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ABSTRACT: The mechanism of ethylene trimerization and tetramerization with a
chromium—diphosphinoamine (Cr—PNP) catalyst system has been studied with combined Cr

1 O‘@

experimental and theoretical methods. Of the total product output, 1-octene, cyclopentanes, | Cr
n-alkanes, and higher (C,,,) olefins are formed with a fractional (~1.4) order response to =~ —— _| //
ethylene concentration, whereas 1-hexene formation is approximately first-order in ethylene. _
Theoretical studies suggest a mechanism involving a cationic monometallic catalyst in Cr(I) l

and Cr(III) formal oxidation states. A key feature of the developed model is the occurrence

of a double-coordination mechanism in which a bis(ethylene) chromacyclopentane (1-Hexene)

(1-Octene)

intermediate is responsible for 1-octene formation as well as the other coproducts that

have a greater than first-order response to ethylene. In contrast, 1-hexene is formed primarily from a mono(ethylene)
chromacyclopentane intermediate. The selectivity of catalysis is governed by the competition between single- and double-
coordination pathways. The mechanistic model developed displays excellent correlation with experimental observations and is
able to fully explain the formation of all products generated with this catalyst.
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1. INTRODUCTION

The oligomerization of ethylene to short-chain linear a-olefins
(LAOs) continues to be an area of much research interest in
both industry and academia.'~* The first three homologues of
the series, 1-butene, 1-hexene, and 1-octene, are used as
comonomers for the production of polyethylene and represent
the largest volume use of LAOs. For this reason, there is
ongoing interest in catalysts that selectively produce these
short-chain LAOs, particularly 1-hexene and l-octene.” ™ A
generalized mechanism for selective formation of 1-hexene and
l-octene is shown in Scheme 1 and is thought to involve
metallacycle formation, ethylene insertion, and a termination
process to produce the a-olefin. The selectivity of the process is

Scheme 1. Metallacyclic Mechanism for Ethylene
Trimerization and Tetramerization
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thought to be controlled by the relative stability of the different-
sized metallacycles, in particular whether they terminate to give
the a-olefin product or grow by further insertion of ethylene.

The majority of catalysts developed for this reaction are
based upon chromium, and from these, the selective formation
of 1-hexene (trimerization) is most common.>®® Far fewer
systems are capable of producing 1l-octene (tetramerization)
with high selectivity.'*™'* The most successful system for
combined trimerization and tetramerization was reported by
researchers from Sasol in 2004 and consists of a chromium
source, methylaluminoxane (MAO) cocatalyst, and a diphos-
phinoamine (PNP) ligand of structure I (Chart 1).'% This

Chart 1
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system has recently been commercialized by Sasol on a 100 kt
per annum scale. One notable aspect of this catalyst is the
ability to control the relative hexene-to-octene selectivity
through ligand modification; bulky groups favor 1-hexene,
whereas less encumbered ligands favor 1-octene.'”
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Table 1. Ethylene Oligomerization with Cr/PNP/MAO“

C,H, product” PE (wt 1-C4 (wt 1-Cg (wt

run (bar) (g) activityb’c %) %) %)

1 10 3.13 12,031 39 233 61.0
2 20 6.87 26,441 62 143 66.1
3 30 12.69 48,815 5.0 12.0 67.2
4 40 19.19 73,826 5.7 8.5 682
s 50 28.29 108,803 7.5 8.5 65.1
67 30 16.56 63,695 4.7 122 65.9

1-Cyo, (wt cyclopent. (wt n-alkanes (wt  C;,—C,, co-olig (wt
%) %) %) %)
24 7.2 0.4 12
4.1 7.0 0.4 1.4
5.7 74 0.6 13
7.8 7.3 0.9 1.3
8.5 74 1.0 1.1
6.0 7.5 0.6 1.3

“Conditions: 10 gmol [CrCly(thf);], 10 gmol Ph,PN('Pr)PPh,, 3 mmol MAO, toluene 100 mL, 30 °C, 30 min. “Product yields and activities
include polyethylene. “g(product)-g(Cr)~"-h™". “1-Pentene (9 mL, 82 mmol) added. Total Cy,Cy) and C,; alkene isomers: 0.8 wt %.

Although progress has been made understanding the
mechanism of this catalyst,"*™>’ many questions remain. The
formal oxidation state of the active catalyst is not known with
certainty, with the cycle shown in Scheme 1 possibly shuttling
between Cr(I)—Cr(III) or Cr(II)—Cr(IV) intermediates. The
factors controlling 1-hexene versus 1-octene selectivity, or even
why this catalyst produces 1-octene whereas most systems only
produce 1-hexene, is also not well understood. The formation
of a greater range of coproducts with this catalyst, as compared
with most trimerization systems that produce 1-hexene
relatively cleanly, also requires explanation. In attempting to
answer these questions, we have undertaken a detailed
experimental and theoretical investigation of the Cr/PNP/
MAO catalyst system. Our first results in this regard, which
included benchmarking to ascertain suitable theoretical
methods and addressed the question of oxidation states, was
recently published.”® Herein, we report a full study of the
system aimed at removing much of the uncertainty surrounding
this catalyst.

In this work, we have attempted to provide a complete
mechanistic proposal, which explains all experimental observa-
tions made with this catalyst. In the first section of the paper,
the experimental results of the oligomerization system are
analyzed in detail to establish what the mechanistic proposal
must account for. In the second part, theoretical techniques are
used to develop a mechanistic model, which can account for all
observed products of the oligomerization process. Finally, the
experimental findings are correlated to the developed
theoretical model.

2. RESULTS AND DISCUSSION

2.1. Experimental Observations. Ethylene trimerization
and tetramerization produces, in addition to 1-hexene and 1-
octene, a range of additional coproducts in varying amounts.
The formation of most of these coproducts has not yet been
adequately rationalized, but we reasoned their mode of
formation and relationship to 1-hexene and l-octene may
provide useful mechanistic insight. A reasonably complete
account of the identity of all products formed by this system
has previously been provided by researchers from Sasol;'”
however, a detailed analysis of their distribution, response to
ethylene pressure, and correlation to 1-hexene or 1l-octene
formation was not reported. To carry out such an analysis, we
have conducted ethylene oligomerization experiments with a
representative Cr/PNP/MAO catalyst system. This was
composed of an in situ-formed catalyst of ligand I (R = Ph,
R’ = Pr), [CrCly(thf);] and MAO (1:1:300) in toluene. All
experiments were conducted with a chromium loading of 10
umol in 100 mL total volume of toluene ([Cr] = 100 uM) at 30
°C and constant pressure. Optimization of the system, chiefly
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much lower catalyst loadings (but also ligand, solvent,
chromium source, and temperature) can lead to much
improved activities with this ce'ttalyst,u’w_31 but that was not
the remit of this work. Our aim was rather to generate reliable
and reproducible data on each of the products. The conditions
employed herein achieve this and in most cases lead to reliable
analysis of all products of interest.

