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ABSTRACT: The mechanism of ethylene dimerization to 1-butene, as promoted by
the Ti(OR’),/AIR; catalyst system, has been explored with the aid of density
functional theory (DFT) to determine which mechanistic proposal, metallacycle or
Cossee—Arlman, is most likely. The theoretical studies predict that the Cossee
mechanism has the lowest rate-determining reaction barrier and also that this
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mechanism is more likely to lead to selective dimerization. In contrast, for the

metallacycle mechanism, a higher likelihood of 1-hexene formation is predicted. The possibility of isomerization or
codimerization of 1-butene has also been studied according to a Cossee mechanism, with the results obtained in good agreement
with previous experiments. As a result of this study and recent experimental results, a Cossee mechanism of dimerization with
this catalyst, proceeding via a titanium-hydride intermediate, is considered the most probable route.
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1. INTRODUCTION

The oligomerization of ethylene to short-chain linear a-olefins
(LAOs) has been the subject of intense research effort over the
past decade.'”* The first three homologues of the series, 1-
butene, 1-hexene, and 1-octene, are used on large scale as
comonomers for the manufacture of linear low-density
polyethylene (LLDPE). Most recent attention has been focused
around the discovery of early transition metal catalysts for
selective tri- and tetramerization,>” whereas ethylene dimeri-
zation to 1-butene, catalyzed by Ti complexes, has been
practiced commercially for many years and can be considered a
mature technology.l""’w_13 Nonetheless, the dimerization
reaction has received interest of late, with the development of
new aryloxy-Ti catalysts'®"> and renewed attention to the
mechanism of this reaction.”'®'” It is the mechanistic aspects
of this reaction that we have considered herein.

The dimerization of ethylene to 1-butene, catalyzed by Ti or
Zr alkoxide complexes in combination with triethylaluminum,
was discovered by Ziegler and Martin over half a century ago."®
The system has been improved over the years such that very
high activities and selectivity (TOFs approaching 1 X 10° h™},
>93% 1-butene) have been reported.’ The catalyst system
Ti(OR’),/AIR; (R’ = C;—Cg alkyl; R = C,—Cg n-alkyl) appears
to be optimal (particularly Ti(O"Bu),/AlEt;),"" although
Ti(OAr),"” has also been employed. This system was further
developed into the commercial Alphabutol process by IFP
Energies Nouvelles and Sabic, which now accounts for around
25% of worldwide 1-butene production.”*’

Despite the industrial importance of this catalyst class, the
mechanism for 1-butene formation is not well established. The
high selectivity of this system is most often attributed to a
metallacycle mechanism for ethylene dimerization (Scheme 1)
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Scheme 1. Metallacycle Mechanism for Ethylene

Dimerization
T@

involving coordination of two ethylene units to a formally
Ti(Il) species, followed by formation of a Ti(IV) metal-
lacyclopentane.*'*'>?%*! Product release occurs via f-hydride
transfer (either stepwise or concerted; see below) to yield 1-
butene. Although a metallacycle mechanism is more or less
established for ethylene tri- and tetramerization,” > we have
recently questioned the evidence supporting a metallacycle
mechanism for dimerization with alkoxy-Ti catalysts.® The main
alternative, a conventional Cossee—Arlman mechanism
(Scheme 2), has also been suggested in the earlier literature
dealing with the Ti(OR’),/AIR; system.""** It is certainly the
case that the product distribution arising from this catalyst (1-
butene and 1-butene/ethylene codimers) can be rationalized on
the basis of a Cossee mechanism with a high rate of chain
transfer relative to chain propagation.

We recently reported experimental studies with Ti(O"Bu),/
AlMe; that support a Cossee mechanism for dimerization while
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Scheme 2. Cossee—Arlman Mechanism for Ethylene
Dimerization
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strongly disfavoring a metallacycle mechanism.'® Herein, we
have extended this analysis by way of detailed DFT studies of
the reaction, considering both possible mechanisms. The
relative energetics of both mechanisms are compared, along
with their likelihood of leading to selective dimerization.

