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Abstract A computational study utilizing density functional
theory (DFT) was performed to analyze the mechanism of
ethylene dimerization catalyzed by (P,N) nickel(Il) com-
plexes, where (P,N) is a mixed phosphine—iminophosphorane
ligand. Two plausible reaction pathways were considered,
namely the Cossee and metallacycle pathways, for three mod-
el systems. The fundamental role of ligand assymetry and the
importance of steric and #rans effects were elucidated. In order
to discriminate between both mechanisms, the activation of
the precatalyst by trimethylaluminum was modeled. The
results obtained allow the establishment of useful guidelines
for creating new specifically tailored nickel-based catalysts for
controlled dimerization.
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Introduction

Short-chain x-olefins are strategic targets in industrial chem-
istry, where they are used mainly as comonomers in the
synthesis of low-density polyethylene [1]. Among them, C,,
Cs, and Cg o-olefins are the most valuable compounds in
terms of applications [2]. The oligomerization of ethylene is
one of the easiest ways to produce these olefins. Titanium-
based Ziegler—Natta systems [3] are the most widespread of
the catalysts currently used to perform such transformations,
but some alternative approaches using other transition metals
have also been investigated over the last decade. For instance,
chromium-based catalysts play a major role in ethylene tri-
and tetramerization reactions [4—12]. It is worth noting that
hexenes can be produced by propene dimerization catalyzed
by either cobalt [13] or nickel [14] complexes. Importantly,
these latter nickel complexes have shown very good catalytic
activity in ethylene dimerization [15—17]. In this context,
some of us have recently reported on the use of very efficient
nickel(Il) catalysts [18] based on mixed bidentate (P,N)
ligands featuring both a phosphine and an imininophosphor-
ane moiety [19, 20]. This catalytic system presents some
notable advantages, such as availability, good stability, and
excellent activity (more than 90 % 1-butene and turnover
frequencies of >60,000 molcopy4 moly; 'hY).

These very promising experimental results called for a
detailed mechanistic study, since a better and more precise
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understanding of the reaction process would enable the
catalytic systems to be improved and permit the rational
design of new active systems.

In this context, density functional theory (DFT) [21, 22]
has become one of the major tools of quantum chemistry,
due mainly to its reliability, low computational cost, and
wide range of applications. Such approaches have been
successfully applied to study a large number of catalytic
transformations for over 20 years (see [23, 24] for exam-
ples), but the overall mechanism of transition metal cata-
lyzed ethylene dimerization has not been studied using DFT;
rather, they have focused on just one of the key steps in
possible mechanisms [25-27].

Two main mechanisms should be considered for the
oligomerization of ethylene. The first is the traditional Cos-
see mechanism [28], which involves a series of insertions
(propagation step) of ethylene into a growing alkyl chain
and a termination step in which a (3-hydrogen transfer
produces the final olefins (see Scheme 1a). In this mecha-
nism, which has been extensively studied and reported in
the literature, the formal oxidation state of the metal remains
unchanged during the propagation step. Notably, this is the
mechanism associated with Ziegler—Natta catalysis [29] and
diimine complexes (containing palladium, nickel, iron, or
cobalt centers [30-33]).

A second possible mechanism is the so-called metalla-
cycle pathway, which begins with an oxidative coupling of
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Scheme 1 Sketches of the Cossee (a) and metallacycle (b) mechanisms
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two ethylene molecules to form a metallacyclopentane. The
cycle can then be enlarged through successive ethylene
insertions (see Scheme 1b). This mechanism is thought to
occur in chromium-based systems such as the Phillips and
Sasol processes [34, 35].

In the work described in this paper, these two possible
reaction pathways were studied in detail, and the fundamen-
tal role played by the ligand in the catalyst coordination
sphere was investigated.

In order to better understand the origin of the observed
selectivity and the importance of the ligand substituents,
calculations were performed on three model complexes
differing by the substituents on the nitrogen and phosphorus
atoms (see Fig. 1).

Computational details

All calculations were carried out using the Gaussian 03
software suite [36] with the hybrid B3PW91 functional
[37]. This functional has been extensively and successful-
ly used in organometallic catalysis for many years (see for
instance [38, 39]). The 6-31 G* basis set was used for all
nonmetallic atoms (H, C, P, N), and the double-( quality
basis designed by Hay and Wadt was employed in con-
junction with its effective core potential for the nickel
atom [40].

