kcal/mol 

2e 

has been rotated by 60" around the c4-C~ bond axis. The Ni- 
HE distance is now elongated to 2.07 A compared to 1.61 A in 
2a. It follows from Figure 2 that 2d is 9.9 kcdmol above 2a, 
Figure 2. This energy gap can be considered approximately as 
the agostic P-hydrogen interaction energy of 2a. 

Structure 2e corresponds to a conformation in which the ethyl 
group of 2d has been rotated by 180" around the Ni-C4 bond 
vector. Conformation 2e is analogous to the catalyst IC, which 
has an empty coordination site for an incoming ethylene. The 
energy of 2e is only 0.8 kcaYmol higher than that of 2d and 
10.7 kcaYmol above 2a, Figure 2. 

Our study on the insertion of ethylene into the Ni-H bond 
of I has concentrated on the thermochemical aspects. We have 
not actually carried out calculations on the reaction paths along 
the in-plane and perpendicular approaches. However, the 
preference of the chelated nickel center for a square planer low- 
spin coordination chemistry seems to indicate that in in-plane 
approach is the most favorable. Certainly, the product 2a from 
the in-plane approach is thermodynamically more stable than 
the product, 2c, from the perpendicular approach. 

The Second Insertion of Ethylene. Our study on the 
insertion of ethylene into the Ni-ethyl bond, S3, will also focus 
on the thermodynamical aspects. We shall in addition restrict 
our investigations to species that conceivably could be of 
importance for the in-plane approach. 

Figure 4 gives the two possible in-plane paths, A1 and A2, 
of ethylene toward the ethyl complex 111, with I11 in its most 
stable conformation, 2a. The first path, Al ,  has ethylene 
entering directly toward the agostic /?-hydrogen, HE, whereas 
ethylene is approaching from the back side toward the /?-carbon 
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exothermicity exceeds the energy (10.7 kcdmol) required to 
transform the most stable ethyl complex 2a into 2e by removing 
the strong p-agostic Ni-Hg interaction.The formation of 3a from 
2a and ethylene is thus exothermic by 6.0 kcdmol. 

The optimized structure 3b can be viewed as the direct 
product from the insertion of ethylene into the Ni-ethyl bond 
starting from 3a. Conformation 3b is a butyl complex with a 

L * L -_---_------ i--- 
' 

butene - l+lc  

20*o I 
t 

-30.0 1 

C$iq+b 

t 
16.7 

I 

10.4 

I 
3p.3 

3d i 
I 

14.4 

Figure 4. Different in-plane paths for the insertion of ethylene into 
the Ni-ethyl bond of 2a. 

in A2. In both paths one expects the Ni-Hg agostic bond to 
break as the insertion process proceeds. One could alternatively 
imagine a rearrangement of 2a to 2d or 2e in which the Ni-Hg 
agostic bond is broken followed by an attack of ethylene. 

We have optimized the species 3a without any symmetry 
constraints. This structure can be characterise as a genuine 
x-complex, and it is possible to imagine the formation of 3a 

Q Q 

19.0 kcaVmol " 
3a 

from each of the approaches discussed above. The coordination 
of C2H4 in 3a leads to two relatively short Ni-C(ethy1ene) bonds 
of 1.98 8, and a slight elongation of the ethylene double bond 
by 0.02 A to R(C4-C5) = 1.36 A. The nickel-ethyl bond has 
at the same time stretched from 1.85 8, in 2e to R(Ni-Ca) = 
1.98 A in 3a. The distance in 3a between the ethylene carbon 
c5 and the ethyl carbon c6 of 2.39 A is still too long for any 
C-C bond formation. 

The formation of 3a from the coordination of ethylene to 2e 
is exothermic by 16.7 kcaYmo1, as shown in Figure 3. This 

10.4 kcalhol 

3b 

y-agostic interaction. The five-membered ring in 3b is nearly 
planar. As a consequence, two of the angles at the ethyl 
carbons, i.e. O(C5CYi) and O(H&&), are distorted from the 
sp3 value of 109.5' to 99" and 121", respectively . However, 
the stress in the ring is compensated for by the y-agostic Ni-H 
bond with a distance of R(Ni-H) = 1.65 A. 