2. THEORETICAL METHODS

All DFT calculations throughout this paper were performed
using Gaussian09,> utilizing hardware from the National
Computational Infrastructure Australian national facility or
the Tasmanian Partnership for Advanced Computing facility.
Geometry optimizations were performed without symmetry
constraints at 298 K and 1 atm using the B3LYP**>°
functional in combination with the Stuttgart—Dresden®’
(SDD) double-£ valence basis set and effective core potential
(ECP) for Ti and the 6-31G(d) basis set for all other atoms
(referred to as BS1). Solvation effects were also incorporated
into the geometry optimizations by including the conductor-
like polarizable continuum model®® using toluene as the
solvent. Analytical frequency calculations were carried out to
verify structural optimizations and to obtain Gibbs energy
corrections at the same level of theory. All minima (ground-
state) structures contained no imaginary frequencies, and all
transition structures contained only one imaginary frequency
that exhibited vibrational modes consistent with the anticipated
reaction pathway (further verified by intrinsic reaction
coordinate analysis). Single point energies (SPE) for all
structures were calculated with the M06> ' functional with
the quadruple-¢ valence def2-QZVP***® basis set and SDD
ECP on Tij, and the 6-311+G(2d,p) basis set on all other atoms
(referred to as BS2). The MO06 functional was chosen on the
basis of benchmarking tests performed by Truhlar and co-
workers, in which the averaged error for catalytic energies was
evaluated for different functionals.>* This work showed that the
MO6 functional was associated with relatively low errors for
barrier heights relevant to catalysis. The same solvation model
as above was incorporated into the SPE calculations. The Gibbs
energy (AG) values reported throughout this paper were
obtained at the MO06/BS2//B3LYP/BS1 level with thermal
corrections calculated at the B3LYP/BS1 level.

All Ti(III) structures (Cossee mechanism) were optimized in
the doublet spin state, and both singlet and triplet spin states
were found to be relevant along the metallacycle route (Ti(II)
— Ti(IV)), as discussed in the text. Minimum energy crossing
points (MECPs) between the two surfaces were located using
the methodology developed by Harvey and co-workers.*® The
barriers for spin state crossing shown in Figure 4 are derived
from electronic energies (E,..) at the B3LYP/BSI level.
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3. RESULTS AND DISCUSSION

In order that a theoretical analysis of the reaction yield reliable
results, it is, of course, necessary that a realistic model for the
active catalyst be used as input. A number of early experimental
studies have been carried out on the system that indicate that a
number of structures may be formed, depending upon the Al/
Ti ratio."" At an Al/Ti ratio of 2 (the minimum required to
form an active catalyst), ESR analysis indicates the formation of
Ti(R)(AIR,{-OR'},), (1), but both Ti(R)(AIR{u-OR'}Hu-
R}), (2) and Ti(R)(OR’)({u-OR'},AIR,) (3) have also been
suggested.*** Note in each case that the Ti center has been
reduced to the formal oxidation state of Ti(Ill); most
experimental studies suggest a Ti(Ill)-active species at low
Al/Ti ratios (<10)."*
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A number of computational studies of ethylene oligomeriza-
tion with proposed catalyst 1 (R = Et, R’ = Me) in which a
Cossee mechanism was considered were, in fact, carried out by
Novaro and co-workers in the 1970s.*>*"** We have, therefore,
re-examined oligomerization with 1 in more detail, as permitted
by modern advances in computational chemistry. Given the
similarities between 1 and 2, the latter has been excluded from
this study, whereas 3 has been included. A Cossee mode of
chain growth and termination is considered first, followed by a
metallacycle mechanism.

3.1. Cossee Mechanism. The starting points for the
reaction have been taken as the Ti hydrides Ti(H)(AlMe,{u-
OMe},), (4) and Ti(H)(OMe)(AlMe,{u-OMe},) (4'),
corresponding to the tri- and bimetallic catalysts, respectively.
Complexes 4 and 4’ are related to one another by loss/addition
of Me,AlOMe (reaction 1); thus, their relative energies can be

