
E

R
P
o

A
S
a

b

a

A
R
R
2
A
A

K
E
1
A
C
D
S
P
R

1

a
f
f
a
t
s
m
v
o
i
r

v

U

1
d

Journal of Molecular Catalysis A: Chemical 297 (2009) 1–8

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

ditor Choice Paper

eaction kinetics of the ethene tetramerization catalyst system CrCl3(THF)3,
h2PN(iPr)PPh2 and MAO: The unexpected and unusual formation of
dd-numbered 1-olefins

nina Wöhla, Wolfgang Müllera, Normen Peuleckeb, Bernd H. Müllerb,
tephan Peitzb, Detlef Hellerb, Uwe Rosenthalb,∗

Linde AG, Linde Engineering Division, Dr.-Carl-von-Linde-Str. 6-14, 82049 Pullach, Germany
Leibniz-Institut für Katalyse an der Universität Rostock e.V., Albert-Einstein-Str. 29 A, 18059 Rostock, Germany

r t i c l e i n f o

rticle history:
eceived 28 August 2008
eceived in revised form
3 September 2008
ccepted 23 September 2008
vailable online 5 October 2008

eywords:

a b s t r a c t

This paper describes a kinetic investigation of the ethene tetramerization catalyst system comprising
CrCl3(THF)3, a bis(diphenylphosphino)isopropylamine Ph2PN(iPr)PPh2 as ligand and MAO as catalyst acti-
vator. The main focus of the experimental study lied on the influence of the ligand to chromium molar ratio
on the catalyst performance and the selectivity towards 1-octene. It was found that a sub-stoichiometric
ligand/Cr ratio leads to a Schulz–Flory product distribution, while unusual odd-numbered 1-olefins as
by-products were formed.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Linear alpha olefins (LAOs) are useful and versatile intermedi-
tes for many industrially important substances like co-monomers
or HDPE or LLDPE, alcohols, aldehydes, carboxylic acids or sul-
onates. Conventional full range producers of LAOs, which obtain
wide product distribution, have to meet a formidable challenge

o match the market demand. The reason is that each market
egment served exhibits a very different behavior in terms of
arket size and growth, geography, fragmentation etc. The con-

entional technologies, like the Shell Higher Olefin Process (SHOP)
r the state-of-the-art �-Sablin process, are based on an ethene

nsertion/�-elimination mechanism via chain growth (Scheme 1)
esulting in a Schulz–Flory product distribution [1].

Thus, the on-purpose production of the most economically
iable LAOs, i.e. comonomer-grade 1-hexene and more recently

∗ Corresponding author. Tel.: +49 381 1281 176; fax: +49 381 1281 51176.
E-mail addresses: Wolfgang.mueller@linde-le.com (W. Müller),
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-octene, appears highly desirable [2]. For selective ethene
ligomerization routes, a ring mechanism is generally accepted,
nstead of the chain-growth pathway. In this ring mechanism,
wo ethene units coordinate at the catalytically active site and
orm a metallacyclopentane via oxidative coupling. Insertions of
urther ethene units result in larger metallacycles. Through �-
limination/reductive elimination the desired LAOs are released
Scheme 2) [3].

For the high selectivity to 1-hexene during ethene trimerization,
he difference in the relative stability of the formed five- and seven-

embered rings with respect to elimination is the determining
actor of this mechanistic suggestion (Scheme 3) [2].

A mechanism for tetramerization of ethene to yield 1-octene,
ased on metallacycles as intermediates, requires discrimination
etween seven- and nine-membered rings. Some studies conclude
hat the generally accepted metallacyclic mechanism for the selec-

ive oligomerization cannot explain the selectivity to 1-octene
Scheme 4) [4,5].

If the tetramerization is not explainable by the presented
onometallic mechanism, alternatively a bimetallic mechanisms

ased on two chromium centers appears conceivable [6].

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:Wolfgang.mueller@linde-le.com
mailto:Uwe.rosenthal@catalysis.de
dx.doi.org/10.1016/j.molcata.2008.09.026
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Scheme 1. Ethene oligomerization via a chain mechanism.
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Scheme 2. Ethene oligomerization via a ring mechanism.