A summary of the results of ethylene oligomerization at
different pressures is presented in Table 1 (a more detailed
breakdown of the results can be found in the Supporting
Information). In general terms, our results are quite consistent
with earlier reported results with this system.'” Aside from Cq,
a-olefins, the significant coproducts produced, cyclopentanes,
n-alkanes and C,y—C,, co-oligomers, are illustrated in Scheme
2. The cyclopentane products are composed predominately of

Scheme 2. Coproducts Formed during Ethylene
Trimerization/Tetramerization
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methyl cyclopentane and methylene cyclopentane, with lesser
amounts of the longer chain cyclopentane derivatives. Within
each carbon number fraction of these cyclopentanes, the ratio
of saturated to unsaturated products is approximately 1:1. Both
the cyclopentane and the n-alkane products follow a Schulz—
Flory distribution, which is numerically analyzed later (Section
2.3). It should be noted that cyclopentane formation appears to
be in some way associated with the tetramerization process;
these products are observed only with catalysts that produce 1-
octene, not with catalysts that are selective for 1-hexene
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formation. This is despite the fact that the most abundant
cyclopentanes are the C4 products methyl cyclopentane and
methylene cyclopentane.

A number of proposals have been suggested for formation of
the cyclopentane products,'”*” but a complete rationalization is
lacking. The n-alkane products formed in ethylene oligomeriza-
tion processes can potentially result from chain transfer
reactions with the MAO cocamlyst.33 We note, however, that
odd-numbered n-alkanes are absent in our experiments, which
would be expected if significant chain transfer with AlMe;/
MAO was taking place. The formation of C,-C,, co-oligomers
is generally explained by cotrimerization and cotetramerization
of 1-hexene and 1-octene with ethylene. Experiments involving
incorporation of externally added a-olefins support this
idea."”'”***> This effect has been confirmed under our
conditions by adding 1-pentene to the reaction; the formation
of branched Cy, C,;, and C,; products is observed (see run 6,
Table 1). The addition of 1-pentene (9 mL, 82 mmol) does not
affect the product distribution (c.f. run 3), but 0.9 mmol of C,,
C,y, and C,; alkene coproducts are formed (in addition to the
Cyp Cyy and Cy, co-oligomers), which corresponds to 1.1 mol
% 1-pentene incorporation. Furthermore, the C;,—C,, alkene
isomer fraction derived from 1-hexene and 1-octene incorpo-
ration is not affected by the addition of this large amount of 1-
pentene.

A number of kinetics studies on this oligomerization system
have shown that the overall reaction is first-order with respect
to chromium and displays an order of ~1.6 with respect to
ethylene pressure (ethylene pressure has been found to be a
reliable proxy for concentration in solution).***” The latter is
made up of an approximately first-order ethylene dependence
for 1-hexene formation and a second-order ethylene depend-
ence for 1-octene formation.”” One study concluded that the
effect of ethylene concentration on the minor products was too
small to draw any firm conclusions, and the formation of the
cyclopentane products was independent of ethylene concen-
tration.”® We have also found that 1-octene displays a partial
second-order dependence on ethylene pressure, and 1-hexene
formation follows kinetics approaching first-order with respect
to ethylene. Our conclusions with respect to the coproducts
differ, however. Although the data in Table 1 would seemingly
support the conclusion that the formation of cyclopentanes is
unaffected by ethylene pressure, comparison of selectivities in
this way tends to mask the true response of each product class
to ethylene concentration. By analyzing the absolute amount of
each product formed as a function of ethylene pressure, we find
that in addition to 1-octene, the cyclopentanes, n-alkanes and
higher LAOs (1-decene and up) also display clear evidence for
a second-order contribution to their formation (with respect to
ethylene).

For a rate equation of the form r = k[Cr][C,H,]", a plot of
the logarithm of the rate (or amount of product formed within
a given time) versus the logarithm of ethylene pressure should
give a linear relationship in which the slope equates to the order
in ethylene. Such an analysis is shown in the Supporting
Information, Figure S1. This approach gives an overall order in
ethylene of 1.3 for our system, with the orders for the individual
product classes varying. For 1-hexene, an order of 0.71 (R* =
0.91) is found, which could indicate first-order kinetics. Fitting
the data for 1-hexene to a simple first-order relationship, r = k-
Pehyienes leads to a fit with R* = 0.91, which is not substantially
worse (Figure 1a). An order of 1.4 for 1-octene and 1.3 for the
cyclopentanes is found, with the n-alkanes and C,;,, LAOs
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Figure 1. Amount of (a) total liquid products excluding 1-hexene, 1-
hexene, and 1-octene, and (b) cyclopentanes, alkanes, and higher
LAOs formed as a function of ethylene pressure.

displaying an apparent order close to 2. The values for the
products other than 1-hexene indicate mixed-order kinetics, and
for reasons that will be discussed below, a rate equation of the
form r = k[C,H,]* + kK'[C,H,] may be a better description. In
this case, it is more appropriate to fit the data to a quadratic
function, as illustrated in Figure 1. For the most abundant
products, 1-octene and the cyclopentanes, this treatment leads
to an excellent fit to the experimental data, in which the two
terms indicate both first- and second-order components to their
formation. The contribution of each term is illustrated
graphically in Figures S2 and S3. At low ethylene pressure,
the first-order term is dominant, whereas at higher pressures,
the second-order process becomes the major contributing path
to product formation. For the less abundant products, n-alkanes
and higher LAOs, an excellent fit is also obtained, although it is
noted that the first-order term is slightly negative, probably due
to imperfect data and noting that these products are present in
very small amounts (the alkanes expected to be most abundant,
ethane and butane, are not readily quantifiable and are
therefore not included in the analysis). Plots for each individual
carbon number fraction of the cyclopentanes and n-alkanes are
shown in Figures $4—S9). From this analysis, we conclude that
1-octene, the cyclopentanes, the alkanes, and C,,, LAOs might
be formed by processes that are both first- and second-order
with respect to ethylene (although there are alternate
explanations for the observed kinetics, as discussed later). As
we show below, this finding may be correlated to their
mechanism of formation.

