Inorganic Chemistry

pubs.acs.org/IC

Vanadium-Based Pro-Catalysts Bearing Depleted 1,3-Calix[4]arenes
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ABSTRACT: Reaction of [V(X)(OR);] (X = O, Np-tolyl, R = nPr, tBu) with
5,11,17,23-tBu-25,27-dihydroxycalix[4 ]arene (LH,) led to the formation of
[V(X)(OR)L], X =0, R=nPr (1); X =Np-tolyl, R=nPr (2); X = Np-tolyl, R=
tBu (3) as the major product. In the case of X = O, the minor hydrolysis product
{[VO(OnPr)],(u-O)L}, (4) has also been characterized. Complexes (1)—(4),
in the presence of the co-catalyst dimethylaluminum chloride and the reactivator
ethyltrichloroacetate, are highly active (<16,400 g/mmol h bar), thermally
stable pro-catalysts for the polymerization of ethylene. The use of silica sup-
ports with (1) and (2) under slurry conditions yielded polymer with activities
<30 g/mmol h. Complexes (1)—(3) have also been screened as pro-catalysts
for the ring-opening polymerization of e-caprolactone; the conversion rate order

(1) (94%) > (2) (46%) > (3) (20%) was observed at 80 °C over 72 h.
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1. INTRODUCTION

Calixarenes are emerging as a versatile family of ancillary
ligands in a variety of catalytic processes." In the area of a-olefin
polymerization catalysis, notably high catalytic activities have
been achieved for vanadium-based pro-catalysts bearing calixar-
enes, particularly when the calixarene bears a dimethyleneoxa
(—CH,OCH,—) linkage.” Similarly, high activities have also
been achieved with bi- and linear triphenols bearing methylene
(—CH,—) bridges.” Depleted calixarenes can be viewed as cyclic
analogues of such biphenols, and synthetic routes to 1,2- and 1,3-
depleted calix[4]arenes are now available.* However, the coor-
dination chemistry of such depleted calixarenes is only just
emerging,” and their use in olefin polymerization catalysis is
restricted to a patent on group IV systems,6 and more recently a
number of titanacalix[4]arenes, and tantacalix[4]arenes.” Here-
in, we report the synthesis, characterization, and ethylene
polymerization behavior of the complexes [VO(OnPr)L], (1),
[V(Np-tolyl)(OnPr)L], (2), [V(Np-tolyl)(OtBu)L], (3), and
{[VO(OnPr)],(u-O)L}, (4), bearing ligands derived from
the 1,3-depleted ligand 5,11,17,23-tBu-25,27-dihydroxycalix[4]-
arene (LH,), see Chart 1.

2. EXPERIMENTAL SECTION

2.1. General Information. All manipulations, unless otherwise
stated, were carried out under an atmosphere of dry nitrogen using
conventional Schlenk and cannula techniques or in a conventional
nitrogen-filled glovebox. Toluene was refluxed over sodium, and acet-
onitrile over calcium hydride. All solvents were distilled and degassed
prior to use. Dry methanol or ethanol was stored over activated 4 A
molecular sieves. &-Caprolactone was dried over calcium hydride,
vacuum distilled and degassed prior to use. IR spectra (nujol mulls,
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KBr windows) were recorded on a Nicolet Avatar 360 FT IR spectro-
meter.>'V, *C, and "H NMR spectra were recorded at room tempera-
ture on a Varian VXR 400 S spectrometer at 400 MHz and a Gemini
300 NMR spectrometer or a Bruker Avance DPX-300 spectrometer at
300 MHz. The "H NMR spectra were calibrated against the residual
protio impurity of the deuterated solvent. Elemental analyses were
performed by the elemental analysis service at the London Metropolitan
University. [V(Np-tolyl)(OR);] (R = nPr or tBu) were made using the
method of Lutz et al.®

2.2. Synthesis of the Vanadium Complexes. 2.2.0. General
Procedure. Excess (2.2 equiv) of [VO(OnPr);] or [V(Np-tolyl) (OR);]
(R =nPr, tBu) was added to a solution ofligand in 30 mL of toluene. The
reaction mixture was stirred at reflux for 12 h. The reaction solution was
cooled to room temperature, and volatiles were removed under vacuo.
The solid residue was extracted into hot acetonitrile. After prolonged
standing at room temperature the product was formed.

