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A half-sandwich titanium complex with a pendant thienyl
group, activated by methylalumoxane (MAOQ), can trimerize
ethylene to 1-hexene with considerable activity and high
selectivity; the coodination of the sulfur atom to the titanium
center is proposed to be responsible for the selective
trimerization of ethylene.

1-Hexene, which is used as a comonomer for synthesis of linear
low-density polyethylene (LLPDE), can be produced by
catalytic trimerization of ethylene. Presently, most catalytic
trimerization systems are based on chromium compounds.® To
find an alternative catalyst system based on other metalsis of
academic and industrial interest. Hessen and co-workers
reported that titanium complexes with an arene-pendant
cyclopentadienyl ligand in combination with methylalumoxane
(MAO) can selectively trimerize ethylene with high activity.2
The arene-pendant cyclopentadienyl ligand is likely to exhibit
hemilabile behavior, stabilizing the titanium center of the
activated species by 16 coordination and slipping to make room
for the incoming ethylene.

Modification of the Cp ring by introducing a pendant group
that has the ability to coordinate to a metal center is of current
interest. All kinds of ligands such as akenyl, phenyl, alkoxyl,
O-donor, N-donor, and P-donor groups have attracted much
attention.3 However, less attention has been paid to S-donor
ligands.3d

Thiophene is a special ligand. In contrast to dialkyl sulfides,
thiophene is a weak S-donor, so it can be expected to only
weakly coordinate to metal centers4 Furthermore, as an
electron-rich aromatic system, thiophene can coordinate to
metal centers by S coordination.s If weintroduce the thiophene
moiety into a cyclopentadienyl ring, it is envisaged that the
thiophene-cyclopentadienyl ligand may serve as a hemilabile
ligand in the catalytic trimerization of ethylene. With this in
mind, we designed and synthesized a titanium complex with a
thiophene-pendant cyclopentadienyl ligand, complex 1%
(Scheme 1).

In complex 1, the thiophene moiety is linked to the Cp ring
through a carbon bridge at the 2-position.

Complex 1 with MAO wastested in ethylene conversion. The
results are listed in Table 1.

From the results shown in Table 1, as we expected, /MAO
exhibits considerable activity as well as high selectivity for
ethylene trimerization. In addition to 1-hexene, a small amount
of butene (2-3 wt%) is produced. No other oligomers such as Cg
and Cyo oOlefins are detected. In most cases, polymer is
produced. The highest activity for trimerization is 220 Kg
mol—1 Ti h—1 (under 8 atm of ethylene pressure and at 30 °C).
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T Electronic supplementary information (ESI) available: syntheses of
compounds 1 and 2. See http://www.rsc.org/suppdata/cc/b3/b309749h/
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It is noted that the selectivity of the catalyst is temperature-
dependent. At 0 °C, only atrace of polymer is produced and the
selectivity isvery high (95%), but when weincreasethereaction
temperature, although the activity for trimerization is retained,
the selectivity decreases dramatically because the amount of
polymer increases. It isinteresting that, when the temperatureis
raised to 80 °C, /M AQ shows considerable activity not only for
trimerization but also for polymerization.

The MAO activated half-sandwich titanium complex has
been shown to be a multisite system containing Ti(iv), Ti(i)
and Ti(n) species.® The Ti(i) species was proposed to be the
initial active species for the trimerization of ethylene.” Hessen
elucidated that the pendant arene group may promote the
formation of the titanium(n) species and provide it with
additional stability.2 In our case, the thiophene moiety could
coordinate to the titanium center when complex 1isactivated by
MAO, and this coordination may also make the formation of the
titanium(ir) species much more favourable, which leads to the
highly selective trimerization of ethylene. But at high tem-
peratures, the thiophene partly dissociates from the titanium
center, so the selectivity of 1-hexene decreases.

As mentioned above, thiophene can coordinate to the metal
center by two modes, n1-S coordination and n> coordination. In
the YMAO catalyst system, the two coordination modes are
both favourable with respect to molecular structure. Our
attention was focused on clarifying which of the two coordina-
tion modes is essential for ethylene trimerization. In order to
obtain some evidence, we synthesized complex 2 (Scheme 2).

In complex 2, the thiophene moiety is linked to the Cp ring
through a carbon bridge at the 3-position, thus, the sulfur atom
isaway from the titanium center, which makesit impossible for
the sulfur atom to coordinate to the titanium center. However in
complex 2, the possibility of n5-coordination still exists. We
studied the catalytic behavior of 2 in combination with MAO in
ethylene conversion, compared with /MAO. The results are
shown in Table 2.