2.2. Theoretical Studies. We have recently published a
theoretical benchmarking study and assessment of catalyst
oxidation state for the Cr/PNP/MAO catalyst system, and a
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full rationale for the model catalyst and theoretical methods
employed is contained therein.” Briefly, this work revealed that
the system is challenging from a theoretical perspective but that
several local density functionals (BP86, BPW91, and MO6L)
lead to acceptable results. The MO6L functional was employed
to study the early stages of oligomerization and is the method
used in the present work (see the Supporting Information for
full details of theoretical methods). The conclusion from the
benchmarking study was that the cationic active catalyst
shuttles between Cr(I) and Cr(III) formal oxidation states,
with a Cr(II)—Cr(IV) cycle less preferred both kinetically and
thermodynamically. A smaller version of ligand I where R = R’
= Me was used in the study. This was rationalized on the basis
that such ligands have been shown to lead to active
trimerization/tetramerization catalysts,'”*” even though P-aryl
substitution is more typical. The same ligand substitution has
been employed in the calculations in this work.

Metallacycle Formation. The starting point for metallacylic
oligomerization is taken as the [(PNP)Cr(H,C=CH,)]"
complex (°1, Chart 2) in the sextet spin state (S = 5/2). A

Chart 2
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facile activation route leading to such Cr(I) olefin complexes
was demonstrated previously.”® All energies reported through-
out this work are relative to this complex, balanced for ethylene,
unless otherwise stated. Coordination of additional ethylene
leads to [(PNP)Cr(H,C=CH,),]" cations 2—4 (n = 2—4)
from which metallacycle formation can occur by coupling of
two ethylene ligands. The most stable spin state calculated for
each complex depends upon the number of coordinated
ethylenes, with 1 and 2 the most stable in the sextet state, and 3
and 4 preferring the quartet state. The addition of more
ethylene ligands results in a stronger ligand field and
consequent electron pairing to give a lower spin state. A
complete analysis of relative spin state energies for
intermediates in different oxidation states was included in our
previous benchmarking study of this system.”®

The various routes to chromacyclopentane formation are
shown in Figure 2.*" It is found that metallacycle formation in
the sextet state is associated with a very high barrier (shown in
gray in Figure 2). This is perhaps not surprising because the
process involves transformation from a formally Cr(I) ethylene
complex (d°) to a Cr(Ill) metallacycle (d°). So far as such
formalism is an appropriate description, a sextet configuration
for a d® complex is expected to be much higher in energy than
the quartet, and this destabilization also applies to the transition
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state structure. A significantly more favorable route to
metallacycle formation involves spin crossing to the quartet
state, followed by ethylene coupling. The sextet-to-quartet
minimum energy crossing points41 for the two lowest-energy
Cr—ethylene complexes have been located (°2 — *2 and 3 —
*3). Metallacycle formation from the bis(ethylene) complex *2
(black pathway) is calculated to be very similar in energy to that
via the tris(ethylene) complex *3 (blue), going via TS2-6 at 9.1
kcal'mol™ or TS3-7 at 9.7 kcal-mol™". Metallacycle formation
via the tetra(ethylene) complex *4 (red path) is a little more
difficult, with TS4-5 at 12.2 kcal'mol™’, but given the
uncertainty in the calculated energies,” this pathway is also
definitely a possibility. Transition structure TS4-5 leads to
complex § with trans ethylene ligands. Isomerization could lead
to a more stable complex with cis ethylene ligands (see below),
or alternatively, ethylene dissociation could yield complex 7.

Taking into account the relatively small calculated energy
differences among the three Cr(ethylene), complexes (n = 2—
4) and the transition structures, it is entirely conceivable that
multiple pathways for metallacycle formation are operative, and
this will be affected by the concentration of ethylene in
solution.

Reactions of Chromacyclopentane. One of the key features
of selective oligomerization via metallacycles is thought to be
the relative stability of metallacyclopentanes toward termi-
nation.””~** This is attributed to the constrained geometry of
the S-membered ring, which hinders S-hydride transfer such
that metallacycle expansion via ethylene insertion becomes
preferred.*”~*” Each of the four possibilities (a—d) summarized
in Scheme 3 has been investigated herein. Path a corresponds
to f-H transfer to chromium, followed by C—H reductive
elimination to produce 1-butene. Path b is the concerted route
to 1-butene, involving f-H transfer to the a’-C in one step.
Path ¢, which has hitherto not been considered, to our
knowledge, involves f-H transfer to a coordinated ethylene,
followed by transfer of a f-H back to the a’-C of the butenyl
group. Finally, path d corresponds to ethylene insertion to
expand the metallacycle to chromacycloheptane species.

Because complex [(PNP)Cr(C,H,)(H,C=CH,)]*, 7, can in
principle undergo each of the processes shown in Scheme 3,
this species was chosen to study the relative energetics of each.
The free energy surface is shown in Figure 3. Ethylene insertion
to expand the metallacycle (black pathway) has a relatively low
free-energy barrier (8.1 kcal'mol™ from 7). In contrast, each of
the processes involving f-H transfer have considerably higher
energy transition structures, the highest of those located being
S-H transfer to ethylene (red pathway). Transfer of the -H to
chromium carries less of a penalty, but is followed by a higher-
energy C—H reductive elimination of 1-butene (blue path).
Despite repeated attempts, we were unable to locate a
transition structure corresponding to concerted f-H — o
transfer (Scheme 3, route b). We* and others*”* have
previously located this transition structure for titanium
complexes, and therefore, the approximate geometric parame-
ters are known. Constraining the geometry in such a manner
does lead to a primary (largest) imaginary frequency consistent
with the process of interest, but attempted transition structure
optimization from there always led to either TS7-10, TS7-9, or
TS9-11 (depending upon the arrangement of the other
ligands). It is noted that optimization to these transition
structures, which are already high, was a downhill process in
each case. Others have also reported that this transition
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Figure 2. Energy profiles for metallacyclopentane formation via various Cr(ethylene), intermediates. All stationary points shown are cationic. The
relative Gibbs free energies (AG) obtained from MO6L/BS2//MO6L/BS1 calculations are given in kcal-mol™. The minimum energy crossing point

energy levels are derived from MO6L/BSI electronic energies.