2.2.1. Synthesis of [VO(OnPr)L], (1). Obtained as dark red plates in
0.47 g, 39% yield. Elemental analysis caled (%) for V,Co4H,5,04: C
76.18, H 8.30; found C 76.03, H 8.21. MS (E.S.): m/z: 1379 [M —
0-2"Pr]*, 1297 [M* — VO], 1280 [M* — O2H]*.IR (cm™ ") »(V=0)
978."H NMR (CDCl,): 6 = 7.11 (s, 1H, ArH), 7.06 (s, 3H, ArH), 6.95
(s, 9H, Ar-H), 6.93 (s, 4H, ArH), 5.01—4.9 (m, 4H, OCH,CH,CHj;),
4.60 (dd, 8H, J; =5.50, ], = 13.71, ArCH,Ar), 3.60 (d, 4H, ] = 14.12,
ArCH,Ar), 3.30 (d, 4H, ] = 13.68, ArCH,Ar), 1.90 (s, 3H, CH;CN),
1.70 (m, 4H, OCH,CH,CH};), 1.32 (s, 36H, C(CHj;);), 1.22 (s, 18H,
C(CHy);), 1.10 (s, 18H, C(CH,)s;), 080 (t 6H, | = 7.38,
OCH,CH,CHj). Selected >C NMR (C4Dg): 6 = 88.1 (CH,), 33.5,
31.7 (C(CH,);). *'V NMR (CDCl3): 0 = —533.32 (w1, 140 Hz).

2.2.2. Synthesis of [V(Np-tolyl)(OnPr)L], (2). Obtained as yellow
plates in 0.57 g, 43% yield. Elemental analysis caled (%) for
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Chart 1. Pro-Catalysts (1)—(4)

) (2) R=0"Pr, 3)R=0'Bu @)

V,C10sH136N,04: C 78.14, H 8.26, N 1.69; found C 77.93, H 8.13, N
1.78. MS (E.S.): m/z: 1660 [M]*, 1600 [M* — OnPr]. IR (cm™ ')
v(V=N) 1098. '"H NMR (CDCl,): 6 = 7.79 (s, 2H, ArH), 7.71 (s, 1H,
ArH), 7.10—7.05 (overlapping m, 10H, ArH), 6.90 (d, 4H, ArH), 6.74
(s, 4H, ArH), 6.70 (d, 3H, ] = 8.23, ArH), 6.10 (d, 4H, ] = 8.19, ArH),
5.00 (m, 4H, OCH,CH,CHj;), 476 (dd, 8H, J, = 13.11, ], = 22.47,
ArCH,Ar), 3.50 (d, 4H, J = 12.23, ArCH,Ar), 3.10 (d, 4H, ] = 12.96,
ArCH,Ar), 222 (s, 6H, NptolCHj), 1.96 (s, 3H, CH;CN), 1.85 (m, 4H,
OCH,CH,CHs;), 1.27 (s, 18H, C(CH;)3), 1.19 (s, 36H, C(CHs)3),
1.16 (s, 18H, C(CHj)3), 0.80 (t, 6H, ] = 7.43, OCH,CH,CHj). Selected
13C NMR (C¢Dg): 0 = 83.2 (CH,), 32.9, 30.3 (C(CH,);). °'V NMR
(CDCly): 0 = —486.89 (w,, 335 Hz).

2.2.1. Synthesis of [V(Np-tolyl)(OtBu)L], (3). Obtained as yellow/
orange plates in 0.53 g, 40% yield. Elemental analysis caled (%) for
V,C110H140N,04: C 78.26, H 8.36, N 1.66; found C 78.17, H 8.26, N
1.76. MS (E.S.): m/z: 1688 [M]*, 1632 [M — tBu]",1558 [M — OtBu]".
IR (cm™") ¥(V=N) 1093. '"H NMR (CDCl;): 0 = 7.65 (s, 1H, ArH),
7.56 (s, 1H, ArH), 7.15 (s, 2H, ArH), 7.05—6.82 (overlapping m, 10H,
ArH), 6.68 (s, 4H, ArH), 6.52 (d, 4H, J = 8.08, ArH), 6.40 (d, 6H, ] =
8.25, ArH), 4.70 (d, 4H, ] = 1527, ArCH,Ar), 4.55 (d, 4H, ] = 14.12,
ArCH,Ar), 3.70 (overlapping m, 8H, ArCHAr), 2.38 (s, 6H,
NptolCHj;), 2.00 (s, 3H, CH;CN), 1.58—1.44 (overlapping m, 81H,
C(CHs,)3), 1.33 (s,9H, C(CHs);). Selected "*C NMR (Cy¢Dy): 6 = 82.8
(CH,), 31.7, 30.5 (C(CH3)3). *'V NMR (CDCl5): 0 = —602.19 (w4,
400 Hz), —608.08 (w, /, 400 Hz).

