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bstract

On activation by MAO, tetrahedral CoII dichloride complexes supported by 6-organyl-2-(imino)pyridine ligands generate active catalysts for the
imerisation of propylene to hexenes. The nature of the substituent on the 6-position of the pyridine ring influences both the selectivity and activity
f the catalysts. The 6-thienyl complexes CoCl N 2Th and CoCl N 2BT dimerise propylene prevalently to linear hexenes through a propagation
2 2 2 2

athway involving 1,2-insertion into Co-H, followed by 2,1-insertion and �-hydride elimination. The 6-phenyl complex CoCl2N2
Ph is much less

ctive and selective producing linear hexenes and methyl branched pentenes in comparable yields. The same activity trend and selectivity is
bserved for the dimerisation of 1-hexene, which however is one order of magnitude slower as compared to the dimerisation of propylene.

2007 Published by Elsevier B.V.
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. Introduction

Systems comprising late transition metals and (imino)pyri-
ine ligands are receiving considerable attention in homogenous
atalysis, especially in C–C bond forming processes. Success-
ul applications span from the polymerization of olefins via
ither insertion [1–3] or radical reactions [4], to the Suzuki
oupling of haloarenes with phenylboronic acid [5], to the pro-
uction of tailored low-density polyethylene (LDPE) via tandem
eactions in conjunction with metallocenes [6], to the copoly-
erization of CO and olefins [7], to the bis-alkoxycarbonylation

f styrene [8]. Tetrahedral (imino)pyridine CoII complexes
earing aromatic substituents in the 6-position of the pyri-
ine ring have been recently reported to oligomerise ethylene
o C4–C14 �-olefins in Schulz–Flory distribution with TOFs
s high as 1.5 × 106 mol of C2H4 converted (mol Co × h)−1
9].
We report here that, upon treatment with MAO in toluene,

he tetrahedral (imino)pyridine CoII complexes CoCl2N2
2Th,

∗ Corresponding authors. Tel.: +39 055 5225280; fax: +39 055 5225203.
E-mail address: claudio.bianchini@iccom.cnr.it (C. Bianchini).
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oCl2N2
2BT, and CoCl2N2

Ph (Scheme 1) generate active cata-
ysts for the regioselective dimerisation of propylene to hexenes.

The transition metal-catalysed �-olefin dimerisation is an
mportant process currently employed to produce versatile
ntermediates and building blocks for the chemical industry,
panning from comonomers for polyethylene to feedstocks for
roducing surfactans, platicizers, alcohols, pharmaceuticals
nd gasoline additives [10,11]. Specifically, branched dimers
re preferred for the production of fuel additives and synthetic
ils [12], while linear dimers find application in the area of fine
hemical feedstocks [13].

The dimerisation of �-olefin is typically carried out in
omogeneous phase with late-transition metal catalysts, almost
xclusively containing nickel, cobalt or iron and either biden-
ate or tridentate ligands with nitrogen and oxygen donor
toms [12–15]. However, there are a few catalysts known
o produce selectively linear olefin dimers with significant
urnover frequencies [14–15]. All known cobalt systems con-
ain 2,6-bis(imino)pyridine ligands and show good activities and

electivities in the oligomerisation of propylene, 1-butene and 1-
exene, giving highly linear dimers up to 98% and TOFs as high
s several thousands of mol of olefin converted (mol Co × h)−1

14]. The best results, in terms of productivity, have been

mailto:claudio.bianchini@iccom.cnr.it
dx.doi.org/10.1016/j.molcata.2007.07.016
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unreacted propylene was carefully evaporated under vigorous
Sch

eported by Gibson for CoII bis(imino)pyridine catalysts sta-
ilized by trifluoromethyl substituents on the aryl groups [14a].

