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Stoichiometric reaction of [VCl(DIPP)2(THF)2] (DIPP ) 2,6-diisopropylphenoxide) with 2,2′-
oxydiethanethiol O(CH2CH2SH)2 in CH3CN yields two products: [VIV{O(CH2CH2S)2}2], 1,
and [VII(CH3CN)6][VIIICl2{O(CH2CH2S)2}]2, 2. Compounds 1 and 2 were identified by
conventional methods, including single-crystal X-ray diffraction for 2. Compound 2 reacts
with Li(DIPP) and Na(PyT) (PyT ) pyridine-2-thiolate) in the presence of TMEN (TMEN )
N,N,N′,N′′-tetramethylethylenediamine) to give [VII(µ-DIPP)4Li2(THF)4], 3, [VIII(µ-DIPP)2-
{O(CH2CH2S)2}Li4(THF)2], 4, [VII(PyT)2(TMEN)], 5, and [VIII(µ-PyT)2{O(CH2CH2S)2}Na-
(THF)2], 6. When combined with an aluminum activator and MgCl2, compound 2 forms an
active catalyst for ethylene polymerization. The interaction of 2 with an excess of Al(CH3)3

causes {O(CH2CH2S)2}2- ligand abstraction from the vanadium center to give [V2(µ-O)Cl4-
(THF)6], 7, and the organoaluminum compound [Al2{µ,η3-(OCH2CH2SCH2CH2S)}2(CH3)2],
8. The crystal structure of 8 showed it to be a dimer with aluminum atoms bridged by two
alkoxo oxygen atoms from the ligand {OCH2CH2SCH2CH2S}2-, formed by transformation
of the starting {O(CH2CH2S)2}2- ligand under the influence of Al(CH3)3.

Introduction

Vanadium catalysts are widely used for the industrial
production of ethylene-propylene-diene elastomers
(EPDM).1 Well-known industrial catalyst precursors are
the coordinatively saturated V(III) complexes [V(â-
diketonate)3]. It is well established that vanadium(II)
species, which typically result in catalyst failure and
deactivation, are largely produced by the action of the
aluminum cocatalyst during the polymerization process
and are a direct consequence of ligand abstraction by
the cocatalyst.2 The employment of catalyst reactivators
(halocarbons) restores the trivalent oxidation state of
vanadium and probably reforms the catalyst via ligand
scrambling.3 We found that alkoxo-vanadium(III) and
-(IV) and aryloxo-vanadium(III) and -(V) complexes, in
combination with an aluminum cocatalyst and MgCl2,4
are highly active toward ethylene polymerization.5,6

These findings were successfully extended to dithiolato-
vanadium(III) compounds, which are the first examples
of vanadium-thiolate catalyst precursors for ethylene
polymerization.7 This paper is a continuation of our
study in this area and describes the synthesis and
structural characterization of a novel mixed-valent
vanadium(II)/(III) complex, [V(CH3CN)6][VCl2{O(CH2-
CH2S)2}]2, 2, together with its reactivity toward phe-
nolate, thiolate, and Al(CH3)3 reagents. A preliminary
ethylene polymerization test on 2/AlEt2Cl/MgCl2 is
reported as well.

Experimental Section

All operations were carried out under a dry dinitrogen
atmosphere, using standard Schlenk techniques. All the
solvents were distilled under dinitrogen from the appropriate
drying agents prior to use. 2,6-Diisopropylphenol (DIPPH),
2,2′-oxydiethanethiol [O(CH2CH2SH)2], pyridine-2-thiol (PytH),
N,N,N′,N′′-tetramethylethylenediamine (TMEN), and Al(CH3)3

(97%) were purchased from Aldrich. [VCl(DIPP)2(THF)2]6 and
Na(PyT)8 were prepared by the literature methods. Li(DIPP)
was prepared by the reaction of n-BuLi with DIPPH in hexane.
Infrared spectra were recorded on a Perkin-Elmer 180 spec-
trophotometer in Nujol mulls. NMR spectra were performed
on a Bruker ESP 300E spectrometer. Magnetic measurements

* Corresponding author. E-mail: plas@wchuwr.uni.wroc.pl.
† University of Wrocław.
‡ University of Sussex.
(1) (a) Doi, Y.; Suzuki, S.; Soga, K. Macromolecules 1986, 19, 2896.

