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ABSTRACT: Group S metal complexes bearing an [OSSO]-type bis-
(phenolate) ligand have been successfully prepared by the reaction of a
bis(phenol) compound 3 or its dilithio salt 6 with VO(OPr),, NbCl;, or
TaCls. X-ray crystallographic analyses revealed the monomeric nature of the
resulting complexes, [OSSOJVO(OPr) (5), [OSSOINbCl; (7), and
[OSSO]TaCl; (8), where the metal centers adopted cis-a configurations of
the [OSSO] tetradentate ligand. The tantalum(V) complex 8 with Bu;Al/
(PhyC)[B(C4Fs),] as an activator catalyzed the polymerization of 1-hexene to
provide completely isotactic poly(1-hexene), with a narrow molecular weight
distribution ([mmmm] > 95%, M,, = 9100 g mol™’, PDI = 1.6); this is the first
group S metal catalyst for a-olefin polymerization to afford a highly isospecific

polymer.
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ince the advent of Ziegler—Natta catalysts," * group 4

metal complexes with alkyl aluminum reagents have
attracted much attention as olefin polymerization catalysts. In
both academia and industry, significant efforts have been made
in achieving highly active homogeneous catalysts and stereo-
specific polymerization.’™ Accordingly, numerous metallocene
and postmetallocene group 4 metal catalysts have shown
powerful catalytic activity and complete stereospecificity for a-
olefin polymerization.'® In contrast, only a few examples of
successful a-olefin polymerization catalyzed by group S metal
complexes have been published."'™** Vanadium-based hetero-
geneous polymerization systems first appeared in the 1950s and
achieved notable success in the production of ethylene—
propylene and ethylene—propylene—diene elastomers.'*"?
Vanadium precatalysts bearing chelating aryloxides have been
shown by several research groups to be highly active
polymerization catalysts for ethylene or ethylene—propylene.'>
Recently, researchers reported tantalum complexes as olefin
copolymerization catalysts.'®'” For example, Fujita and co-
workers synthesized tantalum complexes bearing tris-
(pyrazolyl)borate ligands (Tp) and showed that, when
activated with dried methylaluminoxane (dMAO) or Bu,Al/
(Ph;C)[B(C4Fs),], these complexes were active ethylene
polymerization catalysts that produced low- to high-molec-
ular-weight polyethylene with relatively narrow to broad
molecular-weight distributions.’® In particular, a tantalum
complex with a sterically demanding mesityl group on the Tp
ligand exhibited very high activity (25.7 kg mmol™ h™') in
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association with ‘Bu;Al/(Ph;C)[B(C4Fs),]. Oda and Mashima
presented tantalum complexes supported by silicon-bridged
cyclopentadienyl-phenoxy ligands (PHENICS: phenoxy-in-
duced complex of Sumitomo); the complexes showed moderate
activity for ethylene/l-hexene copolymerization (1.02 kg
mmol™ h™!) and low activity for 1-hexene polymerization
(0.0326 ¢ mmol™ h™') upon activation with ‘Bu;Al/(Ph;C)-
[B(C4Fs),]."” These ancillary ligands are also well-known to
play an important role in supporting group 4 metal catalysts
that demonstrate higher olefin polymerization activities than
group 4 metallocene catalysts.

[OSSO]-Type bis(phenolate) ligands, in which two phen-
oxide frameworks are linked to two donor sulfur atoms at the
ortho or benzyl positions, have been of great interest as
dianionic ancillary tetradentate ligands for group 4 metal
centers (Chart 1)."® Okuda and co-workers reported that
MAO-activated group 4 metal complexes with 1,4-dithiabuta-
nediyl-linked [OSSO]-type bis(phenolate) ligand 1 were
effective for the isospecific polymerization of styrene.'” >*
They also showed that vanadium complex 2, which
incorporates 1, catalyzes the polymerization of ethylene with
good activity (0.065—0.774 kg mmol™ h™') to provide very
high molecular weight polyethylene (M,, = 461—946 kg mol™")
upon activation with MAO.>> However, homogeneous group 5
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Chart 1. [OSSO]-Type Ligands and Their Vanadium and Zirconium Complexes

Me, Me,
Q‘B“ Q‘B“
OH (o]
S

S (0]