. Experimental

.1. Materials and equipments

All air- and/or water-sensitive reactions were performed
nder a nitrogen in flame-dried flasks using standard Schlenk-
ype techniques. Anhydrous toluene was obtained by means
f a MBraun Solvent Purification Systems. Solid methy-
aluminoxane (MAO) for oligomerisation was prepared by
emoving toluene and AlMe3 under vacuum from a commer-
ially available MAO solution (10 wt% solution in toluene,
igma–Aldrich). The MAO solution was filtered on a D4 fun-
el and evaporated to dryness at 50 ◦C under vacuum. The
esulting white residue was heated further to 50 ◦C under vac-
um overnight. Modified methylaluminoxane (MMAO) was
urchased from Akzo Nobel (7 wt% solution in toluene) and
sed as received. Literature methods were used to synthesize
he tetrahedral cobalt complexes CoCl2N2

2Th, CoCl2N2
2BT,

nd CoCl2N2
Ph (N2

org = 6-(organyl)-2-(imino)pyridine) [9]. 1-
exene was passed over alumina and distilled under nitrogen
efore use. All of the other reagents and solvents were used
s purchased from commercial suppliers. The GC analyses of
he oligomerisation products were performed on a Shimadzu
C-17A gas chromatograph equipped with a flame ionization
etector and a Supelco SPB-1 fused silica capillary column
30 m length, 0.25 mm i.d., 0.25 �m film thickness). The yields
f dimers, trimers and tetramers were determined by comparing
he integrals of the products to those of the internal standard (n-
eptane) and by assuming equal response factors of the standard
nd the products. Specific GC analyses for the C6 isomers were
erformed with a Varian PLOT fused silica capillary column
ith stationary phase PLOT Al2O3/KCl (50 m, 0.32 mm i.d.,
�m film thickness). The GC/MS analyses were performed on
Shimadzu QP 5000 apparatus equipped with a column identical
ith that used for the GC analyses.

.2. Catalytic reactions

.2.1. Propylene oligomerisation procedure

.2.1.1. In toluene (1 bar). A single-necked, round-bottomed

ask (50 mL) equipped with a magnetic stirrer and a side gas

nlet was heated under vacuum and then cooled to room tempera-
ure under nitrogen. Afterwards, the solid precatalyst (7.4 �mol)
nd toluene (8 mL) were introduced into the flask under a pos-

s
w
a
o

.

tive nitrogen flow. The suspension was stirred for 10 min to
issolve the precatalyst and then cooled with an ice-water bath.
ropylene was bubbled for 15 min. Afterwards, the flask was
lose with a stopper fitted with a gas expansion bag as propy-
ene reservoir and allowed to reach room temperature. The run
as started by injection of a solution of MAO (1.52 mmol, ca.
00 equiv.) in toluene (2 mL) via a syringe. After the desired
eaction period, the reaction was stopped by ventilating propy-
ene under a stream of nitrogen and adding acidic MeOH (5%
Cl, 1 mL). The reaction mixture was analyzed by GC using
-heptane (60 �L) as GC internal standard.

.2.1.2. In toluene (10 bar). A 250 mL glass reactor equipped
ith a mechanical stirrer and an external jacket for the temper-

ture control, was charged with the solid precatalyst (12 �mol)
nd toluene (26 mL) under nitrogen. The reactor was cooled at
15 ◦C and the liquid propylene (18.5 g) was transferred from

he cylinder into the reactor via a flexible hose. A solution of
AO (7.2 mmol, ca. 600 equiv.) in toluene (4 mL) was injected

nto the reactor via a syringe. The reactor was rapidly warmed
o room temperature and the solution stirred. The reactor inter-
al pressure reached 10 bar. After the desired reaction period,
he reactor was depressurized and the reaction was stopped
y adding acidic MeOH (5% HCl, 1 mL). Finally, the reactor
ixture was cooled to 0 ◦C and the dissolved propylene was

ompletely ventilated off under vigorous stirring. Afterwards,
-heptane (200 �L) was added via syringe into the reactor as
he GC internal standard and an aliquot of the reaction mixture
as sampled for the GC analyses of the products.