H
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Me,AI< O,TI\ o AlMe,
Me Me
4
Me Me
O._..H o)
MezAKO/TI\OMe + MezAKO,\AIMez (1)
Me Me
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estimated. The Me,AlOMe moiety would be most stable as a
methoxy-bridged dimer,**° and as such, the AG,,, calculated
for reaction 1 reflects this. The bimetallic hydride 4’ lies 7.9
keal-mol™! above trimetallic 4, and thus, 4 is taken as the zero
point on the potential energy surface (PES), shown in Figure 1.
In all of the PES plots presented throughout this paper, the
solid line corresponds to reaction of the trimetallic system
(stationary points X), and the dashed line corresponds to the
bimetallic system (stationary points X'). All expected stationary
points along the reaction coordinate corresponding to a Cossee

dx.doi.org/10.1021/cs4006875 | ACS Catal. 2013, 3, 3006—3015
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Figure 1. Energy profiles for the dimerization of ethylene (4/4’ + 2 ethylene — 4/4’ + 1-butene) via a Cossee mechanism starting from
Ti(H) (AlMe,{x#-OMe}), (4, solid line) and Ti(H)(OMe)(AlMe,{y-OMe},) (4’, dashed line). The relative Gibbs energies (AG) obtained from

MO06/BS2//B3LYP/BS1 calculations in toluene are given in kcal-mol ™.

mechanism were located (Figure 1). It can immediately be seen
that the bimetallic mechanism, commencing from 4’ (dashed
line), is higher in energy across the whole PES relative to the
trimetallic mechanism, commencing from 4 (solid line). As
such, the trimetallic mechanism might be considered more
probable on the basis of this analysis, although the energy
differences are not large and, in particular, are quite similar at
the transition structures. It may be that both surfaces could be
populated under experimental conditions (and at different Al/
Ti ratios).

Figure 1 reveals that the first migratory insertion of ethylene
into the Ti-hydrides 4/4’ to yield Ti-ethyl complexes 7/7 has a
very low barrier on both surfaces. The subsequent ethylene
insertion to yield Ti-butyl complexes 10 and 10’ and fS-hydride
elimination to release 1-butene have more substantial barriers.
Concentrating on the trimetallic surface (solid line), transition
structure (TS) 9 (second insertion) lies 22.0 kcal-mol™! above
Ti-ethyl 7, whereas TS 11 (-H elimination) is 24.3 kcal-mol ™
above Ti-butyl 10. As such, the highest activation barrier is
predicted to be product release via f-H elimination, although
the difference is marginal. In Novaro’s early theoretical studies,
a trigonal bypyrimidal structure for catalyst 1 was considered
most likely.*” This is confirmed by the present study, in which
each stationary point of general structure 1 (4, 7, and 10; R =
H, Et, and Bu, respectively) is best described as such (Figure
2a). An octahedral geometry is adopted at each transition
structure as a result of either the interaction of an additional
ethylene (insertion TSs 6 and 9) or the f-hydride transferring
to Ti (f-H elimination TS 11; Figure 2b).

It is also of interest to consider the two possible routes by
which chain transfer can occur. Novaro considered that a
concerted process involving f-hydride transfer to a coordinated
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ethylene monomer was most likely (reaction 2).*' In Figure 1,
the process is shown as occurring via stepwise f-hydride
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transfer to Ti, after which a free ethylene could insert (10 — 4;
4 — 7). The two possibilities are compared in Figure 3. Our
calculations suggest that the stepwise process has a considerably
lower activation barrier and, as such, is the favored route. This
result comes as somewhat of a surprise. The route of direct -
hydride transfer to the monomer was reasonably suggested on
the basis of kinetic studies, which show that the rate of f-
hydride transfer is dependent upon the ethylene concen-
tration.” Therefore, at first glance, our predictions seem to
conflict with these experimental findings. However, Figure 3
reveals how the rate of f-hydride transfer to ethylene, via the
stepwise route, could be dependent upon the concentration of
ethylene. The initial f-hydride transfer to generate a Ti-hydride
(10 — 4) is endergonic by 19.4 kcal'mol™’. As such, this
reaction is not spontaneous and in the absence of ethylene will
return to the Ti-butyl 10. Only in the presence of ethylene can
the reaction proceed through to Ti-ethyl 7 and 1-butene. As
such, we can expect the overall process of chain transfer (10 —
7 + l-butene) to be dependent on the concentration of
ethylene, even when proceeding via a stepwise process. The
presence of chain transfer ethylene dependence in oligomeriza-
tion and polymerization transition metal catalysis is generally
accepted to indicate that the concerted hydride-transfer-to-
monomer route is operative. It has been shown herein that this
is not necessarily the case. This is a notable finding.

dx.doi.org/10.1021/cs4006875 | ACS Catal. 2013, 3, 3006—3015
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(b)

Figure 2. (a) Optimized structure of Ti("Bu)(AlMe,{u-OMe},), (10)
and (b) transition structure 11 (f-H elimination). For clarity, only
selected hydrogen atoms are shown.