In the light of recent interesting studies on agostic com-
plexes, one may wonder if polarization functions on hydro-
gen atoms are crucial to achieving accurate results [41-43].
To this end, we have reoptimized some agostic complexes
(with the H substituents on N and P atoms) using the larger
6-31 G(d,p) basis set. The obtained results show, for in-
stance, that the Gibbs energy difference between compounds
3a and 4b (agostic) is 19.4 kcal mol™' with 6-31 G
(d) and 19.6 kcal mol ' with 6-31 G(d,p). Similarly, the
difference between 5b and 6a is 14.7 (kcal mol ') and
15.0 kcal mol ' with the same two basis sets. The same
qualitative conclusions regarding geometries still hold,
whichever basis set is employed. For instance, the M-Hp
agostic bond lengths are equal to 1.73 A and 1.65 A in 4b
and 6a with the 6-31 G* basis set, while they are 1.70 A
and 1.63 A with 6-31 G**. It can therefore be safely
assumed that these polarization functions on hydrogen
atoms do not significantly affect the results, so all of the
computations reported subsequently were carried out with
the smaller 6-31 G(d) basis.

All structures were fully optimized and the nature of
the stationary points was checked by analytically com-
puting the Hessian matrix. In order to verify that the
products and the reactants were correctly connected,
intrinsic reaction coordinate (IRC) calculations [44, 45]
were performed.
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Fig. 1 Thermodynamics of the
first two ethylene insertions
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Results and discussion
Cossee mechanism

Determination of the most stable spin states and conformers

of the starting complexes

In the Cossee mechanism, the first step is the insertion of a
previously coordinated ethylene molecule into a metal-hy-

dride bond [46]. The formation of this hydride results from
the activation of the precatalyst by the co-catalyst used in
the experience [47]. The co-catalyst, for instance the very
popular methylaluminoxane (MAO) [48], transfers a methyl
group to the metal after the abstraction of halides in the

precursor complex. Such a hypothesis was corroborated by
the experiences of Brookhart and co-workers [49]. An eth-

ylene molecule then inserts into the metal—carbon bond, and
[-elimination of propene creates the metal-hydride bond

[50]. For some systems, propene elimination does not occur
and polymerization continues. Since only oligomers with an

even number of carbon atoms were obtained with the stud-
ied catalysts, the first insertion is made into a metal-hydride

bond and not into a metal-carbon one. These observations
prompted us to consider as a starting precursor a hydride
complex bearing the asymmetric bidentate (P,N) ligand and
one molecule of ethylene.

Whatever the nature of substituents on the phosphorus

or nitrogen atoms, singlet conformers were found to be
considerably more stable than the corresponding triplet
complexes (more than 13 kcal mol™' higher), with the rela-
tionship between geometries (square planar or tetrahedral)
and spin states (singlet or triplet, respectively) conforming
to traditional molecular orbital theory for transition metal
complexes.

Furthermore, the singlet complexes (denoted 1al) with
the hydride located frans to the nitrogen atom are more
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stable (by at least 5.9 kcal mol ") than the corresponding cis
isomers. This (strong) trans effect increases with the hin-
drance at the nitrogen atom, so that only the trans system
will be considered in the following calculations.

The first two insertions

The first insertion results from the rotation of the ethylene
moiety, which is originally perpendicular to the mean coor-
dination plane. As expected, this step does not require much
energy (less than 3.1 kcal mol ™', Fig. 1). The subsequent
complex 2a shows a [3-agostic bond, which saturates the
coordination sphere of the square-planar metal center,
preventing any reversal of the insertion. The next step
destabilizes the complex (by 8 kcal mol ' at most), as a
relatively strong interaction (the (3-agostic one) is replaced
with a weaker one (the 7-interaction with ethylene). In-
deed, the backdonation from the metal to the ethylene is
rather weak, as shown by the C=C bond length in all 3a
complexes (1.38 A).