.2.1.3. In liquid propylene (10 bar). A 250 mL glass reactor
quipped with a mechanical stirrer and an external jacket for
he temperature control, was charged with the solid precatalyst
12 �mol) under nitrogen. The reactor was cooled at −15 ◦C
nd the liquid propylene (45.7 g) was transferred from the cylin-
er into the reactor via a flexible hose. MMAO (3.6 mmol, ca.
00 equiv., 4 mL) was injected into the reactor via a syringe. The
eactor was rapidly warmed to room temperature and the solu-
ion stirred. The reactor internal pressure reached 10 bar. After
he desired reaction time, the reactor was depressurized and the

ixture was quenched by introducing acidic MeOH (5% HCl,
mL). Finally, the reactor mixture was cooled at 0 ◦C and the
tirring. A solution of n-heptane (200 �L) in toluene (30 mL)
as added into the reactor as the GC internal standard and an

liquot of the resulting solution was sampled for the GC analyses
f the products.
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.2.2. 1-Hexene oligomerisation procedure
A single-necked, round-bottomed flask (50 mL) equipped

ith a magnetic stirrer and a side gas inlet was heated under
acuum and then cooled to room temperature under nitrogen.
fterwards, a suspension of the precatalyst (7.4 �mol) in either
eat 1-hexene (10 mL) or 1-hexene (1.5 mL) in toluene (8.5 mL)
as introduced into the flask under a positive nitrogen flow. The

uspension was stirred for 10 min to dissolve the precatalyst
efore injecting a solution of MAO (1.52 mmol, ca. 200 equiv.)
n toluene (2 mL) into the flask. All of the runs were terminated
fter 30 min by addition of acidic MeOH (5% HCl, 1 mL). After-
ards, n-heptane (60 �L) was added via syringe into the flask

s a GC internal standard and an aliquot of the reaction mixture
as sampled for the GC analyses of the products.

.2.3. Hydrogenation of the α-olefin oligomerisation
roducts

Hydrogenation of the reaction mixtures were carried out in a
0 mL stainless steel autoclave equipped with a magnetic stirrer
t room temperature and 10 bar H2 pressure for 16 h, using Pd/C
0% (80 mg) as catalyst. GC analysis of the hydrogenated prod-
cts allowed for the quantification of both linear and branched
pecies.

. Results and discussion

.1. Dimerisation of propylene

Upon treatment with MAO in toluene, the complexes
oCl2N2

2Th, CoCl2N2
2BT, and CoCl2N2

Ph have been found to
enerate active catalysts for the selective dimerisation of propy-
ene to hexenes. The results of batch reactions catalysed by these
atalysts are summarized in Table 1. Since the presence of resid-
al AlMe3 in commercial toluene solutions of MAO may lead
o undesired reaction paths [16,17], the oligomerisation reac-
ions were carried out using a freshly prepared toluene solution
f solid MAO obtained by removal under reduced pressure of
he solvent and volatile impurities from the commercial sam-
le. Under 1 bar propylene pressure (runs 1, 4–5), the TOFs
ncreased in the order CoCl2N2

Ph < CoCl2N2
2BT < CoCl2N2

2Th

ith the thiophen-2-yl CoII precursor being one order of mag-
itude more active than the phenyl derivative. The selectivity
n C6 products was generally high, from 83% with the most
ctive system (entry 1) to 96% with the least active, which is
onsistent with the occurrence of isomerisation only after most
f propylene was consumed.

The presence of a thien-2-yl group in the 6-position of the
yridine ring apparently promotes the selective formation of
inear dimers. Indeed, a selectivity of 87-88% in linear C6 prod-
cts, corresponding to 72–79% of the total product mass, was
btained using either CoCl2N2

2BT or CoCl2N2
2Th. In contrast,

he phenyl derivative CoCl2N2
Ph gave a high level of methyl

ranched pentenes with only 52% of linear dimers.

Increasing the pressure of propylene from 1 to 10 bar in the

eaction catalysed by CoCl2N2
2Th (run 2) doubled the activity

TOF 2415 versus 4512) as well as gave a higher selectivity
n olefin dimers (82.7 versus 93.3) and in 1-hexene (9.9 versus Ta
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8.5). As expected, the higher concentration of propylene was
ound to disfavour competing paths like the isomerisation of
-hexene and the formation of trimers.