The process 3a - 3b is exothermic by 8.6 kcdmol, Figure 
3, and the total reaction enthalpy for the process 2e + C2H4 - 
3b is thus -25.3 kcdmol, compared to -44.6 kcaUmol for 
the first ethylene insertion , IC + C2H4 - 2a. The first insertion 
is more favorable since we form two new bonds, Ni-C and 
C-C, while retaining the Ni-H interaction. In the second 
insertion, only a C-C link is form while retaining the Ni-H 
interaction. 

Conformation 3b can isomerize to the more stable butyl 
compound 3c with a /I-agostic Ni-H bond by a rotation around 
the c4 -C~  axis. The complex 3c is in many ways similar to 

0.0 kcal/mol 

3c 

2a with a Ni-C bond distance of R(Ni-C4) = 1.86 A, a C-C 
distance of R(c4-c~) = 1.45 A, a Ni-H bond of 1.61 A, and 
a C-C-Ni bond angle of O(C5CYi) = 76". The Ni-H 
P-agostic interaction in 3c is likely stronger than the y-agostic 
interaction in 3b since 3c has a shorter Ni-H bond as well as 
a longer C-H distance for the C-H bond involved in the agostic 
interaction. The less strained butyl chain and stronger agostic 
interaction in 3c makes this conformation more stable than 3b 
by 10.4 kcdmol, Figure 3. Of all optimized butyl structures 
3c had the lowest energy just as its analogue 2a represents the 
most stable conformation among the ethyl complexes. The 
second insertion step, 2a + Cz& - 3c, from the most stable 
ethyl complex, 2a, to the most stable butyl complex, 3c, is 
exothermic by 25 kcdmol, and we expect a similar exother- 
mecity for each subsequent insertion step. 

We have finally studied an open conformation, 3d, in which 
the nickel center and the a-carbon are exposed, and readily 
susceptible to the next insertion step. The butyl structure 3d 
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14.4 kcalimol 

3d 

can be reached from 3c by a rotation around the Ni-C4 bond 
and is in many ways similar to the ethyl complex 2e. The 
rotation around the Ni-C4 axis will break the agostic Ni-Hs 
bond, and we calculate the 3c to 3d rearrangement to cost 14.4 
kcdmol in energy, Figure 3. It is not required that 3c rearrange 
to 3d prior to the next insertion; the rearrangement can take 
place in concert with the olefin approach. We expect, however, 
some barrier for each insertion cycle as the agostic interaction 
is broken up to make space for another incoming olefin. 

Chain Termination Mechanism. The discussion above has 
been concerned with chain growth leading to oligomers. We 
have concluded that the insertion step S3 of Scheme 1 is 
exothermic with an estimated reaction enthalpy of -25 kcaY 
mol. However, the insertion is likely to exhibit a barrier in the 
initial stages when the most stable conformation, 2a, of the ethyl 
complex I11 has to rearrange prior to or in concert with the 
ethylene approaches. 

The next step in Scheme 1 involves the reaction between the 
ethyl species III and ethylene, S4. This reaction can lead to 
another insertion according to eq 3 or to the formation of 
1-butene following eq 2.  

We have not studied the insertion process of eq 3 in detail. 
It is assumed that this reaction is very similar to the insertion 
process of S3 with roughly the same reaction enthalpy of -25 
kcaYmo1 and a barrier associated with the rearrangement of 3c 
to 3d so as to expose the vacant coordinate site on Ni and allow 
for an unhindered attack by ethylene on the a-carbon, C4. 

We shall now turn to the chain terminating step of eq 2 which 
is shown in Scheme 1 as S4. This step releases 1-butene and 
ensures that ethylene is oligomerized rather than polymerized. 
We calculate the terminating process of eq 2 to be nearly 
thermoneutral with a reaction heat of 0.1 kcaYmo1. 

One possible mechanism for S4 involves a /3-hydrogen 
elimination of IV to generate the hydride I and the product 
1-butene according to eq 4. The hydride I can then react with 

.H 

ethylene to continue the cycle in Scheme 1. We find that the 
/3-hydrogen elimination step of eq 4 is highly endothermic with 
a reaction enthalpy for the process 

( 5 )  3c - IC + 1-butene 

of 44.7 kcaYmol, Figure 3. Thus, it is not likely that /?-hydrogen 
elimination as illustrated in eq 4 is an integral part of S4. 