2.2.4. Synthesis of {[VO(OnPr)]>(u-O)L} 5 (4). Obtained as dark red
clusters in 0.39 g 27% yield. Elemental analysis calcd (%) for
V,4C100H136014: C 68.01, H 7.76; found C 68.12, H 7.60. MS (E.S.):
m/z: 1765 [M]*,1722 [M* — nPr]*. IR (em™ ") »(V=0) 974. '"H NMR
(CDCly): 6 =725-7.22 (m, 1H, ArH), 7.17—7.10 (m, 8H, ArH),
7.0—6.90 (m, 8H, Ar-H), 6.19 (s, 2H, ArH), 6.05(s, 1H, ArH),
S47—5.14 (overlapping m, 8H, OCH,CH,CH,;), 4.78 (dd, 4H,
J1 =15.85, ], = 22.33, ArCH,Ar), 4.10 (dd, 4H, ], = 15.61, ], = 25.54,
ArCH,Ar), 3.75 (t, 4H, J = 14.58, ArCH,Ar), 3.60 (d, 4H, ] = 14.76,
ArCH,Ar), 1.95 (s, 3H, CH;CN), 1.80 (m, 8H, OCH,CH,CH3), 1.32
(s, 25H, C(CHjs)s), 1.22 (s, 46H, C(CHj3)s3), 1.00 (t, 12H, | = 7.37,
OCH,CH,CHj). Selected >*C NMR (C¢Dg): & = 90.6, 78.8 (CH,),
36.6,31.4 (C(CHj;);). *'VNMR (CDCls): 6 = —625.71 (@, 160 Hz).

2.3. Crystal Structure Determinations. Single crystals of
(1)—(4) were grown from saturated acetonitrile solutions on prolonged
standing at ambient temperature. Single-crystal X-ray diffraction

intensities for compounds (1) and (4) were measured at 140 K on an
Oxford Diffraction Xcalibur-3 CCD diffractometer, and for (2) and (3)
at 120 K on a Bruker-Nonius Apex II Kappa-CCD diffractometer (at the
EPSRC National Crystallography Service); both machines were
equipped with Mo—Kaot radiation and graphite monochromator. In-
tensity data were measured by thin-slice - and ¢-scans.

The Xcalibur data were processed (including correcting for
absorption) using the CrysAlis-CCD and -RED programs.” Crystal
(2) was recognized as a nonmerohedral twin, and the Apex data for
this crystal were processed with the EVAL program"® with absorption
corrections in TWINABS;"" the Apex data for (3) were processed with
the DENZO/SCALEPACK" programs and SADABS.'® Structures
were determined by the direct methods routines in the SHELXS
program** and refined by full-matrix least-squares methods, on F”’s, in
SHELXL."*

In (1), there is disorder in one of the t-butyl groups; one of the major
component C atoms and the minor component C atoms were refined
isotropically. There is an MeCN molecule in the cone of each calixarene
ligand; these were fully resolved and their atoms were refined aniso-
tropically. There are several more, partially occupied and not fully
resolved MeCN molecules in the lattice; sixteen atom sites were
identified, and these atoms were refined isotropically.

Disorder in three of the t-butyl groups of (2) was resolved except that
one of the minor component methyl group C atoms was not located.

In compound (3), disorder in two t-butyl groups was identified and
resolved clearly; alternative orientations in some other t-butyl groups
have not been resolved. The limited data set allowed the refinement of
only the V, O, and some N atoms with anisotropic thermal parameters;
all remaining non-hydrogen atoms were refined isotropically.