Nevertheless, in 2004 a catalyst system for selective ethene
etramerization was reported, using a modified bis(diaryl-
hosphino)amine (PNP) chromium catalyst which gives up to
8 wt.% 1-octene along with 1-hexene as the main by-product [2k].
n the basis of these systems, ligand effects were investigated in
etail. In general, more sterically hindered ligands favor trimeriza-
ion over tetramerization. Methoxy substituents in ortho position
f the aryl groups also have a strong effect of supporting trimeriza-

ion. Nitrogen substituents exhibit a subtle influence which could
ot yet be fully rationalized [2].

Several publications [7] deal with kinetic investigations of these
elective tri- and tetramerization catalysts, making an important
ontribution to the understanding of the catalytic mechanism with

Scheme 3. Ethene trimerization to 1-hexene.
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Scheme 4. Ethene tetramerization to 1-octene.

he goal to optimize reactor design and process parameters, partic-
larly with regard of an enhancement of activity and selectivity.

Walsh et al. [7b] investigated the reaction kinetics of the ethene
etramerization catalyst consisting of the pre-catalyst Cr(acac)3,
h2PN(iPr)PPh2 as ligand and MAO as activator. It was found that
he initial reaction rate follows a typical Arrhenius behavior with
n apparent activation energy of 64.6 kJ/(mol K) in the tempera-
ure range between 35 and 45 ◦C. However, the deactivation rate is
trongly influenced by temperature.

A reaction rate model was developed to provide a good descrip-
ion of reaction performance and selectivity data, accounting for the
ffects of pressure, temperature and time on stream. Increased tem-
erature and decreased pressure result in increased 1-hexene and
ecreased 1-octene selectivity, while time on stream-data indicate
he occurrence of secondary incorporation reactions of 1-hexene
nd 1-octene. The typical ethene tetramerization reaction yields a
omplex mixture of olefins, such as predominantly 1-hexene and
-octene and smaller quantities of C10 along with heavier alpha
lefins. Additionally, small amounts of C6 cyclics such as methy-
ene cyclopentane and methyl cyclopentane are formed as well
s branched C10, C12 and C14 olefins which are produced by sec-
ndary co-oligomerization of 1-C6 and 1-C8. Odd numbered LAOs
ere not described as by-products.

Some discrepancies regarding the influence of ethene concen-
ration are noteworthy.

For instance Manyik et al. [3b] and Yang et al. [7a] reported a
econd-order dependence on ethene concentration for two differ-
nt chromium-based ethene trimerization catalyst systems. These
esults lead to the conclusion that the rate-determining step is the
ormation of a metallacyclopentane intermediate via two coordi-
ated ethene molecules.

Contrary to these results, modeling studies carried out by van
ensburg et al. [5c] for a chromium-pyrrolyl catalyst support a
rst-order dependence with respect to ethene concentration. Blok
t al. [5d] as well as Tobisch and Ziegler [5b] investigated the-
retically the titanium-catalyzed trimerization mechanism and
lso identified the metallacycle growth as rate-determining step,
onsequently leading to a first-order dependency. Kuhlmann [7d]
ound in his studies on the Cr/PNP-system a first-order ethene

ependency for the trimerization reaction and a second-order
ependency for the tetramerization. This results in a overall reac-
ion order of 1.71, which is in good agreement with the observed
on-integer reaction order of 1.57 by Walsh et al. [7b], suggesting a
ompetition of two different pathways for tri- and tetramerization.
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To the best of our knowledge, in these and other publications
n this field the effect of ligand/Cr molar ratios on catalytic perfor-

ance was investigated only in one paper from Jiang et al. [7c]. It
as described that the ligand/Cr molar ratio has significant effects
n catalytic activity and selectivity in chromium-catalyzed ethene
etramerization to 1-octene. It was shown that an increase of the
igand/Cr molar ratio from 1 to 4 resulted in a decrease in catalytic
ctivity. The highest selectivity towards 1-octene was achieved
ith a ligand/Cr molar ratio of 2. The authors explained this ten-

atively by the formation of active Cr species via the interaction
ith other catalytic components ‘of proper ratios’. Lower ligand/Cr
olar ratios than 1 were not investigated.
We here report the results of a kinetic study carried out

n the bis(diphenylphosphino)isopropylamine Ph2PN(iPr)PPh2/
rCl3(THF)3/MAO ethene tetramerization catalyst system. More
pecifically, the ligand to Cr-molar ratio was investigated in detail. It
as found that this ratio has a remarkable influence on the product
istribution.