Square planar low-spin do nickel complexes are known to 
undergo substitution reactions via five coordinated intermediates 
or transition states. It is thus tempting to suggest an alternative 
mechanism for S4 according to Scheme 2. The first step here 
is the formation of the n-adduct 4a between C2H4 and 3c. The 

Scheme 2 

\ 4a 4b 

b 2a + 
4c * 

next step involves the displacement (substitution) of 1-butene 
by ethylene via the transition state 4b and the n-adduct 4c. In 
the transition state 4b, 1-butene and ethylene are n-coordinated 
symmetrically to nickel on each side of the chelate coordination 
plane of IC. The process in Scheme 2 is a P-hydride elimination 
induced by an incoming olefin. The process is aided by the 
fact that both the eliminated olefin and the incoming olefin can 
n-complex to the metal. 

We have studied the reaction in Scheme 2 for the degenerate 
process of eq 6a, where R of Scheme 2 is hydrogen. For step 
S4 of Scheme 1 we have R = ethyl. A transition state of C, 

2a + C,H4 - 2a + C,H, ( 6 4  

symmetry was optimized as 4d for the process in eq 6a. The 
structure 4d has one imaginary frequency of 861.41' cm-'. The 
transition state 4d can best be characterized as a metal hydride 
with two n-complexed olefins. The Ni-Hl distance is 1.51 8, 
whereas the shortest C-HI distance is 1.67 A. We can best 
characterized the process in eq 6a as a substitution-induced 
/?-hydride elimination where both the incoming and outgoing 
olefin is coordinated to the nickel in the transition state. The 
optimized transition state was calculated to be 16 kcdmol above 
the reactants 2a + C2&. We have also optimized the structure 
for the n-adduct 4c. It has an energy which is 1 kcaYmo1 below 
that of the reactants 2a + C2H4. 

The internal barrier for the elimination step according to 
Scheme 2 is calculated to be 17 kcavmol. A barrier of that 
size is reasonable in view of the fact that ethylene dimerization 
takes place at 40 "C. We propose that the mechanism given in 
Scheme 2 with R = C2H5 also is viable for the process of eq 
6b, where I-butene is eliminated and the ethyl species 2a 
regenerated. 

3c + C,H4 - C4H, + 2a (6b) 
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shown for the hydride IC in 5a-d. The substitutions involve 
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Figure 5. The calculated reaction enthalpies AH,, (n = 7-1 1) for the 
processes (7-11) defined in text. 

Our investigation of the elimination mechanism in Scheme 
2 and the insertion steps in Scheme 1 has lead us to proposed 
the modified mechanism for ethylene dimerization given in 
Scheme 3. 

The species regenerated in the oligomerization cycle of 
Scheme 3 is the stable ethyl complex 2a. The ethyl complex 
2a might initially be formed from ethylene and the hydride IC 
in the step R1. The first step in the cycle is the reaction of 2a 
with ethylene. It can lead to the degenerate process R2 in which 
2a is regenerated according to eq 6a. Alternatively, ethylene 
might insert into the Ni-ethyl bond and form the butyl complex 
3c according to R3. The second step in the cycle involves the 
reaction with ethylene and the butyl complex 3c, eq 6b. This 
reaction can produce l-butene and regenerate the ethyl complex 
2a according to the substitution mechanism of Scheme 2. 
Alternatively, ethylene might insert into the Ni-butyl bond to 
form the Ni-hexyl complex according to eq 3. In that case 
higher oligomers will be formed. 

Modifications of the Chelate Ligand. The actual catalysts 
for ethylene dimerization have CF3 groups attached to the 
chelate ring. It is not clear whether the CF3 substituents simply 
improve the soluability and thermal stability of the catalyst or 
whether the electron-withdrawing CF3 groups in fact have a 
direct influence on the thermochemistry of the steps in Schemes 
1 and 3. 