(b) Ouzumi, T.; Soga, K. Macromol. Chem. 1992, 193, 823. (c)
Gumboldt, A.; Helberg, J.; Schleitzer, G. Macromol. Chem. 1967, 101,
229. (d) Adisson, E. J. J. Polym. Sci., Part A: Polym. Chem. 1994, 32,
1033. (e) Davis, S. C.; von Hellens, W.; Zahalka, H. In Polymer Material
Encyclopedia; Salamone., J. C., Ed.; CRC Press Inc.: Boca Raton, FL,
1996; Vol. 3.

(2) Ma, Y.; Reardon, D.; Gambarotta, S.; Yap, G. P. A. Organome-
tallics 1999, 18, 2773.

(3) Christman, D. L. J. Polym. Sci. Part A-1 1972, 10, 471.
(4) Zakharow, V. A.; Echevskaya, L. G. Polym. Sci. Ser. B 1997, 39,

291. Potapov, A. G.; Kriventsov, V. V.; Kochubey, D. I.; Bukatov, G.
D.; Zakharov, V. A. Macromol. Chem. Phys. 1997, 198, 3477. Potapov,
A. G.; Terskikh, V. V.; Bukatov, G. D.; Zakharov, V. A. J. Mol. Catal.
A: Chem. 1997, 122, 61.

(5) Janas, Z.; Sobota, P.; Klimowicz, M.; Szafert, S.; Szczegot, K.;
Jerzykiewicz, L. B. J. Chem. Soc., Dalton Trans. 1997, 3897.

(6) Henderson, R. A.; Hughes, D. L.; Janas, Z.; Richards, R. L.;
Sobota, P.; Szafert, S. J. Organametal. Chem. 1998, 554, 195.

(7) Janas, Z.; Jerzykiewicz, L. B.; Richards, R. L.; Sobota, P. Chem.
Commun. 1999, 1105.

(8) Reynolds, J. G.; Sendlinger, S. C.; Murray, A. M.; Huffman, J.
C.; Christou, G. Inorg. Chem. 1995, 34, 5745.

(9) Mabbs, M. B.; Machin, D. Magnetism and Transition Metal
Complexes; Chapman and Hall: London, 1973.

(10) Earnshaw, A. Introduction to Magnetochemistry; Academic
Press: London, 1968; p 5.

4252 Organometallics 2000, 19, 4252-4257

10.1021/om000301h CCC: $19.00 © 2000 American Chemical Society
Publication on Web 09/15/2000

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 C

O
N

SO
R

T
IU

M
 o

n 
Ju

ne
 2

9,
 2

00
9

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

15
, 2

00
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

00
03

01
h



were carried out with a Gouy balance. Magnetic moments were
calculated following standard methods,9 and corrections for
underlying diamagnetism were made with Pascal’s constants.10

Synthesis of [V{O(CH2CH2S)2}2], 1, and [V(CH3CN)6]-
[VCl2{O(CH2CH2S)2]2, 2. To a solution of [VCl(DIPP)2(THF)2]
(1.5 g, 2.4 mmol) in CH3CN (30 mL) was added O(CH2CH2-
SH)2 (0.3 mL, 2.4 mmol). The solution turned immediately red-
violet, and after stirring at room temperature for 24 h an olive
1 precipitated. It was filtered off, washed with diethyl ether
(3 × 5 mL), and dried in vacuo. Yield: 0.13 g, 17%. Anal. Calcd
(Found) for C8H16O2S4V: C 29.71 (29.10), H 4.99 (4.58), S 39.65
(35.9). IR (Nujol mull, cm-1): ν 1284 (m), 1260 (w), 1228 (w),
1202 (w), 1148 (w), 1068 (s), 1052 (m), 974 (s), 952 (m), 838
(w), 802 (w), 765 (w), 742 (w), 608 (w), 536 (w), 374 (m), 330
(s). µeff ) 1.78-2.22 µB (77-297 K).

The complex 2 was isolated from the filtrate by evaporating
the solvent to give an oily residue. This was washed with
hexane (2 × 10 mL), to remove DIPPH, and dried in vacuo to
give solid 2. The yield of crude 2 was 1.46 g, 75%. Crystals
suitable for X-ray study were obtained from a concentrated
solution of 2 in CH3CN at 273 K. Anal. Calcd (Found) for
C20H34Cl4N6O2S4V3: C 29.60 (29.85), H 4.23 (4.10), N 10.36
(9.10), S 15.77 (16.07). IR (Nujol mull, cm-1): ν 2311 (s), 2281
(s), 1291 (s), 1261 (m), 1209 (m), 1172 (m), 1105 (w), 1052 (s),
1045 (s), 1009 (s), 974 (m), 940 (m), 930 (m), 725 (m), 673 (w),
552 (m), 472 (m), 406 (s), 375 (s), 341 (s). µeff ) 2.99 µB.