Complexes 3a then undergo an insertion, leading to a butyl
chain with a (3-agostic hydrogen. The activation barrier for
this transformation is relatively low (about 10 kcal mol ")
and depends only slightly on the nature of the N substitu-
ent. The energy of 4b is independent of the N substituent;
this can be explained by the position of the whole alkyl
chain, which is located trans to the nitrogen atom, so that
no interaction can develop between this substituent (even if
it is bulky) and the growing chain. The stabilization in-
duced by the agostic interaction makes the formation of 4b
very favorable from a thermodynamic point of view
(30 kcal mol™" below the energy of 1al and more than
20 kcal mol ' below that of 2a).

Third insertion and butene elimination

Competition between the third insertion (leading to the hexyl
chain) and 1-butene elimination is the key factor governing
the selectivity of the process (Fig. 2)." The third insertion
implies the coordination of an additional ethylene molecule
and consequently the loss of the agostic interaction. Again,
this step is unfavorable, and—in contrast with the results
given in the previous paragraph—it depends on the substitu-
ents (due to the position of the incoming ethylene molecule,

! Note that the reported transition state for elimination is the one
associated with hydrogen transfer to the metal, which is the first step
in butene elimination. The second step involves the release of butene
by replacing the still-coordinated C,Hg with a C,H4 molecule. This
step could only be modeled by a dynamic approach, so the point at
—18.8 kcal mol™' on the butene elimination path is obviously not
meaningful and erroneously suggests that this elimination is reversible.
However, as the ethylene is maintained at a high pressure (30 bars), the
probability of another C4Hg coordinating is almost null.
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which is now on the same side as the nitrogen group, poten-
tally leading to steric interactions with it).

The selectivity for 1-butene vs superior oligomers can be
rationalized in term of the energy difference between the
two transition states:

AG).; = AG*(TS3) — AG"(TS4). (1)

Using this definition, AG) ;>0 indicates that the
insertion of an additional ethylene molecule is favored, where-
as AGgref < 0 implies that the elimination of 1-butene is
preferred. In the R = R’ = H case, the computed AGgref is
0.8 kcal mol ', thus predicting that alkyl chain growth is more
probable. On the contrary, AGY . is computed to be

—2.7 keal mol™' and —5.6 kcal mol ' when R =R’ =Me and
R = Me, R’ = Bz, respectively, in agreement with the exper-
imentally observed selectivity.

The key to understanding the efficiency of the process
is to note that the insertion process is in fact the sum of
two steps: the coordination of an ethylene molecule and
the insertion itself. Neither of these steps requires much
energy (around 13 kcal mol ' and 17 kcal mol ™', respective-
ly), and each of these energies is smaller than the elimination
barrier (23 kcal mol™'): the butene selectivity stems from
their sum. As the competition between agosticity vs p-interaction
represents half of the energy of this process, the selectivity for
butene is improved by increasing the steric hindrance at the
nitrogen atom.

However, to be thorough, we should also consider
another reaction pathway: (3-hydrogen transfer (BHT).
This transfer has been shown to be the main path in
Ziegler—Natta reactions when using electron-deficient metal
complexes (such as titanium, zirconium, or hafnium com-
plexes) as catalysts [S1, 52]. On the contrary, BHT does not
occur with electron-rich transition metal complexes such as
cobalt complexes. [53]

This mechanism can be viewed as the transfer of a f3-
hydrogen of the alkyl chain to the coordinated ethylene
ligand (complex 5b), leading to a metal center linked to an
ethyl chain and to a 7t-coordinated 1-butene, which can in
turn leave the coordination sphere (Fig. 3).

The computed activation barriers are, however, definitely
prohibitive. A rather reasonable conjecture is that hydrogen—
chain transfers are predominant for electron-poor metals
whereas hydrogen—metal transfers dominate for electron-rich
metals like nickel.

Hexene elimination
The last experimental fact to account for is that a significant

amount of hexene is observed but none of the longer
oligomers are detected. Figure 3 offers a rather simple



2111

J Mol Model (2013) 19:2107-2118

Fig. 2 Competition between
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explanation: complex 7a is higher in energy than the tran-
sition state for hexene release. There is therefore no need to
compute the fourth ethylene insertion to conclude that
octene will not be detected.

Factors determining the selectivity

The results obtained up to now suggest that there are three
main factors determining the observed selectivity in the case
of the Cossee mechanism: the (3-agostic interaction, the trans
effect, and the steric hindrance at the nitrogen atom.