Almost identical results were obtained when the reaction was
arried out in liquid propylene (run 3) using MMAO in the place
f MAO which is poorly soluble in hydrocarbon solvents. The
ery small increase in productivity on going from toluene solu-
ion to neat propylene may be explained by the non-dependence
f the dimerisation rate on propylene at high propylene concen-
ration [12e], which suggests the migratory insertion of an alkyl
lefin intermediate as the rate-determining step. Overall, the cat-
lytic activity of CoCl2N2

2BT and CoCl2N2
2Th lies in the range

f well-performing CoII catalysts, being clearly surpassed by
he o-trifluromethyl substituted 2,6-bis(imino)pyridine catalysts
escribed by Gibson [14a].

The specific steps leading to the formation of various hex-
ne isomers are reported in Scheme 2. The isomer distribution
epends on several factors, which include the alternative migra-
ion of either n-propyl or isopropyl groups and the way this

igration occurs (either 1,2- or 2,1-), and finally the regios-
lectivity of the �-H elimination steps when two possibilities
xist for the latter (paths A and C). Since 3-hexenes account
nly for 2% of the total product and 2-methyl-2-pentene and
,3-dimethyl-2-butene are practically absent, some mechanistic
onclusions can be drawn from the quantitative analysis of the
rimary products. For the thien-2-yl catalysts CoCl2N2

2Th and
oCl2N2

2BT, path A, involving 2,1-insertion of the n-propyl
omplex, is the major process for the dimerisation, account-

ng for 87–88% of the linear dimers (1-hexene, cis-2-hexene,
nd trans-2-hexene). Path C, involving 2,1-insertion of the iso-
ropyl complex, accounts for the formation of all of the other

p
C
t
e

Scheme 2. Propylene dimerization pathways
talysis A: Chemical 277 (2007) 40–46 43

roducts, i.e., the branched pentenes 4-methyl-1-pentene, cis-4-
ethyl-2-pentene, and trans-4-methyl-2-pentene. Indeed, both

-methyl-1-pentene (path B) and 2,3-dimethyl-1-butene (path
) were produced only in trace amounts. Overall, the thien-2-yl

atalysts promote the insertion of the second propylene molecule
xclusively in the 2,1-fashion.

Like the thien-2-yl catalysts, CoCl2N2
Ph operates through

aths A and C, yet it is much less active and selective producing
inear hexenes (path A) and methyl branched pentenes (path C)
n comparable yields. The lower selectivity may be ascribed to
he reduced regioregularity of the first olefin insertion step as a
onsequence of the much weaker stereochemical control exerted
y the 6-phenyl ring on the metal centre during olefin insertion
9a]. Indeed, a recent study has demonstrated that MAO converts
he high-spin tetrahedral precursors into low-spin square-planar
oII species with two nitrogen atoms from the (imino)pyridine

igand, a carbon atom from a methyl group, released by MAO,
nd a fourth weakly bound ligand provided by the organyl group
n the 6-position of the pyridine ring (Scheme 3) [9a].

The fastening/unfastening of the sulfur atom in the thien-
-yl complexes was suggested, on one hand, to stabilize the
lectron-deficient transition state for migratory insertion, on the
ther hand to retard chain transfer by destabilize the transition
tate to α-olefin elimination. A similar role, yet not as effica-
ious as that exerted by the sulfur atom, was also hypothesized
or the agostic Cphenyl–H· · ·Co interaction (Scheme 3). Indeed,
hile CoCl2N2

2Th and CoCl2N2
2BT generate catalysts for the
roduction of C4–C14 α-olefins, only butenes are obtained with
oCl2N2

Ph, which is also one order of magnitude less active
han the 2-thienyl precursors [9]. Since the three CoII catalysts
xamined in this work have shown a similar activity trend in

and isomerization of primary products.
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he dimerisation of propylene, one may reasonably extend these
echanistic considerations to the present reactions and, hence,

onclude that the sulfur atom of the 2-thienyl substituent con-
ributes to increase both the stability and steroselectivity of the
quare-planar Co–H or Co-alkyl species acting as an hemilable
igand.