Reaction of 2 with Li(DIPP). Li(DIPP) (1.8 g, 9.83 mmol)
was added to a solution of compound 2 (1 g, 1.23 mmol) in
THF (30 mL). After the reaction mixture was stirred for 12 h,
the green-brown solution was evaporated to dryness and the
residual product extracted with hexane (25 mL). The yellow-
green extract was concentrated to 10 mL and allowed to stand
at 273 K for 2 days. Light yellow-green crystals of [VII(µ-
DIPP)4Li2(THF)4], 3, were collected by filtration and dried in
vacuo. Yield: 0.45 g, 40%. The crude red-brown solid remain-
ing after extraction of 3 was dissolved in CH2Cl2 (30 mL) and
filtered to remove LiCl, and the filtrate was evaporated to
dryness. The residual solid was recrystallized from THF/
hexane (1:2, 10 mL) to give pink-red microcrystalline [VIII(µ-
DIPP)2{O(CH2CH2S)2}Li(THF)2], 4. Yield: 1.02 g, 60%. Both
compound 311 and compound 47 were identified by comparison
of their spectroscopic data, crystallographic cell parameters,
and combustion analysis data with those described in the
literature.

Reaction of 2 with Na(PyT). A solution of Na(PyT) (1.80
g, 13.6 mmol) in CH3CN (20 mL) was added to a stirred, violet
solution of 2 (1.84 g, 2.26 mmol) in CH3CN (30 mL). The
solution rapidly turned deep-red. The mixture was stirred for
12 h and filtered to remove NaCl, and the solvent was removed
in vacuo to give a red-brown solid. This solid was dissolved in
THF (30 mL) and stored at 289 K for 2 days. The resultant
red crystals of [VIII(µ-PyT)2{O(CH2CH2S)2}Na(THF)2], 6, were
collected by filtration and recrystallized from THF/hexane (1:
1) (20 mL) at room temperature. Yield: 1.52 g, 60%. Anal.
Calcd (Found) for C22H32O3N2S4NaV: C 45.95 (45.01), H 5.10
(4.94), N 4.87 (4.70), S 22.32 (21.98). IR (Nujol mull, cm-1): ν
1578 (s), 1544(s), 1438 (s), 1416 (s), 1356 (m), 1296 (m), 1260
(m), 1242 (m), 1136 (s), 1096 (s), 1052 (s), 1012 (m), 896 (m),
758 (s), 752 (s), 672 (m), 648 (m), 488 (w), 476 (w), 456 (w),
429 (w), 412 (w), 352 (m), 336 (m), 316 (s), 290 (m). µeff ) 2.71
µB.

TMEN was added to the brown filtrate remaining after
separation of 6, and the resulting deep-red solution was stirred
for 1 h. Then, the solvent was removed in vacuo to give a deep
purple solid. Yield: 0.21 g, 25%. Dark red crystals of [VII(PyT)2-
(TMEN)], 5, were obtained from a THF solution layered with
hexane. Compound 5 was identified by comparison of its
spectroscopic and other data with those described in the
literature.8

Reaction of 2 with Al(CH3)3. A suspension of 2 (1 g, 1.23
mmol) in toluene (30 mL) was treated with Al(CH3)3 (1.59 mL,
16.6 mmol) at 273 K. The mixture was allowed to warm to
room temperature, and the stirring was continued for 6 h. The
resulting a dark brown solid was filtered off, washed with
toluene (3 × 5 mL), and dried under vacuum. Redissolving the
solid in THF (20 mL) turned the color violet-red. After
filtration and concentration to small volume, the resulting
solution was allowed to stand at 273 K for several days, during
which time violet crystals of [V2(µ-O)Cl4(THF)6], 7, separated.
Yield: 0.26 g, 50%. Compound 7 was identified by comparison
of its spectroscopic and other data with those described in the
literature.12

The dark brown solid obtained from a separate experiment
analogous to that above [1.2 g of 2, 1.9 mL, 19.9 mmol of Al-
(CH3)3] was extracted with CH3CN (40 mL). The resulting light
brown solution was concentrated to 10 mL and allowed to
stand at room temperature. After 1 day [Al2{µ,η3-(OCH2-
CH2SCH2CH2S)}2(CH3)2], 8, separated as a colorless, microc-
rystalline solid. Yield: 0.19 g, 43%. Anal. Calcd (Found) for
C10H22O2S4Al2: C 33.71 (33.9), H 6.17 (5.98), S 35.99 (35.01).
IR (Nujol mull, cm-1): ν 1298 (w), 1282 (m), 1264 (m), 1188
(s), 1070 (s), 1026 (s), 958 (m), 924 (w), 850 (m), 688 (s), 658
(s), 608 (s), 514 (m), 444 (m), 404 (m), 382 (m). 1H NMR (CD3-
CN): δ 3.89 (t, 2H, OCH2), 2.75 (m, 6H, SCH2), -0.87 (s, 3H,
AlCH3).