All the remaining non-hydrogen atoms in (1) and (2), and all in (4)
(where there was no disorder), were refined with anisotropic thermal
parameters. Hydrogen atoms in the four complexes were included in
idealized positions and their Uj,, values were set to ride on the U, values
of the parent carbon atoms.

Scattering factors for neutral atoms in all samples were taken from ref 15.
Computer programs used in this analysis have been noted above, and were
run through WinGX'® on a Dell Precision 370 PC at the University of East
Anglia. Crystal data and refinement results for the four complexes are
collated in a table in the Supporting Information, together with the CIF files.

2.4. Polymerization of Ethylene. Schlenk Line Procedure.
Ethylene polymerizations were carried out in flame-dried glass
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Figure 1. View of a molecule of [VO(OnPr)L], (1) indicating the atom
numbering scheme. Hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are drawn at the 50% probability level. Selected bond
lengths (A) and angles (deg): V(1)—O(1) 1.780(2), V(1)—0(7)
1.778(2), V(1)—0(10) 1.743(2), V(1)—0O(11) 1.581(2), O(1)—
V(1)—0(7) 111.93(10), O(1)—V(1)—0(10) 109.67(12), O(1)—
V(1)—0(11) 106.97(12), 0(10)—V(1)—0(7) 110.37(11), O(11)—
V(1)—0(7) 110.17(12), O(11)—V(1)—0(10) 107.58(12).
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Figure 2. View of a molecule of [V(Np-tolyl)(OnPr)L], (2) indicating
the atom numbering scheme. Hydrogen atoms have been omitted for
clarity. Thermal ellipsoids are drawn at the 30% probability level.
Selected bond lengths (A) and angles (deg): V(1)—O(1A) 1.820(5),
V(1)-0(2C) 1.792(6), V(1)-N(1F) 1.641(8), V(1)—O(1G)
1.790(6), N(1F)—V(1)—0(1A) 107.7(3), O(1G)—V(1)—O(1A)
111.8(3), 0(2C)—V(1)—0(1A) 112.5(2), N(1F)—V(1)—0O(1G)
103.6(3), N(1F)—V(1)—0(2C) 108.0(3), 0(2C)-V(1)—0(1G)
112.7(3).

500 mL flasks with mechanical stirrer and temperature controller. The
flask was evacuated and filled with ethylene gas at 1 bar pressure, which
was maintained throughout the polymerization. Then predried and
degassed toluene, the required amount of co-catalyst and reactivating
agent (ETA) were added via glass syringe. The solution was stirred for
approximately 10 min to allow ethylene saturation and the correct
temperature to be acquired using a water bath. The pro-catalyst was
injected as a toluene solution (prepared immediately prior to use). The
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Figure 3. View of one of the three independent (but very similar)
molecules of [V(Np-tolyl)(OtBu)L], (3), indicating the atom number-
ing scheme. Hydrogen atoms have been omitted for clarity. Thermal
ellipsoids are drawn at the 30% probability level. Selected bond
lengths (A) and angles (deg): V(1)—O(1A) 1.829(12), V(1)—0(2C)
1.799(12), V(1)—N(1E) 1.649(14), V(1)—O(1F) 1.753(12), 0(2C)—
V(1)—0(1A) 112.7(4), N(1E)—V(1)—0O(1A) 106.3(6), O(1F)—
V(1)—0(1A) 114.0(5), N(1E)—V(1)—0(2C) 109.3(5), O(1F)—
V(1)—0(2C) 109.2(4), N(1E)—V(1)—O(1F) 104.9(6).

Figure 4. View of a molecule of {[VO(OnPr)],(u-O)L}, (4) indicat-
ing the atom numbering scheme. Hydrogen atoms have been omitted
for clarity. Thermal ellipsoids are drawn at the 50% probability level.
Selected bond lengths (A) and angles (deg): V(1)—O(3) 1.766(4),
V(1)—0(S) 2.042(4), V(1)—0(7) 1.573(4), V(1)—0(9) 1.857(4),
V(1)—0(9") 1.877(4), 0(3)—V(1)—0O(5) 89.79(18), O(3)—
V(1)—0(7) 109.0(2), O(3)—V(1)—0(9) 99.55(19), O(3)—V(1)—
0(9") 137.16(17), V(1)—0(9)—V(2) 144.1(2), V(1)—0(9)—V(1")
100.4(2), O(8)—V(2)—0(9) 163.5(2).

polymerization was quenched by acidified methanol. The polymer was
collected by filtration and dried overnight at 80 °C.