3.2. Metallacycle Mechanism. The formation of metalla-
cycles from group 4 metal(II) precursors and two alkenes is
well-known,*™* and the Tibased ethylene trimerization
catalyst of Hessen and co-workers,*® which has been extensively
studied theoretically,**~>" is likewise proposed to operate via a
Ti(I1)/Ti(IV) cycle. The formation of a Ti(I) complex, such as
Ti(AlMe,{u-OMe},), (14), has been indicated in experimental
studies of the Ti(OR’),/AIR; catalyst system at higher Al/Ti
ratios.*” Thus, both 14 and Ti(OMe)(AlMe,{u-OMe},) (14'),
which are directly analogous to 4/4’, have been studied in this
work. Similarly, the relative energies of 14 and 14’ have been
calculated on the basis of reaction 3, and again, the bimetallic
complex lies higher in energy than the trimetallic complex, this
time by 10.3 kcal'mol™ (in the triplet spin state; see the
discussion below).

ge ge
~o VYN AGeact = 10.3 keal/mol
MezAKO/TI\O,AIMeZ i
Me Me
14
N Me
Pt
MezAI\O/Tl—OMe + 1, Me,AIC SAIMe,  (3)
Me ]
Me

14'

The PES for the metallacycle mechanism is shown in Figure
4. The first aspect noted is that the bimetallic and trimetallic
surfaces cross at several points along the reaction coordinate
and are practically identical in energy at a number of stationary
points. This points to the possibility that, should this
mechanism be active, the catalyst’s ligand set could change at
different points throughout the cycle, through loss/addition of
Me,AlOMe. Another possibility is that hemilability might exist
in the chelate ligands of the trimetallic catalyst 14. Reversible
dissociation of one O donor in 14 would give a structure very
similar to the bimetallic catalyst 14’, albeit with somewhat
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Figure 3. Energy profiles for chain transfer via stepwise (blue line) and concerted (red line) pathways following formation of L,TiBu (10/10") from
L,TiH (4/4’) and two ethylene units (as illustrated in Figure 1). The relative Gibbs energies (AG) obtained from M06/BS2//B3LYP/BSI
calculations in toluene are given in kcal-mol™'. All energies relative to Ti(H)(AIMe,{u-OMe},), (4) prior to 1-butene formation (left-most 4 in

Figure 1) and balanced for ethylene.

dx.doi.org/10.1021/cs4006875 | ACS Catal. 2013, 3, 3006—3015



ACS Catalysis

Research Article

triplet

singlet

e MECP

10.3

T

TiL, 14

ALLILITTIRN
/

142
NI

AG '\ 174

kcal/mol

A2

L,Ti

-5.1
i

\
‘i

-4.6

14

—— L, =[(p-OMe),AlMe; ],
L, = [OMe][(p-OMe);AlMe;]
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BS2//B3LYP/BSI calculations in toluene are given in kcal-mol™'. MECP barrier heights are derived from B3LYP/BS1 electronic energies.

different electronics. This possibility has not been studied
herein; however, it is noted that such ligand hemilability is a
teature of Hessen’s Ti-based trimerization system, which does
operate via a metallacyclic mechanism.*>

An analysis of the different spin state possibilities revealed
that complexes 14/14" are most stable as triplets, whereas all
other stationary points along the path are lowest in energy in
the singlet spin state (a number of stationary points for formally
Ti(IV) intermediates could not be located on the triplet
surface; see the Supporting Information). As such, there exists
the possibility of spin crossover during the reaction, and the
MECPs™ located are indicated in Figure 4. The singlet-to-
triplet crossover for 14 and 14’ is estimated to have a modest
barrier (~8 kcal'mol™"), and as such, this spin flip may not
occur in the presence of ethylene if uptake of the monomer is
rapid. In other words, if this mechanism were active,
spontaneous coordination of ethylene to singlet 14/14’ could
lead directly to singlet 15/15’, which would eliminate all spin
crossover in the catalytic cycle. Because we are unsure which
possibility is more likely under experimental conditions, the
pathway including spin crossover is shown for completeness.
Similar spin surface crossing along a metallacycle mechanism
for oligomerization (Cr catalyzed) has been documented
previously.”>~*° Although the possibility of spin crossover
exists, it does not affect the relevant rate or selectivity-
determining barriers, which are discussed below.