Synthesis of [Al2{µ,η3-(OCH2CH2SCH2CH2S)}2(CH3)2], 8.
To a solution of Al(CH3)3 (2 mL, 13.5 mmol) in hexane (20 mL)
at 273 K was added O(CH2CH2SH)2 (0.55 g, 4 mmol) by

(11) Scott, M. J.; Wilisch, W. C. A.; Armstrong, W, H. J. Am. Chem.
Soc. 1990, 112, 2429. (12) Chandrasekhar, P.; Bird, P. H. Inorg. Chem. 1984, 23, 3677.

Table 1. Crystallographic Collection and
Refinement Parameters for 2 and 8

2 8

empirical formula C20H34Cl4N6O2S4V3 C10H22Al2O2S4
fw 813.43 356.48
cryst dimens, mm3 0.5 × 0.3 × 0.3 0.6 × 0.4 × 0.4
temp, K 299(1) 100.0(5)
wavelength, Å 0.71073 0.71073
cryst syst triclinic monoclinic
space group P1h P21/n
a, Å 8.031(2) 8.031(2)
b, Å 8.430(2) 14.119(3)
c, Å 13.743(3) 14.372(3)
R, deg 100.00(3) 90
â, deg 95.60(3) 93.65(3)
γ, deg 91.40(3) 90
volume, Å3 911.1(4) 1626.3(6)
Z 1 4
calcd density, g/cm3 1.482 1.456
abs coeff, mm-1 1.303 0.684
abs corr COSABS99,

Starynowicz
COSABS99,

Starynowicz
transmission (max, min) 0.732, 0.603 0.978, 0.430
scan mode ω-2θ ω-2θ
F(000) 413 752
θ range for collection, deg 2.46-25.04° 2.02-25.09°
index ranges 0 e h e 8 0 e h e 9

-10 e k e 9 0 e k e 16
-16 e l e 16 -17 e l e 16

no. of reflns collected 2748 3001
no. of indep reflns 2554 2837
R(int) R(int) ) 0.0289 R(int) ) 0.0107
no. of data/restraints/

params
2554/0/181 2837/0/187

goodness-of-fit on F2 1.040 1.048
final R indices (I > 2σ(I))a R1 ) 0.0381,

wR2 ) 0.1010
R1 ) 0.0302,
wR2 ) 0.0800

R indices (all data)a R1 ) 0.0734,
wR2 ) 0.1181

R1 ) 0.0406,
wR2 ) 0.0855

largest diff peak, e/Å3 0.467 0.412
largest diff hole, e/Å3 -0.400 -0.530

a R1 ) ∑(Fo - Fc)/∑Fo; wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.
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syringe. Immediately, a white precipitate was formed. The
mixture was stirred and warmed to room temperature, then
CH3CN (30 mL) was added. The resulting clear solution was
allowed to stand overnight at room temperature, to give
colorless, X-ray quality crystals of 8. Yield: 0.68 g, 84%.
Spectroscopic data for 8 prepared by this route were identical
to those described above.

Polymerization Test. A slurry of [MgCl2(THF)2] (30 mmol)
in n-hexane was milled under argon in a glass mill (capacity
250 cm3, with 20 balls of diameter 5-15 mm) at room
temperature for 6 h. Then vanadium compound 2 (3 mmol)
and n-hexane (50 cm3) were added, and the mixture was milled
for 24 h. The sample of precatalyst suspension (containing
0.01% vanadium) was activated with AlEt2Cl (20 mmol) for
15 min at 323 K under argon to form the active catalyst. The
polymerization of ethylene was carried out at 303-343 K in a
stainless steel reactor (1 dm3) equipped with a stirrer in
n-hexane at an ethylene pressure of 0.6 MPa. The polymeri-
zation was quenched with a 5% solution of HCl in methanol
(150 cm3), and the polymer was filtered off, washed with
methanol, and dried under vacuum.