The stabilization brought about by the presence of the f3-
agostic interaction accounts for the selectivity in 1-butene,
since it induces an energetic cost of coordinating an addi-
tional ethylene. This stabilization energy (AG®,g,, the ener-
gy difference between the nonagostic and the agostic
complexes for the same chain length) increases with steric
hindrance (see Table 1).

As the ligand is not symmetric, the possibility of coordinat-
ing an ethylene molecule to the metal depends on the atom
located frans to the vacant coordination site: frans to the
nitrogen (labeled “a”) or trans to the phosphorus (labeled
“b”). Thus, the stabilization or destabilization induced by the
coordination of an ethylene molecule, depending on the site at
which it occurs, can be computed as the difference in the
energies required for the coordination either frans to the phos-
phorus (AG® ) or trans to the nitrogen atom (AG? ):
fh 3 = AGy, 3, — AG) (2)

2a—3a

In this notation, t;:} > 0 implies easier coordination of
ethylene frans to N than frans to P, whereas #)_; indicates
more difficult coordination frans to N. In a similar man-
ner, the energy difference 7] < can be used to evaluate the
trans preference for the transformation of complex 4 into
complex 5.

As all t;H3 and #J_ values (Table 1) are positive, the
coordination of an ethylene molecule frans to the phospho-
rus atom is always disfavored.

The trans effect is also enhanced by steric hindrance.
This preference for the nitrogen atom is another clue to the
1-butene selectivity. Indeed, if we assume that the departure
point is the most stable conformer 1al, the coordination of

Table 1 Agostic stabilization energy and energetic and geometric
measures of the frans effect (see text for definitions). All energies are
in kecal mol™" and distances are in pm

AGggo B4 9 s AR A
H 5.0 0.9 0.2 1.0 1.5
Me 6.0 2.1 2.0 1.1 1.4
Bz 6.8 2.2 2.3 1.5 29
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the second ethylene occurs frans to the nitrogen atom, i.e.,
the most favorable position. As a consequence, the third
ethylene has to coordinate trans to P, which is the most
unfavorable position, so the construction of the n-hexyl
chain is disfavored. On the contrary, if the other conformer
had been the most stable initial hydride complex, the coor-
dination of the third ethylene would have occurred in the
best position (trans to N) and the destabilization would have
been weaker.

This trans effect can also be understood by studying the
lengthening of the Ni-N bond length @™ with ethylene
coordination. The quantities /' compare the amount of
partial decoordination when ethylene is #rans to P with that
when it is trans to N:

s = (N =y ) = (dn Y - ). (3)

All calculated values (Table 1) are positive, indicating
that the nitrogen atom moves away more when ethylene is
trans to P. The link to the energy analysis is straightforward:
if N is farther away, it donates less to the metal, so the metal
is less stable.

The last factor is steric hindrance. If, as previously men-
tioned, steric hindrance has almost no impact on the elimi-
nation barrier, it increases the destabilization induced by the
coordination of the third ethylene molecule and slightly
affects the insertion barrier. Therefore, it can be concluded
that steric hindrance creates synergic and cumulative effects
favoring the elimination of 1-butene to the detriment of
chain growth. Finally, though each of these three effects is
quite small, the combination of these effects is significant.

Metallacycle mechanism
Oxidative coupling of two ethylenes

Even though the Cossee mechanism is fully able to explain
and reproduce the experimental results, a possible alternative
was also considered: the metallacycle mechanism. Nickelacy-
clopentane complexes have been identified and proposed as
catalysts for the formation of dimers from ethylene [26, 54]. A
paper by McKinney and al. [55] demonstrated that cyclization
is symmetry forbidden for a nickel(0) bearing a C,,, bidentate
ligand. Ring expansion of particular nickelacycle has also
recently been studied [56].

As MAO can reduce the precatalyst, several oxidation
states (in their most stable spin states) have been studied.
For the doublet [Ni(I)/Ni(II)]", the activation barrier for the
oxidative coupling is 38.7 kcal mol ' (R =R’ = Me). For the
singlet Ni(0)/Ni(Il), it is 50.4 kcal mol™'. As a result, the
unusual Ni(II)/Ni(IV) couple, in its singlet configuration,
was considered for further investigations (see [57-59] for
examples of isolated Ni(IV) complexes).
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The oxidative coupling constitutes the first step: complex
I is transformed into metallacyclopentane II via the transi-
tion state TSI (Fig. 4). The activation barriers (about 20 kcal
mol ") are not prohibitive and only slightly depend on the
nature of the substituents. The transition state corresponds to
a rotation of the two ethylene molecules. As expected, the
C=C bonds are considerably elongated (computed to be
1.44-1.46 A in the three cases). Remarkably, in II, the
existence of a [3-agostic interaction is made possible by
the distortion of a regular cyclopentane and by the square
pyramidal geometry of this ° complex.