Coordination of ethylene to 14 and 14’ is highly exergonic
on both surfaces. As illustrated in Figure Sa, coordination of
ethylene leads to significant displacement of the hydrogens
from that in a planar ethylene geometry. In addition, the C—C
bond length has increased from 1.33 A in free ethylene to 1.45
A in Ti(C,H,)(AlMe,{u-OMe},), (15) (1.47 A in Ti(C,H,)-
(OMe)(AlMe,{u-OMe},) (15)). As such, these complexes are

3010

(a)

(b)

Figure 5. (a) Optimized structures of Ti(C,H,)(AlMe,{u-OMe},),
(18) and (b) Ti(C,H,),(OMe)(AlMe,{u-OMe},) (16'). For clarity,
only selected hydrogen atoms are shown.

better described as Ti(IV) metallacyclopropanes, rather than
Ti(1I) ethylene complexes.***® This is also borne out in the
Ti—C bond lengths (2.07—2.09 A), which are consistent with
formal metal—alkyl bonding. Coordination of a second ethylene
unit (Ti(C,H,),(AlMe,{u-OMe},), (16) and Ti-
(C,H,),(OMe)(AlMe,{-OMe},) (16') leads to binding,
which is more olefinic in nature, with both ethylene units
equivalent (see, for instance, Figure Sb). It is, therefore,
somewhat ambiguous as to how formation of metallacyclo-
pentanes, Ti(C,Hg)(AlMe,{y-OMe},), (18) and Ti(C,Hj)-
(OMe)(AlMe,{u-OMe},) (18') is best characterized, either as
oxidative coupling within a bis-olefin Ti(I) complex to give a
Ti(IV) metallacyclopentane or as migratory insertion of
ethylene into a Ti(IV) metallacyclopropane complex.®® The

dx.doi.org/10.1021/cs4006875 | ACS Catal. 2013, 3, 3006—3015
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MO06/BS2//B3LYP/BS1 calculations in toluene are given in kcal-mol™. All energies relative to Ti(H)(AlMe,{u-OMe},), (4), as shown in Figure 1.

actual situation probably lies somewhere between the two
extremes.

From titanacyclopentanes 18/18’, f-hydride elimination
leads to alkyl-Ti hydrides Ti(H)(C,H,)(AlMe,{u-OMe},),
(20) and Ti(H)(C,H,)(OMe)(AlMe,{u-OMe},) (20'), from
which reductive elimination generates 1-butene along with
starting structures 14/14’. The formation of 1-butene was also
modeled as proceeding via a concerted f-hydride shift to the
opposite a-carbon, which is shown in Figure S2 of the
Supporting Information. The concerted route was found to
involve a marginally higher barrier, and as such, the discussion
will focus on the stepwise route. The reaction barrier from 18
to 14 + 1-butene, at 38 kcal-mol™?, is practically the same on
both surfaces. This represents the rate-limiting step of this
mechanistic proposal. This barrier along the metallacyclic route
is 14 kcal'mol™" greater than the highest barrier along the
Cossee mechanistic route, and as such, the computational
results seem to favor the latter proéposal. This is in accord with
our recent experimental findings."

3.3. Product Selectivity. The above results favor a Cossee
mechanism on the basis of relative reaction barriers; however,
this was not the reason behind our initial skepticism of a
metallacycle mechanism, which was rather based upon the
likelihood of selectively forming dimers via this route.” It is well
established that metallacyclopentanes are considerably more
stable than larger metallacycles, which is thought to be due to
the constrained geometry of the metallacyclopentane that
hinders or even prevents f-hydride elimination.”” *° Although
intermolecular processes are possible, these, too, appear to be
slow.%” Under these constraints, further ethylene insertion and
metallacycle expansion is more likely in most instances. Such a
situation is inconsistent with selective dimer formation. It is,
therefore, useful to compare the energetics of chain extension
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(trimerization and beyond) for both mechanisms to gauge
which proposal is more likely to lead to dimer selectivity.