X-ray Crystallography. A crystal of 2 was sealed in a glass
capillary under a dinitrogen stream, whereas a crystal of 8
was mounted on glass fiber and then flash-frozen to 100 K
(Oxford Cryosystem-Cryostream Cooler). For both compounds
preliminary examination and intensity data collections were
carried out on a KUMA KM-4 four-circle diffractometer using
graphite-monochromated Mo KR radiation. Details on crystal
data, data collection, and some features of the structure
refinement are summarized in Table 1.

Results and Discussion

The reaction of [VCl(DIPP)2(THF)2]6 with 1 equiv of
O(CH2CH2SH)2 in CH3CN afforded after workup two
products: an olive noncrystalline complex, [V{O(CH2-
CH2S)2}2], 1 (yield; 17%), and red-violet crystals of
[V(CH3CN)6][VCl2{O(CH2CH2S)2}]2, 2 (yield 75%) (eq 1).

Compound 1 is insoluble in organic solvents and at-
tempts to obtain it in a crystalline form failed. It was
identified by elemental analysis, IR spectroscopy, and
magnetic susceptibility data. Compound 1 shows a
temperature-dependent magnetic moment with µeff per
V atom varying from 2.22 µB at 297 K to 1.78 µB at 77
K. The solid-state EPR spectrum of 1 exhibits a broad
line (∆H ) 86 G, g ) 1.974) with eight principal lines
(51V, I ) 7/2). This suggests weak antiferromagnetic
coupling between the vanadium(IV) atoms. The IR
spectrum of 2 shows characteristic modes of coordinated
CH3CN molecules at 2311 and 2281 cm-1 [ν(CN)] and
bands at 552, 472 and 406, 375 cm-1, assigned to ν(V-
S) and ν(V-Cl), respectively. The temperature-indepen-
dent magnetic moment of 2 (2.99 µB) per vanadium atom
and the X-ray crystal structure are consistent with two
d2 and one d3 vanadium centers which are noninteract-
ing. The crystals of 2 consist of a cation [VII(CH3CN)6]2+

and an anion [VIIICl2{O(CH2CH2S)2}]- in a 1:2 molar

ratio. The structure of the cation is well known.13 The
molecular structure of the anion is shown in Figure 1,
and selected bond lengths and angles are shown in
Table 2. The anion of 2 contains a pentacoordinate V(III)
center adopting a slightly distorted trigonal bipyramidal
geometry. Two sulfur atoms from the {O(CH2CH2S)2}2-

ligand and one chlorine atom Cl(2) occupy the equatorial
positions. The second chlorine atom Cl(1) and the ether
oxygen O(1) from the {O(CH2CH2S)2}2- group fill the
axial sites. The average V-S and V-O(1)ether bond
distances 2.2848(15) and 2.148(3) Å, respectively, do not
differ significantly from those found in [V(µ-DIPP)2-
{O(CH2CH2S)2}Li(CH3CN)2] and [V(DIPP){O(CH2-
CH2S)2}(NC5H5)] compounds.7 The V-Cl(1) bond length
2.3443(17) Å is distinctly longer than the V-Cl(2)
distance 2.2769(18) Å. This indicates differing relative
trans influences of the Cl(1) and O(1)ether atoms of the
{O(CH2CH2S)2}2- ligand. Generally the V-Cl distances
are comparable with corresponding distances in vana-
dium(III) chlorides.14

(13) Cotton, F. A.; Lewis, G. E.; Schwotzer, W. Inorg. Chem. 1986,
25, 3528.

(14) (a) Cotton, F. A.; Duraj, S. A.; Powell, G. L.; Roth, W. J. Inorg.
Chim. Acta 1986, 113, 81. (b) Sobota, P.; Ejfler, J.; Szafert, S.; Szczegot,
K.; Sawka-Dobrowolska, W. J. Chem. Soc., Dalton Trans. 1993, 2353.

Figure 1. Structure of anion of 2 with atom-numbering
scheme. The displacement ellipsoids are drawn at the 50%
probability level.