. Experimental

.1. Materials

All chemicals were handled either in a glove box or
nder inert argon atmosphere by using standard Schlenk tech-
iques. CrCl3(THF)3 (97% purity) was obtained from Sigma–
ldrich and used without further purification. MAO solution
10 wt.% in toluene) was delivered by Sigma–Aldrich. The
is(diphenylphosphino)isopropylamine ligand was synthesized
ccording to a published procedure [2k]. Toluene (>99.9% purity)
as obtained by Merck Chemicals and was dried over sodium with
enzophenone and was then distilled in inert gas atmosphere (N2).

b
c
n
l
t

Fig. 1. Schematic of the 0.3
lysis A: Chemical 297 (2009) 1–8 3

rgon 5.0 and ethene 3.0 were purchased from Linde Gas and used
s received.

.2. Reactor equipment and ethene oligomerization procedure

The syntheses were performed in a 0.3 l Parr autoclave equipped
ith a hollow shaft gas-entrainment stirrer. The ethene supply was
aintained by an aluminum pressurized gas cylinder on a bal-

nce to monitor the ethene consumption over time by means of
computerized data acquisition system. The autoclave’s tempera-

ure was measured by a thermocouple inside the reactor’s liquid
hase and controlled by an electrical heating jacket and a water
ooling-coil, submerged in the liquid phase. The autoclave could
e depressurized and evacuated by means of a rotary vane vacuum
ump (10−1 mbar). For inertization, a low pressure argon supply
1.5 bar absolute) was used.

A complete P&ID-schematic of the experimental test rig is given
n Fig. 1.

Before conducting an experiment, the reactor was heated to
00 ◦C at reduced pressure for several hours to eliminate traces
f water, oxygen and oxygenated impurities. The reactor was then
llowed to cool down to ambient temperature and the prepared cat-
lyst solution was transferred to the evacuated reactor by means
f the pressure differential to the argon inert atmosphere. The
peed of the gas entrainment stirrer was set to 1000 rpm to exclude
as-to-liquid mass transfer limitations. This was verified earlier

y separate measurements of the volumetric mass transfer coeffi-
ients (ethene into toluene) as a function of agitation speed. In the
ext step, the reactor was pressurized with ethene to 30 bar (abso-

ute pressure). All reactions were performed at a constant reaction
emperature of 50 ◦C.

l Parr kinetic test rig.
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Fig. 2. Effect of ligand/Cr molar ratio on ethene uptake rate.

After the reaction, the reaction solution was discharged by trans-
erring the liquid by means of the headspace pressure via the
eactor’s dip tube into a round-bottom flask with HCl-acidified
ater for catalyst quenching. The volume of the gaseous product
hase was measured by a gas meter and collected completely in a
asbag.

The mass balance of the experiment was determined via quan-
ification and GC–FID analysis of the gaseous and liquid products
eparately, followed by comparison to the ethene uptake data.

.3. Catalyst preparation

All reactions were performed using 1 mmol/l Cr concentration
nd a MAO/Cr ratio of 150. In this investigation the ligand/Cr molar
atios were varied in the range from 0.25 to 2.0.

For the catalyst preparation, a suitable amount of the PNP lig-
nd Ph2PN(iPr)PPh2, and CrCl3(THF)3 was weighed in and charged
o a Schlenk tube under inert atmosphere. A volume of 100 ml dried
oluene was added and the solution was stirred by means of a mag-
etic stirrer. After dissolving Cr-compound and ligand, the required
mount of MAO was added. The solution was immediately trans-
erred to the reactor and the reaction was started by opening the
thene supply.