Entries 1 and 2 describe the catalytic behavior of 2ZMAO. In
2IMAOQO, polymer is produced as the maor product and the

Table 1 Results of ethylene conversion with /MAO2

Selectivity
Pressure/ Productivity® of 1-hexene
Entry T/°C am 1-Hexene/lg Polymer/g of 1-hexene (wt%)
1 0 5 0.090 Trace 120 >05
2 30 5 0.117 0.017 156 84
3 80 5 0.102 0.206 136 33
4 30 8 0.165 0.022 220 86

a Reaction conditions: 1.5 umol catalyst; Al : Ti = 1000 : 1; 20 ml toluene
solvent; 30 min run time. ® In Kg mol—1 Ti h—1.
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Table 2 Results of ethylene conversion with 2ZMAO, compared with
UMAOa

Selectivity
Productivity? of 1-hexene
Entry Complex T/°C 1-Hexene/g Polymer/g of 1-hexene (wt%)

1 2 0 0.009 0.040 12 18
2 2 30 0.014 0.094 19 12
3 1 0 0.090 Trace 120 >095
4 1 30 0117 0.017 156 84

a Reaction conditions: 1.5 umol catalyst; Al : Ti = 1000 : 1; 5 atm ethylene
pressure; 20 ml toluene solvent; 30 min run time. P In Kg mol—1 Ti h—1.

activity with respect to trimerization is low. The fact that the
catalytic behavior of 2/MAO dramatically differs from that of
UMAO indicatesthat it is not the n® coordination mode but the
11-S coordination mode that plays an important role in ethylene
trimerization. Very recently, Bianchini and co-workers reported
that Co(n) complexes with pyridinimine ligands bearing a
thienyl group can serve asefficient catalystsfor oligomerization
of ethylene.8 They suggested that the sulfur atom would be
likely to play an active role during the oligomerization of
ethylene. Whilein our case, by comparing the catalytic behavior
of /MAO and 2/MAO, afurther conclusion can be drawn that
the coordination of the sulfur atom to the titanium center plays
an important role during the trimerization of ethylene.

Hessen proposed a mechanism involving titanacycle inter-
mediates accounting for the selective formation of 1-hexene.
Recently, a theoretical study of ethylene trimerization at a
cationic (CgHsCH,CsH4)Ti fragment supported this mecha-
nism.® By analogy, a possible mechanism proposed in our case
is shown in Scheme 3.

In summary, we have found that a titanium complex with a
thienyl-cyclopentadienyl ligand can serve as an efficient
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Scheme 3 Proposed mechanism for the formation of 1-hexene.

catalyst precursor for ethylene trimerization. The coordination
of the sulfur atom is likely to be essential for the selective
trimerization of ethylene. Our findings indicate that o-donor
ligands attached to the cyclopentadienyl ring can also play an
important role in ethylene trimerization, which will greatly
expand the library of catalysts for ethylene trimerization.
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Notes and references

t Selected data for 1: tHNMR (500 MHz, CDCl3) 6 7.25 (m, 1H, o-
thiophene-H ); 6 7.00 (m, 2H, 3-thiophene-H); 6 6.98 (pst, 3Jyn = 2.9 Hz,
2H, Cp-H); §6.79 (pst, 3y = 2.9Hz, 2H, Cp—H ); §2.60 (d, 2Jy = 12.9
Hz, 2H, a-CHgg); 6 2.14 (m, 2H, «-CHy,); 6 1.66 (br, 3H, f-and y-CHy); &
1.27-1.54 (m, 3H, B-and y-CHy). Anal. CysH17Cl5STi, found (celc) C:
47.28 (46.96) H: 4.49 (4.47).

Selected data for 2: tHNMR (500 MHz, CDCl3) 6 7.33 (dd, 2J4 = 5.0
Hz, 3J44 = 2.9 Hz, 1H, a-thiophene-H ); 67.19 (dd, 23y = 2.9 Hz, 334
= 1.2 Hz, 1H, «-thiophene-H ); 6 7.07 (dd, 2,y = 5.0 Hz, 3J4y = 1.2 Hz,
1H, B-thiophene-H); § 6.90 (pst, 3Jyn = 2.9 Hz, 2H, Cp—H ); § 6.78 (pst,
3Jyn = 2.8Hz,2H,CpH); 62.59 (d, 2Jpn = 12.9Hz, 2H, a-CHeg); 62.03
(M, 2H, «-CH); 81.53-1.70 (br, 3H, -and y-CHy); §1.30-1.44 (m, 3H, f-
and ‘\{'CHz). Anal. C15H17C|3STi, found (calc) C: 47.00 (4696) H: 4.61
(4.47).
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