Competition between butene elimination and further
ethylene insertion

Complex III simply results from the coordination of an
ethylene molecule and, as in the Cossee mechanism, it
implies the loss of the agostic interaction. However, this
coordination is stabilizing in the R = R’ = H case, while it
is destabilizing in the R = R’ = Me case (Fig. 4). The latter
destabilization comes from the interaction between the
methyl on the phosphorus atom and the carbon linked to
the metal in the square plane.

Fig. 4 Oxidative coupling, and
butene elimination vs. ethylene
insertion (orange P, gray C,
white H, dark blue N, light
blue Ni)

AG®
(kcal mol™")

The insertion requires more energy (10 kcal mol™' and
15 keal mol"). As before, the whole insertion process is the
sum of two steps. Since the first is stabilizing for the H case,
the insertion is ultimately favored. In the methyl case, elimi-
nation and insertion are equally competitive (the energy of
TSII is 28.8 kcal mol ' vs. 28.9 kcal mol ™' for TSIII).

In the usual metallacycle mechanism, the elimination
proceeds in two distinct steps [60]. The first consists of a
classical 3-elimination process, in which a hydride is trans-
ferred to the metal, with the chain remaining linked to the
metal and bearing a C=C double bond at its end. This
intermediate is usually a local minimum. Then, in a second
step, the complex undergoes reductive elimination, giving
1-butene. In our calculations, the hydride complex is not a
minimum but a first-order saddle point, the imaginary fre-
quency corresponding to the direct transfer of the 3-hydrogen
to the 6 carbon, which is assisted by the nickel atom. This
elimination, occurring in a single step, may be related to the
electron-rich nature of the metal (noting that it has not been
observed for group IV catalysts).

The introduction of a bulky group onto the nitrogen
group has a tremendous effect on the selectivity of the
catalysis. In fact, in this case, TSIII lies at higher energy
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than TSII (11.6 kcal mol™"): butene elimination is indisput-
ably preferred, which is partly explained by the energetic
cost of ethylene coordination (>9.0 kcal mol ™, compared to
4.8 kcal mol™' when R = R’ = Me). The insertion barrier
itself also increases when going from R’ = Me (15.1 keal
mol ') to R" = Bz (22.5 kcal mol™"). Again, both compo-
nents of the overall insertion process work synergistically to
disfavor chain growth when steric hindrance increases. On
the contrary, the elimination barrier is not affected (it is
about 19 kcal mol ™' in both cases).

Hexene elimination

Exactly the same situation that was observed for the Cossee
mechanism was computed here too: the ethylene complex is
higher in energy than the transition state for elimination
(Fig. 5). Therefore, as also seen for butene elimination, the
hexene is released in one step; the hydride complex is the
transition state.

More insights into the determination of the active species
Modeling the activation

As both mechanisms are consistent with experimental data, the
key to distinguishing between them is the activation process,
starting from the dibromide complex (which was experimental-
ly found to be in the triplet state; note that such a change in spin
from the precursor to the active species has already been reported
[61, 62]). As the real MAO structure is still unknown, we
chose to explore the potential energy surface of the activa-
tion using trimethylaluminium as model for the real MAO.
Indeed, experimentally, the oligomer distributions obtained

Fig. 5 Competition between AG®
second ring expansion and (kcal mol™)
hexene elimination (orange P,
gray C, white H, dark blue N,
and light blue Ni)
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when using AlMes as the activator are very close to those
obtained with MAO. Such similarities prompted us to as-
sume that the active species created by AlMe; and MAO are
the same. Also, given the size of the system, we restricted
our study to the H case. In this context, it is also worth
mentioning that some studies of activation paths have
already been reported in the literature [63, 64].