. Results and discussion

.1. Influence of the ligand/chromium ratio on reaction kinetics

In separate gas-to-liquid mass transfer experiments, the mass

ransfer coefficient of ethene to toluene was determined to be
la ≥ 1100 h−1 at 50 ◦C in the current experimental configura-
ion, rendering the mass transport at least a factor of 100 faster
han the characteristic time scale of the reaction. This was fur-
her supported by a kinetic model-based evaluation of the ethene

m
e
d
t
S

able 1
ffects of ligand/Cr molar ratios on catalytic activity and product selectivity.

igand/Cr (mol/mol) Activity (kg/(g cat h)) Product selectivity (wt.%)

1-C4= 1-C6= 1-C8= 1-C10=

.25a 1.4 10.0 17.9 29.6 8.7

.5a 3.1 8.3 17.1 24.2 9.5

.75a 1.4 1.7 18.7 61.7 1.1

.0 1.9 0.6 25.2 62.5 0.7

.0 1.3 0.7 21.2 61.6 0.7

eaction conditions: solvent toluene; temperature = 50 ◦C; pressure = 30 bar; MAO/Cr = 15
a Reaction time = 120 min.
lysis A: Chemical 297 (2009) 1–8

ptake curves in the absence of the reaction system, taking into
ccount the temperature- and pressure-dependent equilibrium
olubility of ethene in toluene. Clearly, the composition of the
iquid phase changes with residence time as products are being
ormed. However, even if the phase transfer slowed down over
ime due to changing composition of the reaction mass, so does
he tri-/tetramerization reaction itself, due to the observed cat-
lyst deactivation. Therefore, the phase transfer is not expected
o become competitive with the intrinsic kinetics of the chemical
eaction.

Based on these considerations, the kinetic behavior of the
hromium-catalyzed tetramerization reaction is reflected by the
ime characteristics of the ethene uptake curve.

This ethene uptake curve (Fig. 2), is not influenced by the lig-
nd/Cr molar ratios above 1.0. In general, the time characteristics
nd the curvature of the obtained ethene uptake curves are qual-
tatively similar to the ones published by Walsh et al. [7b] at a
igand/Cr molar ratio of 1.35 and a temperature of 50 ◦C. Although
ther parameters, such as pressure, solvent, catalyst concentra-
ion or MAO/Cr ratio and a different catalyst preparation procedure
charging of the catalyst under ethene pressure) were applied, the

easured curves show the typical induction period and the cata-
yst deactivation over time as described in [7b]. As shown in Table 1,
he activity decreases significantly by doubling the ligand/Cr molar
atio from 1.0 to 2.0. Variations of activity values from published
esults [7b,c] can probably be traced back to the fact that different
eaction conditions were chosen.

Using a sub-stoichiometric ligand/Cr molar ratio of 0.5, meaning
hat two chromium units form the active catalyst with one lig-
nd, results in a dramatic change in the kinetic behavior (Fig. 2).
fter a long induction period of 40 min the reaction starts and

hen accelerates to a small extent, as indicated by the mild upward
urvature.

.2. Influence of the ligand/chromium ratio on product
istribution

Contrary to the results of Jiang et al. [7c], we found that the selec-
ivity towards 1-octene is not strongly affected by high ligand/Cr
atios and we see only a slight decrease while increasing the lig-
nd/Cr ratio from 1.0 to 2.0. The selectivity towards 1-hexene also
ecreases in this regime. At a ligand/Cr ratio of 2.0, a higher amount
f undesirable side-products, like branched decenes, are formed.
owever, in general the selectivity towards 1-hexene and 1-octene

s considerable (Table 1).
Using the sub-stoichiometric ligand/Cr molar ratio, the high

electivity towards the main products vanishes gradually and the

echanism changes from the metallacycle to a typical insertion/�-

limination. This results in a superposition of a Schulz–Flory
istribution and a residual selective reaction, the latter leading par-
icularly to a higher 1-octene peak than expected on the basis of a
chulz–Flory distribution only.