We have looked in some details at the way in which 
substituents on the C1 and C2 carbons of the chelate ligand might 
influence the thermochemistry of the steps in Scheme 1 and 
Scheme 3. Four substitutions were considered, and they are 

replacing hydrogen with methyl, C1-Me (Sa) and C2-Me (Sb), 
or CF3 groups, CI-CF~ (5c) and CZ-CF~ (Sd), in the C1 and 
CZ positions. A full optimization of the structures 5a-d 
revealed hardly any change in the chelate ring structure. The 
most notable perturbation was in the species 5c and 5d with 
the electron-withdrawing CF3 substituent. Here the Ni-H 
distance is shortened by 0.005 8, compared to IC. 

We have reinvestigated the thermochemistry for the processes 

(7) 

( 8 )  

IC' + X 2 H 4  - 2a' + CzH4 + AH, 

- 2e' + CzH, + AH8 

-. 3a' -k AH9 (9) 

- 3c' + AHlO (10) 

+ 3d' + AHll (11) 

with the Me-C1, Me-Cz, CF3-C1, and CF3-Cz substitutions. 
The species 2a', 2e', 3a', 3c', and 3d' were generated from the 
parent molecules 2a, 2e, 3a, 3c, and 3d by replacing a hydrogen 
with a CH3 or CF3 group. The structures of the Cn-CF3 and 
C,-CH3 moieties (n = 1, 2) in the substituted species were 
taken from the optimized structures of Sa-d. The remaining 
part of the structure for the substituted species was taken from 
the parent molecules. 

Figure 5 displays AHn (n  = 7-11) for the four different 
substitutions as well as the parent systems. It is clear from 
Figure 5 that the influence of substitution on AHn (n  = 7-1 1) 
is marginal. For the CF3-substituted species the processes 
become more exothennic by 2-3 kcaYmol compared to the 
reactions involving the parent molecules. For the CH3 substi- 
tuted species a corresponding drop in exothermicity of 2-3 kcaV 
mol is observed. 

Our calculations would indicate that CF3 substitution on the 
chelate ring has little direct influence on the thermochemistry 
of the steps in Schemes 1 and 3. However, fluorosubstitutions 
may add thermal stability to the catalytic system and make it 
more soluble. 

4. Concluding Remarks 
The main objective of this investigation has been to study 

the structure and relative stability of species involved in the 
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mechanism proposed by Keim et al.' for the dimerization of 
ethylene according to Scheme 1. 

Three conformations have been studied for the hydride I, 
which is the pre-catalyst according to Scheme 1. We have found 
that the chelated nickel center prefers a low-spin conformation, 
IC, with a square planar structure where one site is vacated cis 
to hydrogen. The initial insertion of ethylene into the Ni-H 
bond, S1 + S2 of Scheme 1, was calculated to be strongly 
exothermic with a reaction enthalpy of -44.6 kcaymol. The 
product from the insertion is the ethyl complex 2a with a strong 
agostic interaction between nickel and a @-hydrogen. It appears 
that the insertion takes place with ethylene approaching l a  in 
the chelate plane. 

The second insertion of ethylene, S3, results in the butyl 
complex, IV, for which the most stable conformation was found 
to be 3c with a strong agostic interaction between nickel and a 
@-hydrogen. The process 2a + C2H4 - 3c has a calculated 
reaction heat of -25 kcaumol. Thus, the total formation of 
the butyl complex 3c from IC and two ethylenes is exothermic 
by 69.6 kcal/mol. 

The final step in the dimerization cycle is the reaction between 
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the butyl complex IV and ethylene, S4, of Scheme 1. This 
reaction generates 1-butene and recovers the n-complex 11. Our 
investigation suggests that it is the ethyl complex 2a rather than 
n-complex I1 that is regenerated in the catalytic cycle. We 
propose that the elimination of 1 -butene, and regeneration of 
2a, takes place according to eq 6b via the mechanism outlined 
in Scheme 2. The reaction in eq 6b is calculated to be nearly 
thermoneutral with a modest endothermicity of 0.1 kcal/mol. 
The corresponding activation energy for the elimination process 
was estimated to be 17 kcal/mol. 

We have finally carried out substitutions of hydrogen by CH3 
or CF3 groups on the propanedialate( 1 -) ligand. It was found 
that such substitutions only had a minor effect on the thermo- 
chemistry of the insertion processes in the dimerization cycle. 
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