Finally, it is worth mentioning that CoCl2N2
2BT and

oCl2N2
2Th produced also small amounts of linear trimers

s shown by GC/MS analyses of the C9 fractions obtained
fter hydrogenation of the final catalytic mixtures. Indeed, the
9 fractions obtained with the thien-2-yl catalysts contained
ore than 80% linears nonenes. This is a clear indication that

he C9 byproducts were formed by a “step growth” mecha-

ism [14c] rather than to a “chain growth” mechanism, which
nevitably would lead to the formation of methyl-branched iso-

ers (Scheme 4). According to the step growth mechanism,
-nonene is the result of the reaction of n-hexenyl complexes

t
h
c
e

Scheme 4. Proposed mechanism of step g
.

ith propylene, while 4-nonene is formed by the coupling of
-propenyl species with 1-hexene.

To the best of our knowledge, both the linearity of the dimers
nd the selectivity in 1-hexene obtained with the precursors
oCl2N2

2BT and CoCl2N2
2Th have only one precedent in the

iterature [14c].

.2. Dimerisation of 1-hexene

In some reactions catalysed by CoCl2N2
2Th, CoCl2N2

2BT

nd CoCl2N2
Ph, propylene was replaced by 1-hexene (Table 2)

ith the aim of supporting the mechanism proposed for
he former substrate as well as verifying the potential of

he present catalysts for the oligomerisation/dimerisation of
igher α-olefins [14a,15,18]. Under comparable experimental
onditions, all catalysts gave C12 dimers in rather mod-
st yields, however. The 1-hexene dimerisation process was

rowth for linear propylene trimers.
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ccompanied by appreciable isomerisation to a mixture of inter-
al isomers ((E)-2-hexene ≥ (Z)-2-hexene � (E + Z)-3-hexene).
igher yields and higher dimerisation/isomerisation (D/I) ratios
ere obtained performing the reactions in neat 1-hexene rather

han in toluene solution. As observed for the oligomerisation
f propylene, the CoCl2N2

2Th/MAO system generated the most
ctive catalyst with TOFs ranging from 73 in toluene, at rel-
tively low 1-hexene concentration, to 634 in neat 1-hexene.
n the other hand, irrespective of the catalyst, the dimerisa-

ion rates of 1-hexene were at least one order of magnitude
lower than those of propylene under comparable reaction
onditions (Table 1). The GC and NMR analysis of the C12
lefin products revealed the selective formation of linear inter-
al olefins (>90%), which was confirmed by the analysis of
he hydrogenated reaction mixtures (10 bar H2 pressure, Pd/C
0% catalyst). These data strongly suggest that the dimeri-
ation of both 1-hexene and propylene occurs with a very
imilar mechanism, involving a cobalt(II) hydride initiator and
wo consecutive (1,2-/2,1-) insertions, followed by chain ter-

ination via �-H transfer. In the light of the present data,
ne may also conclude that the re-incorporation of higher
lefins is a disfavored process for catalytic systems com-
rising 6-organyl-2-(imino) pyridine CoII dihalides activated
y MAO.

. Conclusions

The catalytic dimerisation of propylene to hexenes has been
chieved by activation with MAO of tetrahedral (imino)pyridine
oII dichloride complexes containing an aromatic substituent in

he 6-position of the pyridine ring. The nature of this substituent
nfluences both the selectivity and activity of the catalysts. The
-thienyl complexes CoCl2N2

2Th and CoCl2N2
2BT dimerise

ropylene prevalently to linear hexenes through a propagation
athway involving 1,2-insertion into Co–H, followed by 2,1-
nsertion and �-hydride elimination, while the 6-phenyl complex
oCl2N2

Ph is much less active and selective, yielding linear hex-
nes and methyl branched pentenes in comparable yields. On the
asis of previous studies, it is suggested that the sulfur atom of
he 2-thienyl substituent contributes to increase both the stabil-
ty and regioselectivity of Co–H initiators as well as propagating
o-alkyl species.
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