Silica Supported Procedure. The procedure used the method referred
to as pore-filling or incipient wetness to produce free-flowing powders
that are easy to test.'” The powders consist of a known quantity of pro-
catalyst mixed with silica to produce the silica-catalyst. A 1 g portion of
the supported catalyst was used in the test. The slurry polymerization
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Table 1. Comparisons of Selected Dimensions of I (X = N-p-tolyl; R = n-Pr) and Complexes (1)—(4)

compound I
V—0(2)", phenolate 1.836(2) 1.780(2) 1.790(2)
V—0(3), phenolate 1.856(2) 1.778(2) 1.785(2)
V—N(1), N-p-tolyl 1.661(3)
V-0, vanadyl 1.581(2) 1.575(2)
V—0(1), alkoxide 1.885(3) 1.743(2) 1.741(3)
V—0(1'), alkoxide 2.172(2)
O/N(1)-V—-0(1) 99.34(13) 107.58(12) 106.81(13)
O/N(1)-V-0(2) 99.11(13) 106.97(12) 109.67(13)
O/N(1)-V—-0(3) 98.05(14) 110.17(12) 108.54(12)
O/N(1)-V-0(1") 170.74(13)
0(2)-Vv-0(3) 110.39(12) 111.93(10) 111.91(12)

4
1.820(5) 1.793(5) 1.829(12) 1.802(12) 1.766(4) 1.795(4)
1.792(6) 1.815(5) 1.799(12) 1.808(11)
1.641(8) 1.665(7) 1.649(14) 1.622(14)
1.573(4) 1.578(4)

1.790(6) 1.756(6) 1.753(12) 1.731(12) 2.042(4) 1.742(4)

1.906(4)
103.6(3) 107.0(3) 104.9(6) 110.1(6) 99.9(2) 102.2(2)
107.7(3) 104.7(3) 106.3(6) 107.3(6) 109.0(2) 99.1(2)
108.0(3) 110.6(3) 109.3(5) 105.5(5)

95.8(2)
112.5(2) 113.6(3) 112.7(4) 113.8(4)

“ Dimensions are of one of the three independent molecules. ” Atom names are those in compound I; the dimensions in complexes (1)—(4) are related

by bond type.

tests using the silica-catalyst were carried out at 70 °C for 1 h, at 15.2 bar
ethylene pressure, and using TiBAL [triisobutylaluminum] as a
scavenger.

2.5. Polymerization of e&-Caprolactone. Schlenk tubes,
equipped with magnetic stirrer bars, were dried in an oven at 170 °C
for 12 h. and flame-dried under vacuum immediately before use. In a
typical polymerization run, 20 mL of dry toluene was transferred into the
Schlenk tube with the required amount of pro-catalyst. The solution was
stirred and maintained at the desired temperature with the aid of an oil
bath. Benzyl alcohol was then added from a 0.97 M solution in toluene.
After approximately S min, the polymerization was started by the addition
of the required equivalent of &-caprolactone. At the end of the acquisition
time, the polymerization was quenched by precipitating the polymer in
methanol. After filtration, the polymer was left to dry in vacuo for 12 h.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Vanadium Com-
plexes. Pro-ligand LH, was prepared following a previously
reported procedure.” The vanadium systems were prepared by
reacting 2.2 equiv of [V(X)(OR);] (X = O, Np-tolyl; R = nPr,
tBu) with 1 equiv of ligand in toluene and then refluxing the dark
red solution for 12 h. Volatiles were then removed in vacuo, and
the precipitate dissolved in hot acetonitrile. After cannula filtra-
tion, the red solution was then allowed to cool slowly to room
temperature. Single crystals of (1)—(4) were formed after
prolonged standing at room temperature. Their molecular
structures were determined by X-ray diffraction methods; se-
lected bond lengths, angles and the structures are given in
Figures 1—4 for complexes (1)—( 4), respectively, and are
collated in Table 1. Use of only 1 equiv of vanadium precursor
did not lead to increased yields, and such reactions often resulted
in a dark brown oil.