Polymer (g)

1-C12= 1-C14= 1-C16= 1-C18= Odd-numbered LAOs

5.9 3.4 1.7 0.8 6.9 0.61
7.7 5.9 4.5 3.5 5.7 0.52
0.5 0.4 0.3 0.2 1.6 0.45
0.3 0.3 0.1 0.2 0.7 0.09
0.4 0.3 0.1 0.5 0.0 0.05

0 mol/mol; reaction time = 60 min.
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Fig. 3. Measured product distribution at ligand/Cr = 0.5 mol/mol. Reaction conditions: solvent toluene; temperature = 50 ◦C; pressure = 30 bar; MAO/Cr = 150 mol/mol; lig-
and/Cr = 0.5 mol/mol; reaction time = 120 min. The solid line indicates a Schulz–Flory (SF) weight-distribution (for comparison) with a chain propagation probability of
p = 0.63 ± 0.01. Error limits were estimated on the basis of the precision of the analytical data and the quality of the fit to the SF-formalism.

F conditions as Fig. 3. The solid line indicates a Schulz–Flory (SF) weight-distribution (for
c ut one C-unit. The chain propagation probability was determined as p = 0.63 ± 0.015.

o
r
a
r

n
t
b
o
c
w

f

x
c
s

ig. 4. Distribution of odd-numbered �-olefins at ligand/Cr = 0.5 mol/mol. Reaction
omparison), shifted against the corresponding even-numbered distribution by abo

While at a ligand to chromium ratio of 0.75 mol/mol the creation
f higher alkenes is unincisive, a further reduction of the ligand/Cr
atio decreases the selectivity towards 1-hexene and 1-octene. The
mount of formed polymer also increases with decreasing ligand/Cr
atio.

Surprisingly, at sub-stoichiometric ligand/Cr-ratios, also odd-
umbered olefins are formed as by-products (Fig. 3), an observation
hat, to the best of our knowledge, was not reported anywhere
efore. As illustrated by Fig. 3, at ligand/Cr = 0.5 mol/mol, the
btained product distribution of even-numbered (regarding the
arbon-chain length) �-olefins widely follows a Schulz–Flory
eight distribution,

w(x) = x(1 − p)2p(x−1)
with a chain propagation probability of p = 0.63 ± 0.01 and
= number of monomer units (ethene) incorporated into the carbon
hain. Only the 1-butene and the 1-octene yield does not follow this
tatistical distribution, the latter clearly owing to an underlying,

Fig. 5. Formation of odd-numbered 1-olefins at sub-stoichiometric ligand/Cr
molar ratios. Reaction conditions: solvent toluene; temperature = 50 ◦C; pres-
sure = 30 bar; MAO/Cr = 150 mol/mol; ligand/Cr = 0.25, 0.5 and 0.75 mol/mol;
ligand/Cr = 0.5 mol/mol; reaction time = 120 min.
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Fig. 6. As Fig. 3 but Ligand/Cr = 0.25 mol/mol. Reaction conditions as Fig. 3

residual’, selective tetramerization mechanism. Also the 1-butene
oncentration is significantly lower than expected on the basis of
he statistical product distribution and it can be speculated in how
ar this can be interpreted in terms of 1-octene formation via dimer-
zation of two C4-units.

Like the expected even-numbered 1-olefins, the odd-numbered
-olefins follow a distribution which is slightly shifted by about one
-unit in the carbon chain with respect to the distribution of the
orresponding even-numbered 1-olefins (Fig. 4). Remarkably, the
hain propagation probability for this odd-numbered distribution
as determined to be p = 0.63 ± 0.015 as well. This suggests that the
dd-numbered distribution is closely linked to the even-numbered
roduct distribution, in fact, that it is even directly derived from the

atter.

The total percentage of odd-numbered 1-olefins is a function

f the ligand/Cr ratio and increases significantly with decreasing
atio (Fig. 5). This leads to the question, how the product dis-
ribution behavior changes at even lower ligand/Cr ratios than

p
a
s
b

ig. 7. Distribution of odd-numbered �-olefins at ligand/Cr = 0.25 mol/mol. Reaction co
= 0.56 ± 0.02. The solid line indicates a Schulz–Flory (SF) weight-distribution (for comp
bout one C-unit.
gand/Cr = 0.25 mol/mol and chain propagation probability p = 0.56 ± 0.01.