T [T 3R
S s~ | T
OH 0]
g'Bu b\'Bu
Me Me
1 2

Bu Bu
r©\'Bu Bu
s OH w89 CHPh
L%
S  oH 8 § “CHzPh
\Q"B“ ‘Bu
‘Bu ‘Bu
3 4

metal postmetallocene catalysts for a-olefin homopolymeriza-
tion are still relatively rare. This is a result the easy reduction of
the metal center to lower-valence inactive species, which can be
overcome by effective ligand design.**"?® Quite recently, we
reported another type of [OSSO]-type ligand (3) bearing a
trans-1,2-cyclooctanediylbis(thio) core, along with the synthesis
of several titanium and zirconium complexes.”” ° In particular,
dibenzyl zirconium complex 4 activated by B(C¢Fs); or
(Ph;C)[B(C4Fs),] showed high activity toward the polymer-
ization of 1-hexene and provided completely isotactic poly(1-
hexene).”” The success of these [OSSO]-type group 4 metal
complexes prompted us to investigate the catalytic potential of
the corresponding group S metal complexes for a-olefin
polymerization. Herein, we present the synthesis of novel
group 5 metal complexes incorporating ligand 3 and a
preliminary study of their ability to catalyze 1-hexene
polymerization.

To test the coordination ability of [OSSO]-type ligand 3
toward group S metals, we set out to investigate the reaction of
3 with a vanadium oxytrialkoxide complex. The reaction of 3
with VO(OPr); (Pr is propyl) proceeded smoothly to afford
dark purple crystals of a vanadium oxypropoxide complex,

Scheme 1. Reaction of 3 with VO(OPr),
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0y
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[0SSO]VO(OPr) §, in 76% yield (Scheme 1). In the 'H and
BC{'H} NMR spectra of 5, the two phenolate moieties of the
[OSSO] ligand were inequivalent as a result of the presence of
two different ligands, that is, oxo and propoxy ligands, on the
vanadium metal. In the 'H NMR spectrum, four tert-butyl
groups were observed at 6 1.31, 1.33, 1.78, and 1.92, and the
protons of the two benzyl groups appeared as doublets at § 3.26
and 4.10 (J = 13 Hz) and § 3.35 and 4.52 (J = 1S Hz); these
results indicate that this complex S is one of the possible
diastereomers.”

We then performed the reactions of 3 with MCl; (M = Nb,
Ta). The bis(phenol) 3 reacted with NbCly at —40 °C in
toluene to give a trichloroniobium complex 7 in a good yield
(89% vield) (Scheme 2). In the case of tantalum complex 8, a
dilithium salt, 6, which was prepared via the treatment of 3 with
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Scheme 2. Reactions of 3 or 6 with MCl; (M = Nb, Ta)
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2 equiv of BuLi in toluene at 0 °C, was allowed to react with
TaCls at —78 °C to produce the corresponding trichlorotanta-
lum complex 8 as a yellow crystals (51% yield) (Scheme 2).%'
In the 'H NMR spectra of complexes 7 and 8, an AB pattern
was evident, and the benzyl protons appeared as doublets at &
4.12 and 5.59 (J = 15 Hz) for 7 and 6 4.23 and 5.55 (J = 16 Hz)
for 8. The sulfur-bonded methine protons resonated as a broad
singlet at 6 2.99 for 7 and 6 2.95 for 8. Similarly to the NMR
results for the corresponding C,-symmetric titanium®® and
zirconium complexe527’29 with ligand 3, the 'H NMR data of 7
and 8 demonstrate that the two phenolate ligands are
equivalent, which suggests that these complexes have a C,-
symmetric helical structure on the NMR time scale.

