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Catalytic oligomerization of a-olefins is an important process
in the petrochemical industry.[1] Current focus is on the
selective ethylene oligomerization to produce linear a-
olefins.[1a,2, 3] Oligomerization of a-olefins would lead to
useful processes,[1b,c] provided that activity and selectivity
can be controlled by the rational choice of metal and ligand
sphere: even dimerization of an a-olefin by a metal hydride
catalyst would give rise to ten constitutional isomers, if 1,2-
insertion, 2,1-insertion, and b-H elimination are combined.
Regioselectivity can be controlled, for example, cobalt
catalysts were recently reported to selectively form linear
dodecenes by a sequence of 1,2- and 2,1-insertion followed by
b-H elimination of 1-hexene (“head-to-head” dimeriza-
tion).[4] Early-transition-metal metallocene catalysts com-
monly incorporate (enchain) a-olefins into the growing
chain with 1,2-regioselectivity,[5] whereas propagation with
2,1-regioselectivity[6] is mostly limited to non-metallocene
systems.[7] Herein we report that cationic Group 4 metal
catalysts containing a bis(phenolato) ligand[8] efficiently
catalyze 1-hexene oligomerization and that the regioselectiv-
ity of insertion is switched upon changing the metal center
from titanium to zirconium or hafnium (Scheme 1).

Catalyst precursors 2–4 were synthesized according to
reported procedures.[8a,c] The synthesis of the dimethyl com-
plex 1a by methylation of [Ti(edtbp)Cl2] (edtbpH2 =

(HOC6H2-tBu2-4,6)2(SCH2CH2S)) failed, but reaction of
[TiMe2Cl2]

[9] with Li2(edtbp) cleanly gave 1a as thermally
robust, brown crystals in 73% yield. Its molecular structure
was determined both in the solid state and in solution.[8a,c,11]

Upon treatment of complex 1a with B(C6F5)3 in toluene,
CD2Cl2 or C6D5Br, a thermally labile cationic methyl complex
formed. However, in the presence of a Lewis base L, such as
THF or DMPE (DMPE=Me2PCH2CH2PMe2), the cation
[Ti(edtbp)Me(L)]+ was formed as part of the ion pair
[Ti(edtbp)Me(L)]+[MeB(C6F5)3]

� (5-L) and found to be

thermally stable up to 60 8C for at least 2 days. Complex 5-L
was fully characterized by 1H, 13C, 11B, and 19F NMR
spectroscopy. Results of a single-crystal X-ray crystallography
(Figure 1) of the dmpe complex features ion pairs of the

titanium cation and the borate anion [MeB(C6F5)3]
� .[11] The

sterically rather open titanium center is coordinated by two
trans-oxygen and two cis-sulfur donors of the helical edtbp
framework,[8a,c] the two phosphorus atoms of the dmpe, and
the methyl group, resulting in a pentagonal bipyramidal
geometry.

Representative results of catalytic 1-hexene oligomeriza-
tion by complexes 1–4 activated by one equivalent of B(C6F5)3
are given in Table 1. Oligomerization of neat 1-hexene using

Scheme 1. 1-Hexene oligomerization using complexes 1–4 activated by
B(C6F5)3.

Figure 1. Cation of 5-DMPE. (Hydrogen atoms and the anion omitted
for clarity.)[11]
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1a/B(C6F5)3 at room temperature was complete in less than
5 min to yield oligo(1-hexene)s (Mn = 352, Mw/Mn = 1.30)
with turnover frequency TOF> 20700 h�1 (Table 1, entry 1).
The zirconium and hafnium complexes 3 and 4 were found to
be less active by two and four orders of magnitude,
respectively, than the titanium homologue 1a (Table 1,
entries 4 and 6). Preliminary kinetic analysis for the oligome-
rization catalyzed by complex 1a/B(C6F5)3 in toluene at
�60 8C indicated zero-order dependence on the monomer
concentration. The oligomer distributions deviate from the
Schulz–Flory statistic. The product maximum is for trimer
(n = 1 in Scheme 1) followed by dimer and tetramer (see
Supporting Information for further details).