Scheme 3. Further reactions (a-d) of chromacyclopentanes

(d)

structure could not be located for related chromium

catalysts.”""

It is clear that, as found in other systems, the metal-
lacyclopentane ring in Cr(III)-PNP complexes is relatively
stable against termination to 1-butene. Hence, metallacycle
expansion via TS7-8 at 7.9 kcal'mol™ (route d) to a
chromacycloheptane (8) will be kinetically preferred, and the
formation of appreciable amounts of 1-butene is therefore
neither expected nor experimentally found.

Reactions of Chromacycloheptane 8. In this section, we
consider further potential reaction pathways of the chromacy-
cloheptane complex 8, which does not at this stage contain
coordinated ethylene. Uptake of additional ethylene and
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subsequent reactions are considered in detail in the next
section.

Prior theoretical work on other trimerization systems
suggests that the most favorable route to 1-hexene formation
from metallacycloheptanes is via concerted f-H transfer to the
a'-C. "% This is likewise predicted to be the case with
complex 8, as shown in Figure 4 (black trace via TS8-12). The
alternative, stepwise -H elimination and reductive elimination
(blue trace via TS8-14 and TS14-12) is calculated to have a
slightly higher barrier. A number of other reaction path
possibilities were also considered. First, C—C reductive
elimination to produce cyclohexane (red path) has a rather
high barrier compared with 1-hexene formation. This is
consistent with experiment because cyclohexane formation is
not observed with this system (nor with any other trimerization
catalyst, to our knowledge). Another process modeled was
back-biting insertion from 14 to produce [(PNP)CrH-

(methylcyclopentyl)]* 1S, and subsequent reductive elimina-
tion of methylcyclopentane.”” Although such a process might
offer a partial explanation for the cyclic products observed with

this catalyst, the barrier via TS14-1$ is higher than that for 1-

hexene formation. In addition, we show below an alternate

process that is more competitive and can account for all of the

cyclopentane products observed. Therefore, the reactivity of 15

was not probed any further.

The findings presented in Figure 4 suggest that, in the
absence of coordinated ethylene, chromacycloheptane 8 will
lead selectively to 1-hexene formation. With regard to a rate-
determining step for 1-hexene formation, we note that the
overall barrier for metallacycle formation (Figure 2, %2 — TS2-

DOI: 10.1021/acscatal.5b00989
ACS Catal. 2015, 5, 4152—4166


http://dx.doi.org/10.1021/acscatal.5b00989

ACS Catalysis

Research Article

AG
kcal/mol

% -15.3
\—

/
Cr 8 Cr\ 11
V%

Figure 3. Energy profiles for three further reactions from [(PNP)Cr-
(C4Hg)(ethylene)]* (7). All stationary points shown are cationic. The
relative Gibbs free energies (AG) obtained from MO6L/BS2//MO6L/
BS1 calculations are given in keal'mol™. a = blue, ¢ = red, d = black.

6, 13.9 kcal-mol™) is calculated to be the same as that for
metallacycle termination (Figure 4, 8 — TS8-12, 13.9 kcal:
mol™"). It is therefore difficult to suggest which process is rate-
determining in this case. Given that 1-hexene formation is
found to be approximately first-order in ethylene concentration,
metallacycle formation (which involves ethylene) might be in
control, whereas the rate of termination (TS8-12) should be
independent of ethylene concentration. A full discussion of the
correlation between theory and the observed kinetics is
included later.

Formation and Reactions of Chromacyclononanes. It has
been shown above that in the absence of additional coordinated
ethylene, 1-hexene formation should be the primary product
resulting from chromacycloheptane termination. We consider
now the possibility of coordination of further ethylene and
metallacycle expansion.

Because it is believed that Il-octene results from a
metallacyclononane intermediate and its formation has a
component of second-order dependence on ethylene concen-
tration, it seems likely that chromacyclononane formation
would display similar kinetics. Two related mechanisms have in
the past been proposed to account for a second-order ethylene
dependence in conventional (acyclic chain growth) oligomeri-
zation and polymerization via a Cossee—Arlman mechanism.
The first is the “trigger mechanism”” in which insertion of a
first monomer is triggered by an incoming (but not completely
coordinated) second monomer. A variant on this is the double-
coordination mechanism,”*** in which two monomers are fully
coordinated to the metal center prior to insertion. Under both

4157

of these proposals, the first monomer will not insert as long as a
second monomer is not interacting with the metal center.

Accordingly, we consider first the reactivity of the complex
[(PNP)Cr(C,Hg)(H,C=CH,),]*. Two coordination isomers
of this cation exist: complex § from Figure 2 with two ethylene
ligands in trans axial positions and the isomer complex 17 with
cis (axial—equatorial) ethylene ligands, which represents the
most stable structure (Chart 3).

One possibility that seemed to warrant investigation was the
synchronous migratory insertion of both ethylene units in one
step (Scheme S2). Such a mechanism has hitherto not been
proposed, to our knowledge, but essentially represents the
limiting extreme of the trigger or double-coordination
mechanisms. Investigation of this possibility is detailed in the
Supporting Information and was ultimately found to be
uncompetitive with stepwise single insertions.

A single insertion of ethylene in complex 17 leads to
[(PNP)Cr(C4¢H,;,)(H,C=CH,)]" (18), a chromacyclononane
with one coordinated ethylene ligand. We focus here on ring
expansion from 17 because it is lower in energy than complex §
and also has the lowest barrier for the first insertion of ethylene.
In fact, there are a number of possibilities for the first insertion
reaction of 17, depending on which ethylene inserts into which
Cr—alkyl bond, and each of these leads to a different isomer or
conformer of 18. In addition, the 7-membered ring can adopt
different conformations (in most cases including an agostic
Cr--H interaction), and even the orientation of the ethylene
ligand leads to different local minima. We have attempted to
cover all possibilities, and the result is a rather complex picture
for the formation and interconversion of the conformers and
isomers of 18, which is illustrated in Figure S.