Table 2. Selected Bond Lengths [Å] and Angles
[deg] for 2a

V(1)-O(1) 2.148(3)
V(1)-Cl(2) 2.2769(18)
V(1)-S(2) 2.2823(15)
V(1)-S(1) 2.2873(17)
V(1)-Cl(1) 2.3443(17)
V(1)-Cl(2) 2.2769(18)

O(1)-V(1)-Cl(2) 89.73(11)
O(1)-V(1)-S(2) 82.10(9)
Cl(2)-V(1)-S(2) 119.61(7)
O(1)-V(1)-S(1) 82.93(11)
Cl(2)-V(1)-S(1) 117.67(7)
S(2)-V(1)-S(1) 120.35(6)
O(1)-V(1)-Cl(1) 172.35(11)
Cl(2)-V(1)-Cl(1) 97.88(7)
S(2)-V(1)-Cl(1) 93.44(6)
S(1)-V(1)-Cl(1) 94.09(6)

a Symmetry code: (a) -x, 1 - y, -z.
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Since chloride is present at the active center of many
vanadium chloride-based catalysts,15 the anion of com-
pound 2, having two mutualy cis chlorine atoms, seemed
to be potentially attractive as a precatalyst of the
ethylene polymerization process. Cossee16 first proposed
a simple concept to elucidate the olefin polymerization
mechanism by assuming the formation of metal alkyls
at the catalyst center by interaction of metal chlorides
with alkylating agents. A number of possible routes to
substitution of chlorine atoms in the anion of 2 have
been studied, including the interaction of 2 with the
standard alkylating agents LiR, RMgCl, R2Mg, and R2-
Zn (R ) CH3, C2H5, CH2C6H4) using a wide range of
solvents and reaction conditions. There was, however,
no evidence from any of the reactions to suggest that
clean alkylation had taken place. The only successful
route to substitution of chloride ligands in the anion of
2 was the use of lithium and sodium salts of 2,6-
diisopropylphenolate (DIPP) and 2-pyridinethiolate (PyT),
respectively, as is shown in Scheme 1. Straightforward
chloride replacement reactions by the use of Li(DIPP)
and Na(PyT) salts modified the arrangement around the
vanadium center in the anion of 2. The cation and the
anions of 2 appear to form products independently.
Three of the products, [VII(µ-DIPP)4Li2(THF)4], 3,11 [VIII-
(µ-DIPP)2{O(CH2CH2S)2}Li(THF)2], 4,7 and [VII(PyT)2-
(TMEN)], 5,8 are clearly known and were identified by
comparison of their properties with those described in
the literature. The complex [V(µ-PyT)2{O(CH2CH2S)2}-
Na(THF)2], 6, is new and was identified by elemental
analysis, spectroscopic data, and magnetic susceptibil-
ity. Its structure (Scheme 1) is proposed by analogy with

the compound [V(µ-PyT)2(PyT)2Na(THF)2] described by
Christou at al.8

In view of the failure to substitute the chloride ligands
in the anion of compound 2 by alkyl groups we turned
to careful examination of the interaction of compound
2 with the aluminum cocatalyst (Scheme 2). The reac-
tion of 2 with an excess of Al(CH3)3 in toluene gave a
“dark solid” insoluble in hydrocarbons. Treatment of this
solid with THF yielded a red-violet solution from which
were obtained bright violet crystals of [V2(µ-O)Cl4-
(THF)6], 7, containing vanadium in the formal oxidation
state +3, as reported earlier by Bird at al.12 When the
dark solid was extracted with acetonitrile, a light brown
solution was obtained, from which a white crystalline
compound, [Al2{µ,η3-(OCH2CH2SCH2CH2S)}2(CH3)2], 8,
was isolated. This species was also conveniently pre-
pared by the methane elimination reaction of an excess
of Al(CH3)3 with O(CH2CH2SH)2 in CH3CN. Compound
8 is very sensitive in the solid state and can be stored
only in solution. In the 1H NMR spectrum of 8 the
absence of an SH resonance and the presence of a sharp
resonance (δ -0.89) upfield for the alkyl group attached
to aluminum provide good evidence for Al(CH3) coordi-
nation at the thiolato ligand. However, resonances from
this coordinated thiolate ligand differ significantly from
the parent O(CH2CH2S)2

2- ligand. The crystal structure
analysis of 8 solved this problem, as is shown in Figure
2. Selected bond lengths and angles are depicted in
Table 3. The central structural unit of compound 8 is a
planar four-membered ring composed of two aluminum
atoms and the two bridging oxygen atoms from the
(OCH2CH2SCH2CH2S)2- ligand. The five-coordination
sphere of the aluminum atoms is completed by two
different sulfur atoms, thiolate and thioether from the
(OCH2CH2SCH2CH2S)2- ligand, and a carbon atom from
the CH3 group. The Al-µ-O bond distances range from
1.8295(17) to 1.8762(17) Å and are similar to other
alkoxides and less than the Al-O distances observed
in the monomeric adducts.17 The average Al-Sthiolato

(15) Karol, F. J.; Kao, S.-C. New J. Chem. 1994, 18, 97.
(16) Cossee, P. J. Catal. 1964, 3, 80.

