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A straightforward synthesis of a new type of tetradentate dianionic
[OSSO]-type ligand is described. This ligand features an ethyl-
enedithiol core bridged via methylene groups to substituted phenols,
thus representing an S analogue of the [ONNO]-type Salan ligands.
The [OSSO]H2 ligand precursor reacted with titanium(IV) isopro-
poxide and with zirconium(IV) tert-butoxide to give the correspond-
ing [OSSO]−M(OR)2 complexes, which formed as single C2-
symmetric isomers but were fluxional according to variable-
temperature NMR. An X-ray structure of [OSSO]−Zr(O-t-Bu)2

supported the fac−fac wrapping mode of the ligand. The dibenzyl
complex [OSSO]−Zr(bn)2 that was obtained by a reaction between
the ligand precursor and tetrabenzylzirconium was found to be an
active 1-hexene polymerization catalyst upon activation with
B(C6F5)3, leading to a stereoirregular polymer despite its C2

symmetry.

The design of multidentate ligands that can wrap around
early transition metals and lead to complexes of well-defined
geometry and symmetry and possibly to olefin polymeriza-
tion catalysts is a major theme in current inorganic chem-
istry.1 Tetradentate dianionic ligands that feature a “sequen-
tial” array of donors and lead to octahedral group 4
complexes are especially appealing. Depending on the nature
of the donors and bridging groups, they may wrap around
the metal in afac-facmode, givingC2-symmetric complexes
in which the two labile groups have cis orientation. The
[ONNO]-type diamine diphenolate Salan ligands,2-5 whose

Zr and Ti complexes follow this coordination mode and lead
to isospecific polymerization ofR-olefins,6 feature a 6-5-6
array of chelate rings. In this work, we describe the synthesis
of an [OSSO]-type sulfur analogue of the Salan ligands, i.e.,
a ligand in which theN-Me donors were replaced with S
donors, the coordination chemistry of this ligand around Ti
and Zr, and a preliminary 1-hexene polymerization catalysis
study (Figure 1).

Group 4 complexes of tetradentate [OSSO]-type diphe-
nolate ligands have been recently developed by Okuda and
were shown to lead to interesting chemical activities such
as the isotactic polymerization of styrene.7-9 The S donors
in those ligands are attached directly to the phenol groups,
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yielding a more compact 5-5-5 array of chelate rings. The
Salan ligands are conveniently synthesized by the Mannich
condensation, which is not applicable to the [OSSO]-type
analogues.10 We therefore turned to an alternative synthesis
relying on the effective nucleophilic character of the S donor.
Reacting ethylenedithiol with 2 equiv of 2-(bromomethyl)-
4,6-bis(1,1-dimethylethyl)phenol, which is synthesized from
the corresponding phenol on a multigram scale,11 gave the
parent ligand precursor, [OSSO]H2, in typical yields of 80%.
The poor nucleophilic character of the phenol O enables its
application in its nonprotected form in this reaction (Scheme
1).12

Reacting the ligand precursor [OSSO]H2 with titanium-
(IV) isopropoxide in ether at room temperature led cleanly
to a yellow solid complex in ca. 97% yield after workup.
NMR characterization supported its assignment as an [OSSO]-
Ti(O-i-Pr)2-type complex; no trace of a homoleptic [OSSO]2Ti
complex was detected even when a large excess of [OSSO]-
H2 was employed. The [OSSO]Ti(O-i-Pr)2 complex appears
to beC2V-symmetric at room temperature according to the
sharp singlets of the methylene groups in the1H NMR
spectrum (rather than AB systems for diastereotopic protons
in aC2-symmetric environment). Such symmetry could result
either from amer-mer C2V-symmetric octahedral complex
or from fast-exchangingfac-fac C2-symmetric octahedral
enantiomers. Alternatively, a tetrahedral complex in which
the S donors are not bound is also consistent with this
symmetry. Variable-temperature1H NMR experiments of
[OSSO]Ti(O-i-Pr)2 in toluene-d8 in the range of-60 to
+20 °C provided clear evidence for a fluxional behavior of
the complex (see the Supporting Information). In the lower
temperature range, the S-CH2-Ar methylene protons as-
sume the familiar AB pattern consistent withC2 symmetry
and afac-facwrapping mode. The free energy of activation
for the fluxional process was calculated from the line shape
of the S-CH2-Ar protons to be∆Gq ) 48 ( 1 kJ mol-1.13

Such fluxional behavior was not observed for the group 4

Salan complexes. However, a fluxional behavior was reported
for several [OSSO]TiX2 complexes of the more compact
5-5-5 [OSSO] ligands. Notably, only those [OSSO] ligands
featuring nonbulky phenolate substituents gave rise to
fluxional complexes, whereas the bulkier ones led to
configurationally stable complexes. Thus, even though the
6-5-6 [OSSO]Ti(O-i-Pr)2 complex described herein carries
bulky o-tert-butyl groups, it is substantially more flexible
than the most flexible 5-5-5 [OSSO]Ti(O-i-Pr)2 complex
(containingo-H groups;∆Gq ) 56.5 ( 1 kJ mol-1).7c The
source of the high flexibility in the 6-5-6 [OSSO]Ti(O-i-
Pr)2 complexes and its possible dependence on phenolate
substituent bulk are currently under study.