A range of possibilities for further reaction of 18 were also
discovered and these are indicated in Figure 5. The reaction
pathway shown in black includes the first insertion of ethylene
(via TS17-18a, migration of alkyl-trans-P to ethylene-trans-P),
followed by the route to interconversion of the various
conformers/isomers of 18 (18a — 18g). Alternative, higher-
energy, transition structures for the first insertion are shown in
gray (TS17-18e and TS17-18f). Transition structures for
insertion of the second ethylene unit to produce chromacyclo-
nonanes are indicated in blue, and f-hydride transfer reactions
(B-H transfer to ethylene, a’-C, or to Cr) are illustrated in red.

The lowest-energy route to 18 is via TS17-18a (6.1 kcal-
mol™"), with the next being TS17-18f (11.8 kcal'mol™) to
produce isomer 18f with the alkyl groups trans to the
phosphines. For comparison, the first insertion from $ also
has a barrier of 11.8 kcal'mol™" and leads to a complex of very
similar structure and energy to 18a. TS17-18a is sufficiently
below the other insertion transition structures that it is likely to
be the primary route to complex 18. From 18a, there is a low
barrier for conformational isomerization to give 18b, which
contains a f-hydride agostic interaction and is the most stable
form of 18 (the transition structure energies for conformer/
isomer interconversion are given in italics in Figure 5).56 Most
of the barriers for conformational change are rather low, as
might be expected. The highest barrier corresponds to
coordination isomerization from 18e to 18f, but this, too, is

below each of the transition structures for further reaction
(insertion or -H transfer). It therefore seems possible that the
various forms of complex 18 are in thermodynamic equilibrium.

Complexes 18a, ¢, e, f and g are all connected to transition
structures for metallacycle expansion to a chromacyclononane
(blue). The lowest of these at —4.5 kcal-mol™ is linked with
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complex 18f. Most of the transition structures for f-hydride
transfer reactions are clustered at a similar energy (—1.4 to 0.1
kcal-mol™'). The lowest corresponds to S-hydride transfer to
ethylene. This highlights the pronounced effect of greater
conformational freedom in larger metallacycles. In contrast to
the metallacyclopentane complex 7 (Figure 3), where f-hydride
transfer to ethylene has the highest barrier, in 18b, this process
has the next lowest transition structure after metallacycle
expansion. We show below that the accessibility of this reaction
pathway, which leads to a Cr(ethyl)(hexenyl) species, is a
major reason for loss of 1-hexene and 1-octene selectivity with
this catalyst.

To summarize the situation presented in Figure 5, from the
bis(ethylene) complex 17, insertion of one ethylene unit via
TS17-18a is the most favorable route to complex 18, for which
there are a number of isomeric forms of different energies.
Although these different isomers can also be accessed via
higher-energy transition structures for the first insertion, the
lowest energy pathway is via initial formation of 18a and
subsequent isomerization. The lowest energy process for
further reactivity of 18 is metallacycle expansion from complex
18f. It is therefore a reasonable conclusion that the primary
product resulting from 18 will be a chromacyclononane
complex.
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In Figure 6, a simplified reaction surface is presented
whereby only the lowest-energy isomer of 18 and the lowest
transition structures for further reaction are shown (with
omission of the isomerization details). These are compared
with 1-hexene formation via 7 and 8. It is also the case that 18
could form via ethylene coordination to complex 8, and this
possibility is also shown in Figure 6. In addition, the calculated
barrier to 1-octene formation from chromacyclononane 19 is
shown. It can be seen that addition of ethylene to 7, to generate
bis(ethylene) complex 17, is calculated to be slightly exergonic
and also that the barrier to insertion into 17 (TS17-18a) lies
slightly lower than TS7-8. Hence, the theoretical results predict
that formation of metallacycloheptane 18 will be favored over
formation of 8, dependent, of course, on the availability of
ethylene. From complex 18, formation of the 1-octene complex
20 results (blue pathway). Two possibilities for control of the
reaction selectivity can be distinguished. First, if ethylene
association/dissociation is very fast, then complexes 7 and 17
may be in thermodynamic equilibrium, where this equilibrium
is partly controlled by the concentration of ethylene. Under
these conditions, the selectivity to formation of 8 versus 18 is
controlled by the position of this equilibrium and the transition
structure barrier heights. This can be referred to as
thermodynamic control. The second alternative is kinetic
control, in which the fate of 7 is determined by the relative rates
of ethylene insertion via TS7-8 versus ethylene coordination to
give 17. In other words, a portion of complex 7 reacts to 8
faster than ethylene can coordinate. Again, this will be
influenced by the concentration of ethylene. An equilibrium
between 8 and 18, also dependent on ethylene concentration,
could likewise exists, but again, kinetic control could also
dominate (rate of 8 — 12 versus 8 — 18). We cannot at this
stage determine which of these two alternatives represents the
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actual situation, but both can explain the selectivity of this
system and its response to ethylene pressure. 1-Hexene will be
formed predominately from 8, whereas complex 18, formed via
either 17 or 8, will give 1-octene.

The factors controlling the relative C4 and Cg selectivities are
summarized in Scheme 4. In qualitative terms, these theoretical
predictions provide a very good match to the experimentally
observed results. The maximum 1-hexene selectivity will be
observed at lower concentrations of ethylene, while at the same
time, 1-octene formation is still preferred. An increase in
ethylene pressure would lead to increased 1-octene formation
at the expense of 1-hexene, as observed experimentally.

From Figure 6 and Scheme 4, two possible routes to 1-
octene can be identified. A second-order ethylene dependence
is reasonable for formation via bis(ethylene) complex 17,
whereas a first-order response would result via complex 8. The
relative contributions of each route will be dependent upon the

ethylene concentration, and the mixed-order kinetics (Figure 1)

can be understood in this context. This represents only one of a

number of possibilities, however. As discussed below and in the

Supporting Information, a mechanism in which 1l-octene is

formed only via bis(ethylene) complex 17 can also explain the

observed kinetics. The trigger and double-coordination
mechanisms mentioned at the beginning of this section
propose that insertion will not occur unless two monomers
are interacting with the metal center. This is not the case in the

present system, however, where mono(ethylene) complex 7

can, and to an extent does, undergo insertion. Therefore, we are

not dealing here with such a form of the double-coordination
mechanism. Lemos and co-workers’ proposed another
possibility termed the single- and double-coordination

mechanism, whereby both single- and double-monomer-
coordinated complexes can be formed, and both are active
toward insertion. The situation presented in Figure 6 appears to
correspond closely to this model.