In the dimeric structure of (1), one phenolic O atom from
each calixarene ligand is linked through a VO(OnPr) bridge; the
second O atom from each calixarene ligand is bridged through a
second VO(OnPr) group. The two calixarene ligands (and the
two bridging groups) are related by a pseudo-2-fold symmetry
axis. Both vanadium centers are four-coordinate, with approxi-
mately tetrahedral geometries. There is an acetonitrile molecule
in the cavities of both calixarene ligands.

The calixarene complex molecule of (2) and the three
independent calixarene molecules in (3) are also dimer mol-
ecules, and resemble (1) in many respects. Each comprises two

vanadium atoms (four-coordinate, with tetrahedral coordination
pattern) linked through the phenolate O atoms of the two
calixarene ions. There are also OnPr (or OtBu) and Np-tolyl
ligands on each vanadium atom, and an acetonitrile molecule lies
in the cone of each calixarene unit. The whole molecule is
arranged with approximately 2mm symmetry. The pseudo-2-fold
axis passes through the midpoint of the V- - - V vector and relates
the pairs of OnPr (or OtBu), Np-tolyl and calixarene ligands.

Complex (4) (Figure 4) was formed as a minor side product
through the partial hydrolysis of complex (1) during the reaction.
The incorporation of 2 equiv of water has led to the formation of
a vanadium—oxygen cage between the two depleted calix-
[4]arene ligands.

The complex dimeric molecule (4) lies about a center of
symmetry. The two calixarene ligands are linked through a V,0,
network. Bach vanadium atom is S-coordinate: V(1) has a square
pyramidal pattern with the vanadyl oxygen, O(7), in the apical
site, whereas the pattern of V(2) is closer to trigonal bipyramidal
with the vanadyl O(8) and a u*-O atom, O(9), in the axial
positions. Both metals are bonded to a vanadyl O, a phenolic O,
and a bridging OnPr ligand; the shell of V(1) is completed by two
@>-0 ligands, whereas V(2) has one x*-O and a terminal OnPr
ligand. There is a molecule of solvent, acetonitrile, in the cone
cavity of each calixarene ligand.

The depleted calixarenes in (1)—(4) can be viewed as
diphenolate ligands, and as such can be compared with recently
reported vanadium-based digphenolate pro-catalysts such as the
imido alkoxide I (Chart 2)"® Inspection of selected geometrical
parameters (see Table 1) associated with (1)—(4) and I reveals
that many of the bond lengths and angles in such systems are very
similar. However, differences arise because of the 1,3-disposition
of the phenolate oxygen atoms on the depleted calixarenes
compared with those in the diphenolate ligands of I (X = N-p-
tolyl, R = iPr), the latter forming an eight-membered metallo-
cyclic ring adopting a flattened chair conformation. We also note
that a number of 1,3-dimethylether-p-tert-butylcalix[4]areneH,
derived vanadium complexes of type II have been structurally
characterized, in which two vanadium atoms are bound to the
one calix[4]arene ligand (similar to each depleted calix[4]arene
in 4).> Complexes of types I and II, together with other related
vanadium-containing calix[4]arene species (see Chart 2), will be
discussed in the polymerization sections below.

3.2. Polymerization of Ethylene. Complexes (1)—(4)
have been evaluated as pro-catalysts for the polymerization
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Chart 2. Related Vanadium-Based Pro-Catalyst II—VI (R = tert-butyl)

1(X = p-tolyIN, R' =iPr;X = O, R' = nPr)

V(X =0, Np-tolyl)

IV (R? = R = Me;
R =Bu, R* = Me

VI (X = O, Np-tolyl)

of ethylene, employing either DMAC (dimethylaluminum
chloride) or MADC (methylaluminum dichloride) as co-catalyst,
with ETA (ethyltrichloroacetate) present. Polymerizations were
carried out in toluene (200 mL) using 1000—8000 molar equiv of
co-catalyst over a range of temperatures (20—80 °C) over 15 min
unless otherwise stated. Representative results are presented in
Tables 2 and 3.