A clean reaction was also observed between the ligand
precursor [OSSO]H2 and Zr(O-t-Bu)4 in diethyl ether, giving
[OSSO]Zr(O-t-Bu)2 in practically quantitative yield as a
single isomer (Scheme 2). The Zr complex appeared to be
C2-symmetric at room temperature, as is evident from the
AB pattern of the S-CH2-Ar protons. Variable-temperature
NMR experiments in toluene-d8 in the range of+40 to
+95 °C pointed again to a fluxional behavior (see the
Supporting Information). However, a much higher barrier
for enantiomer interconversion (∆Gq ) 71 ( 1 kJ mol-1)
was found. The higher barrier for interconversion observed
for Zr relative to Ti is unusual because steric effects are
expected to play a less significant role around the larger metal
center.14,15This behavior may be rationalized if considerable
weakening or complete detachment of S-M bonds has to
take place and if the soft-S/soft-Zr interaction is relatively
strong.

Crystals of [OSSO]Zr(O-t-Bu)2 suitable for X-ray analysis
were grown from a diethyl ether/pentane solution at
-35 °C, and the structure was solved (Figure 2).16 The
structure is consistent with the solution spectroscopic data
revealing thefac-fac wrapping mode of the [OSSO] ligand
around the Zr, giving an overall (noncrystallographic)C2

symmetry and a cis relationship between the two monoden-
tate alkoxo groups [O5-Zr-O7 ) 105.79(8)°]. The S-Zr
bond lengths of ca. 2.84 Å are typical for R2S-Zr bonds.9c,17
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Figure 1. [OSSO] ligand precursor and its [ONNO] Salan analogue.

Scheme 1. Synthesis of the Ligand Precursor [OSSO]H2

Scheme 2. Synthesis of the Ti and Zr Metal Complexes
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The two S donors and the twotert-butoxo O atoms form an
almost perfect plane (root-mean-square deviation from the
plane of 0.009 Å) in which the Zr center is embedded. The
overall structure is similar to that of the Salan-Zr complex
[ONNO]Zr(O-t-Bu)2.14 The similar binding of thetert-butoxo
groups in both complexes, as is evident from similar O-Zr
bond lengths (1.93 Å) and C-O-Zr bond angles (161-
167°), supports a similar donation from the S or N donors
in the two complexes. In addition, the similar angle between
the twotert-butoxo groups of 107.8° found for the [ONNO]
complex indicates a similar “openness” of the active sites.
However, because of the long S-Zr bonds, the [OSSO]
ligand appears to be more “recessed” in comparison to the
[ONNO] ligand; i.e., it is pulled away from the labile groups.
This is evident in a narrower O-Zr-O angle between the
phenolate O atoms (151.5 vs 163.0°). The phenolate rings
are pulled toward the equatorial S-S-Zr plane, thus bringing
theo-tert-butyl groups close to the metal. However, because
they protrude less into the labile groups’ quadrants, their
directing of an incoming olefin might be inferior.

To assess the potential of this ligand environment in
R-olefin polymerization catalysis, we prepared the diben-
zylzirconium complex by reacting the ligand precursor
[OSSO]H2 with tetrabenzylzirconium. [OSSO]Z(bn)2 was
obtained as a yellow solid in high yield. Its1H NMR
spectrum supported aC2-symmetric complex showing no
fluxional behavior at room temperature. Upon activation with
tris(pentafluorophenyl)borane in neat 1-hexene at room
temperature, an active catalyst had formed. The polymeri-
zation was carried almost to completion (93%), and the
activity of the catalyst was calculated to be 80 g mmol-1

h-1. The13C NMR spectrum of the poly(1-hexene) revealed
a regioregular and stereoirregular (atactic) structure. Gel
permeation chromatography analysis revealed a relatively low
molecular weight of 7400 g mol-1 (PDI ) 1.6). This catalyst
was found to be active at-20 °C, but the poly(1-hexene)
obtained was still atactic. In comparison, the corresponding
[ONNO]-Zr catalyst was about 5 times less active but
afforded isospecific and living polymerization at room
temperature.2a The atacticity at low temperature may indicate
that a reduced directing power of the phenolate substituents
rather than a fluxional catalyst behavior is responsible for
the lack of stereocontrol by this [OSSO]-type complex.

In conclusion, the first member of a new family of
tetradentate dianionic [OSSO] ligands was synthesized by a
straightforward reaction with a bromomethyl-substituted
phenol. While thefac-fac wrapping of this OSSO ligand
around Ti and Zr established its structural correlation with
the [ONNO] Salan ligands, it was found to be much more
flexible than the latter. The long S-M bonds relative to
N-M bonds make this ligand more “recessed”, which may
explain the formation of stereoirregular poly(1-hexene) from
the [OSSO]Zr(bn)2 complex. We are currently exploring the
synthesis of more “protruding” ligands of this family in an
attempt to induce isospecificity.
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Figure 2. ORTEP representation of [OSSO]Zr(O-t-Bu)2 with 50%
probability ellipsoids. Selected bond distances (Å) and angles (deg): Zr-
O7 1.927(2), Zr-O5 1.931(2), Zr-O4 2.027(2), Zr-O6 2.032(2), Zr-S3
2.8279(7), Zr-S2 2.8485(7), S2-Zr-S3 73.80(2), O4-Zr-O6 151.48(7),
O5-Zr-O7 105.75(8), C40-O5-Zr1 161.6(2), C44-O7-Zr 161.6(2).
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