The molecular structures of the complexes S, 7, and 8 were
confirmed by X-ray crystallography, as shown in Figure 1.
These complexes feature cis sulfur atoms and trans oxygen
atoms, resulting in a cis-a (A*S*S*) configuration of the
[OSSO]-type tetradentate ligand similar to that of the
zirconium complex 4. In the crystalline state of S, the
vanadium(V) center adopts a distorted octahedral geometry
similar to that of the vanadium complex 2 with ligand 1.>> The
V-0 and V—S bond lengths of § [V(1)—O(1) = 1.869(2),
V(1)-0(2) = 1.841(2), V(1)-S(1) = 2.7877(11), and V(1)—
S(2) = 2.5956(10) A] are similar to those in 2 [V—O =
1.831(7) and 1.855(7), and V=S = 2.715(3) and 2.530(7) A],*
whereas the V=0 bond length in § [V(1)—O(4) = 1.608(2)
A] is slightly shorter than that in 2 [V—0O = 1.662(7) A]. The
V(1)—S(1) bond length [2.7877(11) A] is longer than the
V(1)—S(2) bond length [2.5956(10) A], which indicates that
the oxo group exerts a stronger trans influence than the
propoxide group. The Nb(V) and Ta(V) cores in 7 and 8 lie at
the center of slightly distorted pentagonal-bipyramidal
coordination spheres. The molecular structures of 7 and 8
are quite similar to each other. Thus, the bond distances of
Nb—Cl [2.4528(12), 2.4399(12), and 2.4579(12) A], Nb—O
[1.896(3) and 1.887(3) A], and Nb—S [2.6765(12) and
2.6889(13) A] are comparable to those of Ta—Cl [2.4564(9),
2.3975(10), and 2.4566(11) A], Ta—O [1.894(3) and 1.886(2)
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Figure 1. ORTEP diagrams of (A*, $*, §*)-[OSSO]VO(OPr) (5), (A*, S*, §*)- [OSSOINbC; (7), and (A, S, S)-[OSSO]TaCl; (8) with 30%
thermal ellipsoids. 5: All hydrogen atoms and a solvated hexane molecule are omitted for clarity. Selected bond lengths (4): V1—01, 1.869(2); V1—
02, 1.841(2); V1-03, 1.799(2); V1-04, 1.608(2); V1-S1, 2.7877(11); V1—S2, 2.5956(10). Selected bond angles (°): 01-V1-02, 160.18(9);
S1-V1-S2, 74.63(3); 03—V1—04, 107.12(11). 7: Three solvated benzene molecules are omitted for clarity. Selected bond lengths (A): Nb1-O1
= 1.896(3), Nb1—02 = 1.887(3), Nb1—S1 = 2.6765(12), Nb1—-S2 = 2.6889(13), Nb1—CIl = 2.4528(12), Nb1—CI2 = 2.4399(12), Nb1-CI3 =
2.4579(12). Selected bond angles (°): O1-Nb1—02 = 162.49(12), SI-Nb1-S2 = 71.00(3), Cl1-Nb1-CI2 = 75.93(4), CI2-Nb1-CI3 =
76.10(4). 8: A solvated benzene molecule is omitted for clarity. Selected bond lengths (A): Tal—O1 = 1.894(3), Tal—02 = 1.886(2), Tal-S1 =
2.6680(10), Tal—S2 = 2.6813(10), Tal—ClI = 2.4564(9), Tal—Cl2 = 2.3975(10), Tal—CI3 = 2.4566(11). Selected bond angles (°): O1-Tal—02
= 161.85(12), S1-Tal—S2 = 71.64(3), Cl1—Tal—CI2 = 76.09(4), Cl2—Tal—CI3 = 75.04(4).

A), and Ta—S [2.6680(10) and 2.6813(10) A]. The Ta—Cl
bond lengths (av 2.437 A) in the seven-coordinate Ta(V)
complex 8 are slightly longer than those previously found in six-
coordinate trichloro-tantalum(V) complexes, for example,
[Ta{(OC(H;Ph),CH,}Cly(py)] (av 2.368 A)*? and [Ta-
{(OC4H,Pr),(CH,),}ClLy(thf)] (av 2.374 A).>* The bond
angles of O—Nb—O [162.53(11)°] and S—Nb—S [70.99(3)°]
are also comparable to those of O—Ta—O [161.85(12)°] and
S—Ta—S [71.64(3)°], respectively.

We investigated the catalytic ability of complexes S, 7, and 8
toward 1-hexene polymerization. Vanadium complex § and
niobium complex 7 activated by dMAO or Bu;Al/(Ph;C)[B-
(CgFs),] did not catalyze any polymerization or oligomeriza-
tion. Upon activation with ‘Bu;Al/(PhyC)[B(C¢Fs),), only
tantalum complex 8 acted as an active catalyst for 1-hexene
polymerization. Thus, the reaction of 20 ymol of 8 and ‘Bu,Al/
(Ph;C)[B(C4Fs)4] ([Ta]/[Al]/[B] = 1/2/500) with 1-hexene
(3.0 g) in toluene (S mL) at room temperature afforded 30 mg
of poly(1-hexene) after 1 h (Table 1, run 1); however, its
activity (1.5 g mmol(8)™" h™") is significantly lower than that of
the corresponding zirconium complex 4 (2500 g mmol(4)™"

Table 1. 1-Hexene Polymerization with Group 5 Metal
Complexes 5 and 8 and Activators

run  cat. time (h) temp (°C) activity® M, (g mol™') PDI?
1“8 1 25 15 9100 1.6
b s 24 25 0.77 1560 LS