Remarkably, the nature of the end groups in the resulting
oligomers is highly dependent on the central metal. In the
oligomers produced by the B(C6F5)3-activated titanium com-
plexes 1 and 2, vinylene resonances are observed at d =

5.38 ppm[5d,10] in the 1H NMR spectrum, indicating the
presence of internal olefins E- and Z-R1CH=CHR2 (Fig-
ure 2a). This result suggests that the oligo(1-hexene)s were
formed by b-H-elimination from a 2,1-enchained titanium
alkyl complex (92–99%). Complex 1b with the cumyl-
substituted ligand gave oligomers with up to 99% vinylene
end groups. In contrast, zirconium and hafnium catalysts
based on 3 and 4 selectively produce oligo(1-hexene)s with
vinylidene end groups R3R4C=CH2, as indicated by the
resonances at d = 4.68 ppm in the 1H NMR spectra of
sample produced by 3/B(C6F5)3 (Figure 2b).

At lower temperatures, the titanium catalyst gave product
mixtures that showed both vinylene and vinylidene end
groups (ca. 50:50 at �80 8C, Table 2). The zirconium catalysts
did not exhibit any temperature dependence for the regio-
isomer distribution in the range of �80 to + 50 8C. Under the
same conditions, the tendency for 2,1-insertion increased with
the steric bulk of the ligand sphere (1b versus 1a) as well as
with that of the growing chain.

The use of [1-13C] labeled 1-hexene allowed some insight
into the structure of the oligomers.[5d] Olefins produced by
B(C6F5)3-activated titanium complex 1a are mainly linear (in

the case of dimers) with the label mostly detected in the
positions a and b to the vinylene group, and to lesser extent in
the double bond and in terminal methyl groups (Scheme 2).
On the other hand, the product mixture obtained using the
zirconium catalyst showed the label mostly in the 1-(terminal)
and 3-position of the head-to-tail product.

Although we cannot conclusively exclude a metallacy-
cle[1f, 2] as the active species for the oligomerization, we
assume that a cationic titanium alkyl cation accounts for the
switch in regioselectivity (Scheme 3). Following initial 1,2-

Table 1: Oligomerization of 1-hexene using complexes 1–4 activated by
B(C6F5)3.

[a]

Entry Precat. Yield [%] TOF[b] Mn
[c] Mw/Mn

[c] [vinylene]/
[vinylidene][d]

1 1a 97 20700 352 1.30 92:8
2 1b 97 20700 256 1.22 99:1
3 2 94 19960 352 1.33 93:7
4 3 22 196 224 1.23 5:95
5[e] 3 <1 – – – –
6 4 3.4 3.8 338 1.38 7:93

[a] Conditions: [precat.]= [B(C6F5)3]=0.02 mmol; 1-hexene (3.0 g,
36 mmol); reaction temperature 20 8C; reaction time: 5 min for
entries 1–3, 120 min for entries 4 and 5, and 960 min for entry 6;
method: a solution of complex in 1-hexene (1.5 g) was added to a
solution of B(C6F5)3 in 1-hexene (1.5 g) followed by quenching with HCl/
MeOH. [b] (mol of 1-hexene converted)(mol of M)�1h�1. [c] Determined
by GPC in THF versus polystyrene standards. [d] Ratio of the signals
intensity (R1)CH=CH(R2):(R3)(R4)C=CH2 in oligomer, determined by
1H NMR spectroscopy in CDCl3. [e] Reaction temperature �40 8C.

Figure 2. 1H NMR spectra of the end groups for oligo(1-hexene)s
produced by a) the titanium catalyst 1a/B(C6F5)3 and b) the zirconium
catalyst 3/B(C6F5)3, both at 20 8C.

Table 2: Oligomerization of 1-hexene at different temperatures using
complex 1a activated by B(C6F5)3.