Pro-catalysts (1) and (2) behave similarly when using either
DMAC or MADC as co-catalyst. In particular, both exhibit
enhanced catalytic activity (runs 3 and 20—DMAC; runs 11
and 28 —MADC) at elevated temperature (80 °C). Furthermore,
a gradual increase in observed activity occurs on increasing co-
catalyst concentration, though in the case of (2), the activity
peaks at 6000 equiv for MADC (run 33). For the fert-butoxide
(3), the thermal stability is reduced, such that highest activities
were observed at 40 °C (run 36) when using DMAC, and 60 °C
(run 45) when using MADC. In each case though, the previous
trend of increased activity on increasing cocatalyst concentration
was observed. For pro-catalyst (4), enhanced thermal stability
was observed at 80 °C in the presence of both DMAC (run 56)
and MADC (run 59). At 80 °C, in the presence of 2000 equiv of
cocatalyst, the activity orders (4) ~ (1) > (2) > (3) for DMAC
and (4) > (1) & (2) > (3) for MADC were observed. In general,
there was a change in the polymer morphology (from a thick jelly
like solid to a fine white powder) at higher temperatures, which
started at about 60 °C. Pro-catalyst (1) was also screened under

more industrially relevant conditions using either TEA
[triethylaluminum] (1.5 x 10~ * moles, 11 equiv) or DEAC
[diethylaluminum chloride] as cocatalyst (1.5 x 10~ * moles, 15
equiv). At 220 °C and 29 bar, ethylene fed in on demand, and in
the presence of hydrogen, a 10 min run did not yield any
polymeric products.'” Both (1) and (2) were also supported
on silica and screened under slurry conditions (see Table 3).
In this case, polymer was formed, but activities were =30
g/mmol hr.

Comparison of the homogeneous results obtained using
(1)—(4) with those previously reported for the systems I—VII
(Table 4), shows that the results herein are more akin to those
observed for other multimetallic calix[4]arene species such as I
and IIL Activities, particularly at elevated temperatures, asso-
ciated with di- and triphenolates ( I and IV) and oxacalix-
[3]arene-based complexes (V) were far superior, whereas
those observed for monomeric methylether-p-tert-butylcalix-
[4]arene complexes (VI) and for dimeric structures of the type
[Vcalix[4]arene(O) 4(NCMe)], (VII), were almost an order of
magnitude lower.

3.3. Polymerization of e-Caprolactone. Complexes (1)—(3)
were also screened for their ability to polymerize &-caprolactone at
80 °C (no polymer formed at room temperature, and little below
80 °C). The polymerization data are presented in Table S.

The vanadyl complex showed good conversion (94%),
whereas the imido complexes (2) and (3) exhibited far poorer
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Table 2. Results for Ethylene Polymerization Runs (Schlenk Conditions) Using Pro-Catalysts (1)—(4)"