Metallacycle Expansion versus 1-Octene Formation.
Further insertion of ethylene into the chromacyclononane
ring, leading to larger metallacycles and higher a-olefins, is also
a possibility that could compete with 1-octene formation. The
formation of distributions of higher a-olefins via such a process
has been observed in a number of cases (all of these are
chromium-based catalysts)*’~°" and can be termed an extended
metallacycle mechanism.” High l-octene selectivity suggests
that this process is not dominant for the catalyst of the present

study, although it is noted that small amounts of higher linear
a-olefins are observed that increase with ethylene pressure
(Table 1). There are two possible routes to a chromacyclono-
nane complex 22 with coordinated ethylene, as shown in Figure
7.2 first, a double-coordination mechanism involving a
chromacycloheptane complex 21, and second, via coordination

of ethylene to complex 19. In contrast to the case above for a

metallacyclopentane, the double coordination of ethylene and

subsequent insertion (TS21-22) is quite unfavorable for a

metallacycloheptane complex. Because there is no significant

difference expected in the electronic environment (the ligation
at chromium is equivalent), this is presumably for steric
reasons. Coordination of ethylene to chromacyclononane 19 is
slightly downhill; however, the transition structure for metal-

lacycle expansion (TS22-23) is a little higher than that for 1-

octene formation (TS19-20). This is opposite the situation in

Figure 6, in which metallacyclononane formation is favored
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Scheme 4. Control of 1-hexene/1-octene selectivity
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over 1-hexene formation. The selectivity for 1-octene with this
catalyst can therefore be rationalized.

The prediction that the transition structure for 1-octene
formation (TS19-20) and that for metallacycle expansion
(TS22-23) are reasonably close in energy does support the idea
that a distribution of higher a-olefins could result from a
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metallacyclic mechanism. This could lead to a modified
Schulz—Flory distribution in which the products of termination
from smaller metallacycles (in particular 1-butene, but also
possibly 1-hexene) are less abundant than expected. Such a
situation has, in fact, been observed previously, resulting from
chromium catalysts supported by NHC ligands.®!

Formation of Cyclopentanes and n-Alkanes. Of the
various ways that complex 18 can react further, the process
with the next-lowest barrier after ethylene insertion is f-hydride
transfer to ethylene, which is also connected to the lowest-
energy isomer of 18 (18b, Figure S5). Calculations on
subsequent reaction possibilities suggest that this process is,
indeed, accessible and does play a role in the oligomerization
process. The p-hydride transfer reaction and subsequent
processes are shown in Figure 8. The transfer reaction leads
to (ethyl) (hexenyl)chromium complex 24, in which the olefinic
tail remains coordinated. From this point, we have located three
possibilities for further reaction: C—C reductive elimination of
l-octene (TS24-20, red), f-hydride back-transfer to form 1-
hexene (TS24-25, blue), and back-biting insertion of the
olefinic tail to form a cyclopentylmethyl complex (TS24-26,
black pathway). The binding arrangement of the hexenyl ligand
in complex 24 appears well set up for back-biting insertion, and
this process has a barrier considerably lower than the other

possibilities. It seems likely, therefore, that cyclopentylmethyl
complex 26 would be formed selectively from complex 24. This
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mol ™",

transformation has previously been observed to occur at a
palladium center.®®

As shown in Figure 9, further f-hydride transfer reactions
from complex 26 can lead to both methylcyclopentane and
methylenecyclopentane (black pathway), the two most
abundant cyclic products formed with this system. The
prediction that both products are formed via very similar
barrier heights is consistent with the approximate 1:1 ratio
found experimentally. Furthermore, ethylene coordination to
26 is also possible, followed by insertion into either of the Cr—
alkyl bonds (TS29-30 or TS29-31, blue pathways). This leads
to chain extension of either the ethyl or cyclopentylmethyl
group. The reaction sequence of either ethylene coordination/
insertion or f-hydride transfer can continue from both 30 and
31. We have calculated the next S-hydride transfer steps from
30 (red pathway), leading to the higher cyclopentane products.
The sequence of reactions shown in Figure 9 can therefore
explain the range of cyclic products formed with this system
and also the distribution of n-alkanes (because complex 31 can
also eliminate n-butane or insert ethylene to produce a longer
n-alkyl chain). It is noted that the competing barriers for /-
hydride transfer (e.g,, TS30-32 versus TS30-33) are at almost
the same energies and also that the barriers for ethylene
insertion are quite similar to those for f-hydride transfer. We
return to this point when discussing the correlation between
experiment and theory below.

Co-Oligomerization. The cotrimerization and cotetrameri-
zation of 1-hexene and 1-octene with ethylene is thought to be
responsible for the branched C,y—C,, coproducts formed in
catalysis. Some representative 1-hexene incorporation pathways
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Figure 8. Energy profiles for B-hydride transfer to ethylene and
subsequent reaction possibilities from [(PNP)Cr(CgH,,)(ethylene)]*
(18). All stationary points shown are cationic. The relative Gibbs free
energies (AG) obtained from MO6L/BS2//MO6L/BS1 calculations
are given in kcal-mol™".

have been studied, and details are given in the Supporting
Information. In brief, the key finding is that metallacycle
formation involving 1-hexene to give a metalla(3-butylcyclo-
pentane) complex has a barrier very similar to that involving
two ethylene units (for comparison, Labinger and Bercaw
recently estimated that ethylene incorporation is 50—70 times
faster than a-olefin incorporation®*®®). Hence, incorporation of
1-hexene and 1-octene into the trimerization and tetrameriza-
tion process can be rationalized with the theoretical model
employed herein.