In Figure 6, the PES for further chain growth via the Cossee
mechanism is illustrated. We again concentrate on the
trimetallic surface, the lower solid line. The decisive barrier is
that from Ti-butyl 10 to TS 22 (ethylene insertion), which is
22.3 kcal'mol™". This is marginally lower than the 24.3 kcal-
mol ™" barrier for -hydride elimination and release of 1-butene
(Figure 3). It is therefore tempting to conclude that further
ethylene insertion is the favored route. However, although the
accuracy of the Minnesota functionals for catalytic reaction
barriers is established,** realistically, the two barriers are too
similar to one another to draw firm conclusions. The most that
can probably be concluded is that both alternatives are possible;
the catalyst model studied could lead to either selective
dimerization or higher oligomer/polymer formation, and the
switch between the two may be finely balanced. In fact, this
conclusion is in some ways consistent with experimental
findings. Although the optimized system is highly selective for
1-butene, only minor modifications to conditions or additives
are required to destroy this selectivity. Such modifications lead
to unselective oligomer formation (Schulz—Flory distributions)
or polymer formation.'"*>® 1t is also worth mentioning that
the relative heights of these two barriers are dependent upon
the functional employed. With two other functionals evaluated
(B3LYP and BP86>*®*), the elimination barrier (10—11) is
calculated to be 6—9 kcal'mol™ lower than that for chain
growth (10—22). As such, these other methods favor
dimerization (full details are given in the Supporting
Information). Figure 6 reveals that from Ti-hexyl, Ti(C4H,;)-
(AlMe,{u-OMe},), (23), further ethylene insertion has a lower
barrier than fB-hydride elimination, and the energy differences
are a little more decisive in this instance. As such, should Ti-

dx.doi.org/10.1021/cs4006875 | ACS Catal. 2013, 3, 3006—3015
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(14), as shown in Figure 4

hexyl 23 form, it might be expected to lead to a distribution of
higher oligomers or polymer.

Figure 7 shows the PES for further ethylene insertion into
titanacyclopentanes 18 and 18'. In this case, the lowest barrier
for metallacycle expansion (24 kcal'mol™), via TS 28
(ethylene insertion), is considerably lower than 1-butene
release (Figure 4, ~38 kcal'mol™). As such, the results are
clearer in this case, and it can be concluded that metallacycle
expansion is the favored route. This is perhaps not surprising
because previous studies have likewise concluded that the high
barrier to decomposition of metallacyclopentanes (to 1-butene)
is the main reason why further ethylene insertion is
preferred.*~>' We regard this as the decisive factor that
governs selective formation of dimers via metallacycles and
renders it unlikely in most cases. However, apparent exceptions
do exist in the reported literature.*>*® We note that both of
these cases involve catalysts with a high degree of coordination
saturation. As such, it may be that further coordination and
insertion of ethylene is made sufficiently unfavorable that
metallacycle decomposition becomes competitive in these
instances.

Interestingly, Figure 7 reveals that formation of 1-hexene via
TS 30 (f-H transfer) appears to be favored over ring expansion
to a metallacyclononane (TSs 33/33’ (ethylene insertion)).
The selective formation of 1-hexene via metallacycles is, of
course, well-known.>”~°

3.4. Isomerization and Codimerization of 1-Butene.
One of the major attractions of the Ti-alkoxide-based catalyst
system is the very low levels of butene isomerization that occur,
such that 2-butene is formed in only minor amounts.'
According to a Cossee mechanism, isomerization of 1-butene
could occur, as shown in Scheme 3, whereby reinsertion of 1-
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Scheme 3. Cossee Mechanism for Isomerization and
Codimerization

\:\+ —
Isomerization

7N (Codmernzaton)

butene in a 2,l-regiochemistry is followed by p-hydride
elimination to generate cis- and trans-2-butene. The possibility
of ethylene insertion into the sec-butyl-Ti intermediate, which
can lead to 3-methyl-1-pentene, is also shown in Scheme 3,
effectively representing codimerization of 1-butene with
ethylene. The lack of appreciable 2-butene formation has
been taken as evidence that Ti-hydride intermediates are not
present in the process and that a metallacycle mechanism is
more likely.*'® Because we have suggested herein that a
mechanism involving hydride intermediates is more probable, a
rationalization of the low isomerization activity is now required.
The various possibilities for 1-butene reinsertion have been
modeled for the trimetallic catalyst and are shown in Figure 8.