Scheme 1 Scheme 2
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bond distance 2.2502(10) Å is similar to that found in
monomeric tetrahedral compounds such as [Al(tBu)2-
(SCH2CH2NR2)] [2.262(2) Å for R ) Me and 2.272(4) Å
for R ) Et],18 somewhat shorter than observed in the

trigonal bipyramidal complex [AlH(SCH2CH2NEt2)2]
[2.175(2) and 2.182(4) Å]19 and distinctly shorter than
Al-µ-S bridges in [Al2(µ-SC6F5)2Me4] [2.405(2) Å].20 The
average Al-C bond length 1.944(2) Å is clearly within
the range expected for Al-C terminal bond distances.17,21

The formation of 8 containing alkoxo-oxygen bridges is
the result of unexpected rearrangement of the (SCH2-
CH2OCH2CH2S)2- ligand under the influence of Al-
(CH3)3; that is, the ether oxygen became alkoxide and
one thiolato-sulfur changed into thioether, producing the
new ligand (OCH2CH2SCH2CH2S)2-. To confirm that
this rearrangement was not accidental, a number of
crystals obtained from separate experiments were ex-
amined. In all cases the formation of 8 was confirmed.
The alkoxo character of the bridging atoms in 8 was also
confirmed chemically. When compound 4 was treated
with pyridine, the formation of monomeric species was
not observed. To our knowledge this is the first example
of such rearrangement for the O(CH2CH2S)2

2- ligand,
in contrast with the thiadithiolate analogue S(CH2-
CH2S)2

2-, for which the facile C-S(thia) bond cleavage
is known.22

A preliminary polymerization test on compound 2 in
combination with AlEt2Cl and MgCl2 gave 5 kg of
polyethylene per g V h-1 (Mg V ) 10, [V]0 ) 0.02 mmol
dm-3, and [Al] ) 5 mmol dm-3). This is 8- and 4-fold
less when compared with a catalyst based on [V(µ-
DIPP)2{O(CH2CH2S)2}Li(THF)2] and [V(DIPP){O(CH2-
CH2S)2}(py)], respectively.7 The question arises, what
is the reason for the different catalytic activity of those
dithiolate precatalysts? We suggest that the activiy of
these compounds depends mainly on the nature of
ligands which are responsible for the solubility of active
catalysts. The results of the interaction of Al(CH3)3 with
compound 2 indicate that abstraction of the {O(CH2-
CH2S)2}2- ligand from the vanadium(III) coordination
sphere occurs, and as a consequence a V(II) chloride
species is formed. In the case of the compounds [V(µ-
DIPP)2{O(CH2CH2S)2}Li(THF)2] and [V(DIPP){O(CH2-
CH2S)2}(py)] the migration of the {O(CH2CH2S)2}2-

ligand from the vanadium(III) center, produces a {VII-
(DIPP)} species which completely disproportionates to
give {VIII(DIPP)} species, known to be very well soluble
in hydrocarbons.23

Conclusions
The reaction of [VCl(DIPP)2(THF)2] with O(CH2CH2-

SH)2 results in the formation of the mixed-valence V(II)/
V(III) complex [V(CH3CN)6][VCl2{O(CH2CH2S)2}]2, 2.
Attempts to substitute chloride in the anion of 2 by alkyl

(17) (a) Atwood, J. L.; Stucky, G. D. J. J. Am. Chem. Soc. 1967, 89,
5362. (b) Zaworotko, M. J.; Kerr, C. R.; Atwood, J. L. Organometallics
1985, 4, 238. (c) Haaland, A.; Samdal, S.; Stokkeland, O. J. Organomet.
Chem. 1977, 134, 165. (d) Atwood, J. L.; Hrncir, D. C.; Shakir, R.;
Dalton, M. S.; Priester, R. D.; Rogers, R. D. Organometallics 1982, 1,
1021. (e) van Vliet, M. R. P.; Buysingh, P.; van Koten, G.; Vrieze, K.;
Kojiæ-Podiæ, B.; Spek, A. L. Organametallics 1985, 4, 1701. (f) Kumar,
S.; Sierra, M. L.; de Mel, V. S. J.; Oliver, J. P. Organametallics 1990,
9, 484. (g) Sierra, M. L.; Kumar, S.; de Mel, V. S. J.; Oliver, J. P.
Organametallics 1992, 11, 206.