The first step is the creation of a Lewis-type adduct with
two AlMes equivalents (complexes B1 and B3, Fig. 6),
requiring about 8 kcal mol ', whatever the spin state. B1 can
undergo a small transformation that consists of a rotation of
the Al-Br bond that shifts bromine outside the metallic
coordination sphere (Blb) and can be considered the first
debromination. It should also be noted that a second debro-
mination can occur from B1b, leading to a dimethyl com-
plex that cannot be active as an oligomerization catalyst, as
the square plane is saturated. As all these intermediates are
higher in energy than B3, their formation is disfavored.
Analogously, a similar debromination is possible from this
latter complex, but it gives B3b, which is also less stable
than B3. No double debromination product from B3 has
been identified.

In conclusion, no change in spin is expected, and the
unmethylated complex B3 was computed to be the pre-
dominant species by far. As a consequence, the only
viable way to make it evolve is to proceed to an elimination
of [AlMe;Br] .

There are two possibilities, depending on which of the
aluminium fragments is eliminated: we chose the one with
the longest Ni—Br distance. Strikingly, the triplet and the
singlet products have almost the same Gibbs energy (Fig. 7).
In C1, a methyl is linked to the metal. Thus, if C1 is the
species with the lowest activation barrier to formation, the

kel
s
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Cossee mechanism will be preponderant. The triplet com-
plex C3 can give C3b, in which a methyl group has been
transferred to the metal. However, this transformation is not
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when ethylene coordinates. If we can show that C3 mainly
induces the Cossee mechanism, we will have proven that in
either case (triplet or singlet), it is this mechanism that dom-
inates. We will not then need to determine whether it is C1 or
C3 that is most easily formed from B3.

When ethylene coordinates to the nickel center, D3 can be
obtained, where two methyl groups are transferred to the metal.
This transfer is promoted by the significant elongation of the
corresponding Al-C bonds: to 2.04 A in both cases (whereas
the value for the third—noninteracting—methyl group is
1.95 A). Accordingly, these two methyl groups can be consid-
ered agostic, and exhibit unusual angles (NiAIC = 63° and
BrAIC = 117°). In order to quantify the energy that is required
to capture the methyl with the shortest Ni—C distance, a relaxed
energy scan on this coordinate was performed. It appears that
the surface is very flat and that the transfer requires less than
4.5 kcal molfl, so that the Cossee mechanism will be active,
whatever the spin state. It should also be noted that the methyl
group finally comes in #rans to nitrogen. After ethylene inser-
tion and propene release, we thus obtain a hydride #rans to
nitrogen, 1al, consistent with our previous findings.

Conclusions

In this paper, we utilized DFT calculations to investigate the
reaction mechanism for the dimerization of ethylene using
three model (P,N) nickel(Il) catalysts. For the two mecha-
nisms envisaged (Cossee and metallacycle), singlet nickel
(IT) complexes are the active species, and the dimer is
always predominant for the bulkiest model catalyst.

These results prompted us to examine the activation pro-
cess and propose that the Cossee mechanism is the predomi-
nant one for this catalytic transformation when MAO is used
as the activator.

Our calculations also allow us to propose some guidelines
for the creation of nickel(Il) complexes with high catalytic
performance. It was found that the elimination barrier was
almost independent of the substituents chosen. On the contrary,
the whole insertion process is disfavored when the steric
hindrance is increased. It is important to note that this insertion
is the sum of two steps: the insertion itself and the previous
coordination of an ethylene molecule. In the Cossee mecha-
nism, this coordination occurs at the less favorable site, namely
trans to phosphorus for the third insertion, which explains the
observed selectivity. This frans effect was related to the in-
crease in the Ni-N bond length.

Finally, three important ligand properties were found to
be fundamental:

1) Bifunctionality. There must be two electronically differ-
ent binding sites on the ligand to disfavor the coordination
of the third ethylene.

@ Springer

2) A sterically hindered substituent on the nitrogen atom.
While improving stabilization through a (3-agostic in-
teraction, it again suppresses chain elongation and thus
promotes butene elimination.

3) Relative flexibility. The ligand must permit all of the
important geometrical modifications that allow the sta-
bilization of the metal center along the reaction path-
way. However, the selectivity for butene was shown to
be enhanced when the ligand was able to stabilize a
planar conformation. A delicate balance between flexi-
bility and rigidity is therefore needed.

For completeness, it is worth noting that we studied the
influence of the computational protocol in [65] and the
possible quantitative prediction of AGgref in [66].
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