.5, e.g. at the lowest ratio investigated in this study, namely lig-
nd/Cr = 0.25 mol/mol. As shown in Fig. 6 for the even-numbered
roducts and Fig. 7 for the odd-numbered ones, respectively, one
bserves a totally equivalent behavior compared to the situation at
igand/Cr = 0.5 mol/mol: again, the even-numbered products can be
escribed by a Schulz–Flory distribution if an underlying ‘residual’
elective tetramerization reaction channel is assumed to account
or the high 1-octene figure. Again, far less 1-butene is observed
han expected on the basis of a Schulz–Flory distribution alone and
he odd-numbered distribution can be fitted reasonably well with
Schulz–Flory, shifted by about one C-unit (Fig. 7).

The important difference to the situation at ligand/
r = 0.5 mol/mol is that both, even- and odd-numbered prod-
ct distributions, indicate one single consistent figure for the chain

ropagation probability of p = 0.56 ± 0.02. The lower value of p
s compared to ligand/Cr = 0.5 mol/mol characterizes the gradual
hift to narrower product distributions as the ligand/Cr ratio is
eing lowered.

nditions as Fig. 3 but ligand/Cr = 0.25 mol/mol and chain propagation probability
arison), shifted against the corresponding even-numbered distribution (Fig. 6) by
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Scheme 5. Simplified principle fo

These results strongly suggest, that the unexpected for-
ation of odd-numbered linear �-olefins in Ph2PN(iPr)PPh2/

rCl3(THF)3/MAO systems at sub-stoichiometric ligand/Cr ratios
below about ligand/Cr = 0.5 mol/mol) proceeds via the initially
ormed ‘regular’ �-olefins with even-numbered carbon chain
ength.

. Conclusion

The most important result of the investigation presented
ere is the fact that the ligand/Cr ratio influences remarkably
he product distribution. At a ligand/chromium ratio of 0.5 the
elective process towards 1-hexene and 1-octene changes into

Schulz–Flory-like distribution with some residual selective
eaction to 1-C8= and possibly 1-C6=. Moreover, odd num-
ered 1-olefins are formed at sub-stoichiometric ratios. This
as two consequences for the understanding of the catalytic
ystem.

The first conclusion is that with sub-stoichiometric ligand/Cr
atios a completely different active catalyst species is formed from
hromium and the chelating PNP–ligand than the well known
ASOL catalyst with a stoichiometric ligand/Cr ratio “(PNP)Cr” (1:1).
ost likely, with the ratio of 0.5 binuclear complexes “(PNP)Cr2”

0.5:1) or higher aggregates with bridging PNP ligands are formed,
howing a completely different behavior regarding kinetics and
electivity.

Secondly, it is likely that after the alkylation with MAO such
inuclear complexes result in methyl compounds “(PNP)Cr2(Me)n”.
n elimination of methane favors the creation of chromium car-
ene “Cr CH2” groups. These carbene groups could react with
ecently formed even-numbered LAOs like R CH2 CH2 CH CH2
n a metathesis reaction to ethene and to long-chain carbenes
Cr CH CH2 CH2 R”, resulting in the observed odd numbered
AOs like, e.g., H2C CH CH2 R (Scheme 5).

Clearly, a sharp discrimination between the different catalytic
pecies is impossible and an equilibrium of differently acting cen-
ers always exists. Consequently, a smooth transition between the
ifferent ligand/Cr ratios and their respective behaviors is observed.
or instance, the enhanced polymer formation, especially at very
ow ligand/Cr ratios, can be explained by an increasing number of
naked” Cr species (Ligand: Cr = 0:1) in the equilibria. We also con-
lude that binuclear complexes with one bridging PNP ligand and

wo chromium atoms such as “(PNP)Cr2” (0.5:1) or higher aggre-
ates are responsible for the Schulz–Flory product distribution
nd the formation of odd-numbered LAOs. The selectivity towards
-hexene and 1-octene can only be reached by adjustment of a sto-

chiometric ratio of ligand to chromium, either by a monometallic

[

ormation of odd-numbered LAOs.

enter like “(PNP)Cr” (1:1) or a bimetallic center as “(PNP)2Cr2”
1:1).
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