3 s 24 70 0.52 1390 1.4

“Conditions: toluene (5 mL), 8 (20 umol), [dMAO]/[cat.] = 250;
(PhyC)[B(C4Fs)4] (40 pmol); [AlBu;]/[cat.] = 50; 1-hexene (3.0 g;
35.6 mmol). “Conditions: toluene (20 mL), 5 (20 umol), ELAICI (10
mmol), ETA (1.0 mL); 1-hexene (3.0 g; 35.6 mmol). °g mmol(cat.)™
h™". “PDI = M, /M,. Determined by GPC.

1766

h™!).*” In the 'H NMR spectrum of the resultant polymer, no
signals corresponding to terminal olefinic protons were
observed.

The microstructure of the polymer was analyzed by *C{'H}
NMR spectroscopy: Six sharp signals were observed, which
indicates excellent isotacticity of the poly(1-hexene) ([mmmm]
>95%) (Scheme 3). The GPC analysis of the polymer revealed

Scheme 3. 1-Hexene Polymerization Catalyzed by 8/ ‘Bu,Al/
(Ph;C)[B(C4Fs),] System

ju cat. 8/BuzAl/(PhsC)[B(CeFs)a] Bu Bu Bu Bu Bu
& toluene, RT, 1 h b
30 mg
(309 [mmmm) > 95%
M,, = 9,100 g mol~"
PDI=16

a low molecular weight of 9100 g mol™" and a relatively narrow
polydispersity index (PDI) of 1.6. To the best of our
knowledge, tantalum complex 8 (with ‘BujAl/(Ph;C)[B-
(C¢Fs)4]) is the first example of group S metal complex to
catalyze highly isospecific polymerization of a-olefins. The low
activity of the catalytic system might be due to the instability of
the active species generated during polymerization. In fact, 1-
hexene polymerization experiments carried out for 6 and 12 h
yielded almost the same amount of isotactic poly(1-hexene),
which indicates that the catalyst was deactivated within 1 h
under the present conditions.

It is well-known that vanadium complexes with high
oxidation states are readily reduced to lower divalent states
that are inactive for a-olefin polymerization; this is one of the
intrinsic problems associated with vanadium-based catalysts.
The use of reactivating agents such as ethyl trichloroacetate
(ETA) is an effective method for maintaining the higher

dx.doi.org/10.1021/cs4003996 | ACS Catal. 2013, 3, 1764—1767
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oxidation states of vanadium systems.”**>**3° Thus, we
examined the polymerization of 1-hexene with vanadium
complex § in the presence of ETA: 1-Hexene polymerization
using 5/EtAICI ([5] = 0.020, [Al] = 10 mmol) in the presence
of excess ETA (1.0 mL) efficiently produced poly(1-hexene) at
room temperature (Table 1, run 2). The 'H and *C{'H} NMR
spectra and HMQC experiment of the product exhibited signals
corresponding to olefin protons (8 5.3—5.4) and carbons (&
128—132), which indicates that f-proton or alkyl elimination
occurred to introduce vinylene parts to the microstructure from
a 2,l-enchained vanadium alkyl complex.*® GPC analysis
revealed a quite low molecular weight of 1560 g mol™ and a
PDI of 1.5. The polymerization of 1-hexene at 70 °C provided
oligo(1-hexene) with a molecular weight of 1390 g mol™" and a
PDI of 1.4 (Table 1, run 3). The 'H and *C{'H} NMR spectra
and HMQC experiment showed no olefinic moieties, which
suggests that the active species decomposed via a radical
pathway or occurred the transmetalation with alkyl aluminum
species at high temperatures.*®

In this paper, we demonstrated the expansion of [OSSO]-
type ligand 3 bearing a trans-1,2-cyclooctanediylbis(thio) core
to the formation of group S5 metal complexes. Tantalum
complex 8 activated with ‘Bu;Al/(PhyC)[B(C¢Fs),] is active
toward 1-hexene polymerization and produces completely
isotactic poly(1-hexene) with a molecular weight of M, =
9100 g mol™" and relatively narrow polydispersity (PDI = 1.6).
The polymerization activity was low (1.5 g mmol(8)™" h™")
owing to the instability of the active species generated during
polymerization. Further studies on the coordination chemistry
of 3 with other transition metals and the catalytic potential of
the [OSSO]-type ligands for olefin polymerization are currently
underway.
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