2.3. Correlation of Experiment and Theory. Kinetics of
1-Hexene and 1-Octene Formation. The experimental
observation that 1-hexene formation is approximately first-
order with respect the ethylene concentration suggests that
ethylene is involved in the rate-determining step. This could be
either metallacycle formation or metallacyclopentane expansion
(ethylene insertion), whereas termination from a metal-
lacycloheptane to give 1-hexene is unlikely to be influenced
by ethylene. As noted above, the calculations do not
conclusively point to any one step being rate-determining.
The barrier heights for metallacycle formation (TS3-7 or TS2-6
in Figure 2, 9.1-9.7 kcal'mol™") are quite similar to that for
metallacycle expansion (TS7-8 in Figure 3, 7.9 kcal'mol™),
which suggests that there is no single rate-determining step.
Despite this uncertainty, the transformation from the most
stable Cr(I) species, bis(ethylene) complex 2, to chromacy-
cloheptane 8 requires the addition of one ethylene unit, so it is
not unreasonable that 1-hexene formation would be first-order
in ethylene. In the Supporting Information, we have considered
the kinetics of 1-hexene formation in greater detail and show
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how an order in ethylene very close to 1 is found if all products
formed via intermediate 8 are combined. This is one possible
explanation for the kinetics, but there may be others. As shown
in the Supporting Information (Section 10), a 1-hexene
dependence that is less than first-order could result simply
from the competition between 1-hexene and 1-octene

formation, without the need to consider other products formed
via 8.

In terms of 1-octene formation, we propose that the route to
l-octene occurs via both a mono(ethylene) complex 7 and
bis(ethylene) complex 17 (Figure 6 and summarized in Scheme
5). The proposed combination of both single- and double-

- .54
coordination mechanisms

can explain the experimentally
observed overall order with respect to ethylene of ~1.4 for 1-

octene.”®”” The full rate equation for 1-octene formation
according to this possibility is derived in the Supporting
Information, section 8. There are possibly other interpretations,
which also explain the kinetic observations. For example, if 1-
octene is formed only by the bis(ethylene) route, the fractional
dependence on ethylene concentration can be explained by a
mechanism involving competitive 1-hexene and I1-octene
kinetics. This model is illustrated in the Supporting Information
(Section 10).

Another possibility that warrants raising is that a double-
coordination mechanism may, to a degree, contribute to a
proportion of the 1-hexene formation in some cases. As
illustrated in Figure S, two pathways to 1-hexene formation
(shown in red) are found with barriers of —0.1 and —0.4 kcal-
mol ™. These are very close to the barrier for f-hydride transfer,
which ultimately leads to cyclopentanes and n-alkanes. A
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Scheme S. Summary of Possible 1-Hexene and 1-Octene
Formation Pathways

TS7-8
(+7.9)

TS17-18
(+6.1)

G/z

+56

contribution from these routes therefore seems quite possible,
although not evident in our experimental results.
Cyclopentanes and n-Alkanes. The formation of cyclo-
pentanes and n-alkanes, as shown in Figures 8 and 9, is
dependent upon formation of the chromacycloheptane ethyl-
ene complex 18. Although 18 leads mainly to formation of 1-
octene, a significant side reaction appears to be pS-hydride
transfer to ethylene. Like 1-octene, theory predicts that the
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major routes to these coproducts may involve both single- and
double-coordination mechanisms. Therefore, the experimental
mixed-order ethylene dependence for cyclopentane formation
is consistent with the theoretical predictions, although the
existence of a first-order component to alkane formation is not
as clear from our data (as shown below, however, the close
relationship between cyclopentane and alkane mathematical
distributions strongly indicates similar kinetics). This con-
clusion also explains why the formation of cyclopentanes
appears to be associated with tetramerization and not
trimerization. The formation of these coproducts effectively
limits the maximum selectivity to 1-octene that is achievable;
although higher ethylene pressures favor 1-octene formation
over 1-hexene, the formation of coproducts is also favored by
higher pressure.

Another experimental aspect of this catalyst that can be
explained by this mechanistic proposal is the occurrence of
hydrogen scrambling in the cyclic products. Prior studies have
shown that co-oligomerization of C,H, and C,D, leads to H/D
scrambling in the cyclopentanes, despite the absence of such
scrambling in 1-hexene and I-octene.'” The reason for this
becomes clear from the processes presented in Figures 8 and 9.
Each of the p-hydride transfer processes shown (f-H to
ethylene, f-H to alkyl) involves transfer of a hydrogen to
another oligomeric unit. Scrambling of labeled ethylene with
the cyclopentanes (and n-alkanes) is therefore expected.66

The calculated free energy surfaces for formation of the cyclic
products can also be used to approximate the distribution of
products, and this approximation can be compared to the
experimental observations. In theory, the selectivity of
competing steps can be calculated from the differences in free
energy of activation (AAG?). Although this approach is valid
for systems in which chemical accuracy can be obtained, this is
certainly not the case with this system.”® In our opinion, such
calculations would imply a level of accuracy in the calculations
that is not achievable at this stage. A less quantitative alternative
is to make the approximation that very similar barriers are
effectively the same and to compare the predictions of this
approximation with experiment. Competing barriers for
elimination of saturated versus unsaturated cyclopentanes
(TS26-27 vs TS26-28 and TS30-32 vs TS30-33, Figure 9)
were found to be rather similar. As the primary alkyl and
alkylcyclopentyl groups grow longer, the two groups will
effectively become equivalent, and it might be expected that the
barrier heights converge. This effect is illustrated by calculation
of both elimination routes from the Cr(n-butyl)-
(cyclopentylpropyl) complex shown in Scheme 6. In this
case, the difference in barrier heights, AAGH, is only 0.4 kcal-
mol™". It might therefore be expected that higher cyclic
products will have an unsaturated/saturated ratio close to 1.
This is found to be the case in our catalysis experiments, with
unsaturated/saturated values for C,—C,, cyclopentanes
observed between 1.0 and 1.1.

The distribution of different chain-length cyclopentanes and
n-alkanes will be controlled by the rate of elimination versus
chain propagation (Figure 9, black pathways versus blue
pathways). Again, the calculated barriers are similar. The rate of
chain propagation is expected to be influenced by the ethylene
concentration, whereas elimination of cyclopentanes or n-
alkanes is expected to be independent of ethylene. If, at a given
concentration of ethylene, the two competing rates are the
same, then a Schulz—Flory distribution of these products with a
p value®” of 1.0 would be observed (f = rehm/rpmp).