(18) McMahon, C. N.; Francis, J. A.; Bott, S. G.; Barron, A. R. J.
Chem. Soc., Dalton Trans. 1999, 67.

(19) Jones, C.; Lee, F. C.; Koutsantonis, G. A.; Gardiner, M. G.;
Raston, C. L. J. Chem. Soc., Dalton Trans. 1996, 829.

(20) Srini, V.; de Mel, J.; Kumar, R.; Oliver, J. P. Organametallics
1990, 9, 1303.

(21) (a) Benn, R.; Rufiñska, A.; Lehmkuhl, H.; Janssen, E.; Kruger,
C. Angew. Chem., Int. Ed. Engl. 1983, 22, 779. (b) Kai, Y.; Yasuoka,
N.; Kasai, N.; Kakudo, M. Bull. Chem. Soc. Jpn. 1972, 45, 3397. (c)
Uhl, W. Z. Naturforsch. 1988, 43b, 1113. (d) Barber, M.; Liptak, D.;
Oliver, J. P. Organametallics 1982, 1, 1307. (e) Almenningen, A.;
Halvorsen, S.; Haaland, A. Acta Chem. Scand. 1971, 25, 1937.

(22) (a) Tatsumi, K.; Sekiguchi, Y.; Nakamura, A. J. Am. Chem. Soc.
1986, 108, 1358. (b) Tatsumi, K.; Kawaguchi, H.; Matsubara, I.;
Nakamura, A.; Miki, K.; Kasai, N. Inorg. Chem. 1993, 32, 2604. (c)
Kawaguchi, H.; Tatsumi, K.; Nakamura, A. J. Chem. Soc., Chem.
Commun. 1995, 111.

(23) (a) Gambarotta, S.; van Bolhuis, F.; Chiang, Y. M. Inorg. Chem.
1987, 26, 4301. (b) Minhas, R. K.; Edema, J. J. H.; Gambarotta, S.;
Meetsma, A. J. Am. Chem. Soc. 1993, 115, 6710.

Figure 2. Molecular structure of 8 with atom-numbering
scheme. The displacement ellipsoids are drawn at the 50%
probability level. The second position of the disordered
atoms are excluded for clarity.

Table 3. Selected Bond Lengths [Å] and Angles
[deg] for 8

Al(1)-O(11) 1.8295(17)
Al(1)-O(21) 1.8749(17)
Al(1)-C(1) 1.940(3)
Al(1)-S(11) 2.2442(10)
Al(1)-S(12) 2.6732(10)
Al(2)-O(21) 1.8362(18)
Al(2)-O(11) 1.8762(17)
Al(2)-C(2) 1.947(2)
Al(2)-S(21) 2.2562(10)
Al(2)-S(22) 2.6336(10)
Al(1)‚‚‚Al(2) 2.8859(12)

O(11)-Al(1)-O(21) 77.73(7)
O(11)-Al(1)-C(1) 120.83(10)
O(21)-Al(1)-C(1) 103.17(10)
O(11)-Al(1)-S(11) 117.21(7)
O(21)-Al(1)-S(11) 98.74(6)
C(1)-Al(1)-S(11) 120.88(9)
O(11)-Al(1)-S(12) 78.90(6)
O(21)-Al(1)-S(12) 155.48(6)
C(1)-Al(1)-S(12) 95.08(9)
S(11)-Al(1)-S(12) 85.43(3)
O(21)-Al(2)-O(11) 77.54(7)
O(21)-Al(2)-C(2) 119.48(10)
O(11)-Al(2)-C(2) 105.87(9)
O(21)-Al(2)-S(21) 117.94(7)
O(11)-Al(2)-S(21) 95.79(6)
C(2)-Al(2)-S(21) 121.57(9)
O(21)-Al(2)-S(22) 80.01(6)
O(11)-Al(2)-S(22) 155.10(6)
C(2)-Al(2)-S(22) 94.45(8)
S(21)-Al(2)-S(22) 85.31(3)
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groups failed. However, chloride ligands are very easily
substituted by the aryloxide and thiolate groups to form
V(II) (3, 5) and V(III) (4, 6) compounds. Under the
influence of an excess of Al(CH3)3, the abstraction and
transformation of the {O(CH2CH2S)2}2- ligand from the
vanadium(III) center of 2 occurs, resulting in the
formation of the dimeric organoaluminum complex 8.
This result indicates that during the catalytic cycle the
{O(CH2CH2S)2}2- ligand migrates to an aluminum atom
of the activator and a V(II) species is formed, which is
considered to be inactive in the ethylene polymerization
process.2
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