[a]

Entry T [8C] Yield [%] Mn
[b] Mw/Mn

[b] [vinylene]/
[vinylidene][c]

1 +50 50 360 1.33 90:10
2 +20 >99 354 1.34 90:10
3 �0 >99 358 1.33 88:12
4 �20 >99 376 1.40 82:18
5 �40 >99 370 1.43 79:21
6 �60 >99 348 1.41 70:30
7 �80 >99 317 1.46 52:48

[a] Conditions: [1a]= [B(C6F5)3]=0.02 mmol; 1-hexene (1.01 g,
12 mmol); toluene (10 mL); reaction time: 5 min; method: a solution
of complex 1a in toluene (8 mL) and 1-hexene (1.01 g) was added to a
solution of B(C6F5)3 in toluene (2 mL) followed by quenching with HCl/
MeOH. [b] Determined by GPC in THF versus polystyrene standards.
[c] Ratio of the signals intensity (R1)CH=CH(R2):(R3)(R4)C=CH2 in
oligomer, determined by 1H NMR spectroscopy in CDCl3.
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insertion into the metal–hydride bond, 1-hexene is enchained
with 2,1-regioselectivity for titanium at higher temperatures.
This process is proposed to be the result of a steric effect: with
a larger growing chain X and bulkier substituents R, dissoci-
ation of the solvent becomes important for titanium, partic-
ularly at higher temperature. At low temperature and for
zirconium and hafnium which have stronger metal–solvent
dissociation energies, thermodynamically preferred 1,2-inser-
tion predominates. b-Hydride elimination in each case leads
to the release of oligo(1-hexene)s. Given the virtually
identical coordination sphere (2[8a] and 4[8c] are isotypical)
the difference is assumed to stem from the position/rate of the
solvent-dissociation equilibrium.

In an NMR-tube experiment, 1-hexene was found to
insert into the Ti�13CH3 bond of B(C6F5)3-activated [Ti-
(edtbp)(13CH3)2] in 1,2-mode (intense signal at d = 22.17 ppm
in the 13C NMR spectrum in C6D6). In addition, for the
oligomer fractions produced by 1a/B(C6F5)3, the amount of
vinylene versus vinylidene products increased with the degree
of oligomerization (82% for dimer, 95% for trimer, and 97%
for tetramer). Finally, decreasing the steric strain within the
ligand sphere by introducing a C1- rather than a C2-linker
results in deterioration of the secondary regioselectivity for
the titanium catalyst.[12] These data indicate a steric effect of
the propagating chain on the degree of 2,1-selectivity during
the oligomerization process. Furthermore, 1a/B(C6F5)3 does
not react with 2-pentene, indicating the absence of isomer-
ization/chain walking.

In conclusion, we have shown that the regioselectivity
during 1-hexene oligomerization by a Group 4 metal catalyst
with a bis(phenolato) [OSSO]-type ligand switches when the
metal center is changed from titanium to its heavier
homologues. Studies on the detailed mechanism on the
oligomerization by kinetic analysis as well as the extension
of this system to other monomers are underway.

Experimental Section
NMRdata for complex [(edtbp)TiMe2] (1a):

[11] 1H NMR (400.1 MHz,
CDCl3): d = 7.38 (d, 4JHH = 2.5 Hz, 2H, Ph-5-H), 7.14 (d, 4JHH =
2.5 Hz, 2H, Ph-3-H), 3.02 (d, 2JHH = 10.1 Hz, 2H, SCH2), 2.10 (d,
2JHH = 10.1 Hz, 2H, SCH2), 1.69 (s, 18H, C(CH3)3), 1.27 (s, 18H,
C(CH3)3), 1.21 ppm (s, 6H, Ti(CH3)2).

13C{1H} NMR (100.6 MHz,
CDCl3): d = 166.36 (Ph-C1), 143.03 (Ph-C6), 136.90 (Ph-C4), 127.04
(Ph-C5), 125.89 (Ph-C3), 119.12 (Ph-C2), 65.78 (Ti(CH3)2,

1JCH =
124 Hz), 37.33 (SCH2), 35.68 (C(CH3)3), 34.52 (C(CH3)3), 31.60
(C(CH3)3), 29.62 ppm (C(CH3)3). Elemental analysis (%) calcd for
C32H50O2S2Ti (578.74): C 66.41, H 8.71; found: C 66.07, H, 8.62. The
complex 1b was synthesized following an analogous procedure.
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