Scheme 6. f-Hydride Elimination Routes from [(PNP)Cr(n-
butyl) (Cyclopentylpropyl) ]*
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Furthermore, this value should be dependent upon the ethylene
pressure, according to our mechanistic model. This is found to
be the case, with /3 values for the cyclopentanes decreasing from
1.3 at 10 bar to 0.6 at SO bar (see Supporting Information,
Table S2). This relationship can, in fact, be analyzed in
somewhat greater detail. For a given chromium—dialkyl species,
such as 26, 30, or 31 in Figure 9, the rate of elimination will be

given by rgmm = kaim[Cr species], whereas the rate of
propagation will be r,.,, = kpmp[Cr species][C,H,]. This

leads to the relationship f = kgn/ (kpmp~[C2H4]), and the
Schulz—Flory f value should therefore be proportional to
(Pethylene) ™" according to our model. This is found to be the
case for oligomerizations conducted between 20 and 50 bar,
although the distribution at 10 bar ethylene pressure deviates
significantly from this relationship, as shown in Figure 10. The
same relationship is found for the n-alkanes (Supporting
Information, Figure S16), although again, the data at 10 bar
pressure deviates significantly from the linear trend. The reason
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Figure 10. Plot of Schulz—Flory f§ value of cyclopentane products as a
function of ethylene pressure.
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for this deviation at the lowest pressure is not understood, but
overall, the relationship between ethylene pressure and
cyclopentanes/n-alkanes distribution provides additional sup-
port for the proposed mechanism.

A final observation is that the barriers for ethylene insertion
into either of the alkyl groups in complex 29 (TS29-30 or
TS29-31 in Figure 9) are again very similar. If the
approximation is made that both of these alternatives have an
equal probability, then the amount of C, alkanes formed should
be equal to the C,,,, saturated cyclopentanes (e.g., n-butane and
propylcyclopentane from complexes 30 and 31). This is found
to be approximately the case, with C,(alkane)/C,,,(saturated
cyclic) values of 1.0—1.4 for C;—C,s n-alkanes. A further
consequence of this is that the Schulz—Flory constants for n-
alkanes and cyclics should be comparable at a given pressure,
which is also observed to be the case (see Supporting
Information, Table S2).

Selectivity as a Function of Ligand Structure. Although we
have considered only a compact methyl-substituted PNP ligand
in this work, it is still possible to rationalize the effect of
increased steric bulk on the phosphine donors. It is well
established that successive introduction of greater steric bulk on
the phosphines leads to a shift away from 1-octene generation
toward 1-hexene formation instead.”” This trend continues
until 1-octene is almost absent with, for example, ortho-"Pr-aryl
substitution. We suggest that larger groups will disfavor
formation of bis(ethylene) complex 17 and, therefore, retard
or completely prevent the double-coordination mechanism.
Coordination of a single ethylene unit is still possible, however,
and as such, the catalyst becomes a “standard” trimerization
system.

The same argument applies with introduction of an
additional donor, which is normally in the form of an ortho-
methoxyaryl substituent.””*® Coordination of the ether donor
would again prevent coordination of a second ethylene unit,
blocking the major tetramerization pathway. The fact that more
coordinating counteranions also shift the output toward I-
hexene might be for similar reasons.”” Investigation of ligand
and counterion effects will be the subject of further work.

3. SUMMARY AND CONCLUSION

Herein, we have reported a detailed experimental and
theoretical study of the Cr-PNP ethylene tetramerization
system. The total product output of the catalyst has been
analyzed, and it has been found that, along with 1-octene, the
coproducts cyclopentanes, n-alkanes, and higher LAOs display a
partial second-order response to ethylene concentration.
Theoretical studies have been employed to elucidate the likely
mechanism. The resultant mechanistic proposal displays
excellent overall correlation between experiment and theory,
which lends support for a mechanism that involves a
monometallic, formally cationic catalyst that shuttles between
Cr(I) and Cr(III) oxidation states. We note that the
mechanistic model developed herein correlates well with not
only our experiments but also the bulk of existing experimental
data on these systems.

A key feature of the mechanism is that 1-hexene results
predominately from a mono(ethylene) chromacyclopentane
intermediate, whereas l-octene formation proceeds via a
bis(ethylene) metallacyclic complex, possibly with additional
involvement of a mono(ethylene) pathway. The relatively
unique ability of this system to catalyze tetramerization with
high selectivity appears to arise from the bidentate PNP ligand,
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which allows coordination of a fourth ethylene unit. Although a
related double-coordination mechanism has previously been
proposed to explain kinetics and isospecificity in a-olefin
polymerization,”* we have shown here that this concept also
explains the highly selective formation of Il-octene. This
mechanism not only leads to 1-octene but also accounts for
the side reactions to cyclopentanes and n-alkanes. This latter
point explains the general observation that trimerization
catalysis often proceeds with high selectivity and far fewer
coproducts produced. A number of trimerization systems are
capable of 1-hexene selectivities well over 90%,>*" with the
major coproducts being the cotrimers of 1-hexene and ethylene.
Co-oligomerization is a secondary process that can occur to a
greater or lesser extent with any trimerization or tetrameriza-
tion catalyst. On the other hand, Schulz—Flory distributions of
cyclopentanes and alkanes result from the same intermediates
as tetramerization, and are therefore linked to 1-octene
formation. This conclusion appears to accord well with
experimental observations.

Although not studied as part of this work, it is worth
commenting on an alternative mechanistic Eroposal for 1-
octene formation, the bimetallic mechanism.”” This proposal
invokes the coupling of two metallacyclopentane rings in a
binuclear chromium complex, which then leads to 1l-octene
elimination. The formation of 1-hexene is proposed to occur via
the standard mononuclear metallacycle mechanism, and the
selectivity to 1-octene or 1-hexene is therefore controlled by the
catalyst speciation (bi- or mononuclear). To our knowledge,
the only systematic study addressing the possibility of a
binuclear catalyst was that carried out by Theopold and co-
workers.”” They concluded that a bimetallic mechanism is
unlikely, favoring instead a monometallic catalyst. It is also
noted that 1-hexene/l-octene selectivity with the Cr-PNP
system is not affected by changes in the concentration of
chromium; both products follow first-order kinetics with
respect to chromium. Support for a bimetallic mechanism
appears to result more from the idea that a monometallic
mechanism cannot explain 1-octene formation, rather than
from experimental evidence for it. We have shown herein that
not only 1-octene but also all coproducts can be fully explained
by a monometallic mechanism. Lacking new evidence to the
contrary, we believe the monometallic mechanistic model
presented herein is most likely.

We are currently studying ligand and cocatalyst (anion)
influences on the tetramerization reaction, as well as studying
the full scope of the double-coordination mechanism in
metallacyclic oligomerization. Results of this work will be
published in due course.
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