The starting point is taken as the Ti-hydride 4 plus free 1-
butene. From here, the 1,2-insertion of 1-butene to give n-
butyl-Ti 10 has a barrier of 4.9 kcal'mol™". In comparison, the
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0.0

L,Ti—H
+ 1-butene

L,Ti—Bu

L, = [1-OMe),AlMe; ],

L,Ti

Figure 8. Energy profiles for competing 1-butene isomerization (blue line) and codimerization (red line). The relative Gibbs energies (AG)
obtained from M06/BS2//B3LYP/BS1 calculations in toluene are given in kcal-mol™". All energies relative to Ti(H)(AlMe,{y-OMe},), (4) and free

1-butene.

barrier to 2,l-insertion to give Ti-*Bu complex, Ti(C,H,)-
(AlMe,{-OMe},), (36) via TS 35 is 10.2 kcal-mol™’. The
lower barrier toward 10 suggests that this will be the favored
mode of 1-butene reinsertion. In addition, under experimental
conditions, the insertion of ethylene would also be favored, so
in effect, the 2,1-insertion of 1-butene is competing with two
processes with lower barriers. Nonetheless, the formation of 2-
methyl-1-pentene, which makes up almost one-third of the Cg4
codimers formed experimentally,""® suggests that 36 does form
to some extent. We previously commented'® that the low level
of 2-butenes is somewhat puzzling, given the amount of 3-
methyl-1-pentene formed in this reaction. The reason for this
now becomes clear in Figure 8. In the presence of a sufficient
ethylene concentration, the lowest-barrier route is insertion of
ethylene, which leads to 2-methyl-1-pentene. Thus, the
formation of the 2-butenes is largely prevented by kinetically
preferred ethylene insertion. Although the relative barriers
calculated for the competing processes are quite close, the
qualitative agreement with experiment is encouraging.

As stated above, the apparent low isomerization ability of this
catalyst system has in the past been attributed to a metallacycle
mechanism, which lacks a discrete Ti-hydride intermediate. It is
therefore worth reconsidering this catalyst attribute in light of
the present findings. The results presented above and in Figure
8 suggest that the catalyst does not necessarily lack the ability to
promote isomerization. Rather, double bond isomerization is
effectively blocked by the presence of ethylene. This occurs at
two points: first, the insertion of ethylene into the Ti-hydride is
more facile than 2,1-insertion of 1-butene, and second, ethylene
insertion into any Ti-“Bu complex that does form is more
facile than f-hydride elimination. This analysis suggests that, in
the absence of ethylene, the catalyst might exhibit a propensity
for double bond isomerization. This seems to be the case with
the commercial catalyst because it has been reported that an
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amine is added at the end of the reaction, to prevent
isomerization during product separation.*"

4. SUMMARY AND CONCLUSION

Herein, we have employed experimentally informed model
catalysts to theoretically investigate the mechanism of ethylene
dimerization with the Ti(OR’),/AIR, catalyst system, a catalyst
with considerable industrial importance. The results suggest
that both metallacycle and Cossee—Arlman mechanisms are
capable of oligomerizing ethylene, although the rate-determin-
ing barrier for dimerization along the Cossee route is
considerably lower than along the metallacycle pathway. The
likelihood of forming 1-butene selectively has also been
investigated for each pathway, and again, the Cossee route is
favored in this regard. Although the theoretical results are not
decisive in predicting selective dimerization via this mechanism,
they certainly show that catalysts of this nature could exhibit
such selectivity. The selective formation of 1-butene via
metallacycles is predicted to be less likely, if at all, and the
selective formation of 1-hexene seems more probable. Finally,
the possibility of 1-butene isomerization and 1-butene/ethylene
codimerization has been studied according to a Cossee
mechanism. The results show good agreement with experiment,
whereby codimerization is observed, but butene isomerization
is, for the most part, not. This isomerization reaction appears to
be prevented by kinetically preferred ethylene insertion. We
believe this study, taken together with our recent experimental
results,'® strongly favors a Cossee mechanism for ethylene
dimerization with this catalyst system that proceeds via a
discrete, if probably short-lived, Ti-hydride intermediate.
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