run pro-catalyst («mol) co-catalyst [A1]/[V] time (min) temp (°C) yield PE/g* activity?
1 1(0.25) DMAC 2000 15 20 1.34 536
2 1(0.25) DMAC 2000 15 40 2.07 8.28
3 1(025) DMAC 2000 15 80 3.95 15.8
4 1(0.25) DMAC 2000 15 20 1.52 6.08
5 1(0.25) DMAC 4000 15 20 2.04 8.16
6 1(0.15) DMAC 6000 10 20 1.55 103
7’ 1(0.15) DMAC 8000 10 20 2.19 14.6
8 1(0.25) MADC 2000 15 20 1.96 7.84
9 1(0.25) MADC 2000 15 40 2.78 111
10 1(0.25) MADC 2000 15 60 2.18 8.72
11 1(0.25) MADC 2000 15 80 2.63 10.5
12 1(0.25) MADC 1000 15 20 1.48 592
13 1(0.25) MADC 2000 15 20 1.49 5.96
14 1(0.25) MADC 4000 15 20 1.90 7.60
1s° 1(0.15) MADC 6000 10 20 1.79 119
16" 1(0.15) MADC 8000 10 20 1.95 13.0
17 2 (0.25) DMAC 2000 15 20 1.08 4.32
18 2 (0.25) DMAC 2000 15 40 1.56 6.24
19 2 (0.25) DMAC 2000 15 60 1.86 7.56
20 2 (0.25) DMAC 2000 15 80 2.65 10.6
21 2 (0.25) DMAC 1000 15 20 125 5.00
22 2 (0.25) DMAC 3000 15 20 137 548
23" 2 (0.15) DMAC 6000 10 20 1.41 9.40
24 2 (0.15) DMAC 8000 10 20 1.99 133
25 2 (0.25) MADC 2000 15 20 1.12 4.48
26 2 (0.25) MADC 2000 15 40 1.59 6.36
27 2 (0.25) MADC 2000 15 60 1.60 6.40
28 2 (0.25) MADC 2000 15 80 2.51 10.0
29 2(0.29) MADC 1000 15 20 0.60 2.40
30 2 (0.25) MADC 2000 15 20 1.38 5.52
31 2 (0.25) MADC 3000 15 20 1.99 7.96
32 2 (0.25) MADC 4000 15 20 2.51 10.0
33" 2 (0.15) MADC 6000 10 20 2.07 13.8
34 2 (0.15) MADC 8000 10 20 1.85 123
35 3(025) DMAC 2000 15 20 1.65 6.60
36 3(0.25) DMAC 2000 15 40 2.55 102
37 3(0.25) DMAC 2000 15 60 1.33 532
38 3(0.25) DMAC 2000 15 80 L11 4.44
39 3(0.25) DMAC 1000 15 20 1.95 7.80
40 3(0.25) DMAC 3000 15 20 2.06 8.24
41 3(0.15) DMAC 6000 10 20 1.03 6.87
42t 3 (0.15) DMAC 8000 10 20 1.42 9.47
43 3(0.25) MADC 2000 15 20 1.44 5.76
44 3(0.25) MADC 2000 15 40 1.48 5.92
45 3 (0.25) MADC 2000 15 60 2.08 8.32
46 3(0.25) MADC 2000 15 80 0.95 3.80
47 3(025) MADC 1000 15 20 123 4.92
48 3(0.25) MADC 2000 15 20 1.40 5.60
49 3(0.25) MADC 3000 15 20 1.76 7.04
50 3(025) MADC 4000 15 20 2.72 109
s1° 3(0.15) MADC 6000 10 20 1.16 7.73
52t 3(0.15) MADC 8000 10 20 2.00 13.3
53 4(0.25) DMAC 2000 15 20 247 9.88
54 4(0.25) DMAC 2000 15 40 249 9.96
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Table 2. Continued

run pro-catalyst (umol) co-catalyst [Al]/[V]
s5 4(025) DMAC 2000
56 4(0.25) DMAC 2000
57 4(0.25) MADC 2000
58 4(0.25) MADC 2000
59 4(0.25) MADC 2000

time (min) temp (°C) yield PE/g° activity?
15 60 3.27 13.1
15 80 4.10 16.4
15 20 1.26 5.04
15 40 1.99 7.96
15 80 2.99 12.0

“ 1 bar ethylene Schlenk tests carried out in toluene (200 mL) in the presence of ETA (0.05 mL) over 15 min; reaction was quenched with dilute HC,
washed with methanol (50 mL) and dried for 12 h. at 80 °C. ”0.025 mL of ETA. ‘g per pro-catalyst. dg/mmol h bar (x10%).

Table 3. Results for Ethylene Polymerization Runs (Supported Silica-Catalyst) Using Pro-Catalysts (1) and (2)*

run pro-catalyst (#mol) co-catalyst [Al]/[V]
1 1(5.0) MAO 1700
2 2(5.1) MAO 1650
3 2 (30) DEAC 1600

time (min) temp (°C) yield PE/g activity”
60 70 4.02 30
60 70 1.80 10
60 70 0.60 10

¢15.2 bar ethylene partial pressure slurry polymerization tests carried out in isobutane in the presence of TiBAL as scavenger. b gmmol h bar per V center.

Table 4. Ethylene Polymerization Behavior of
Pro-Catalysts I—VII

activity Al/V time

pro-catalyst (g/mmol h bar) T (°C) ratio (min)

I1(X=0) 37,400 25 2,500 15

157,000 80 2,500 15
I (X = N-p-tolyl) 38,800 45 40,000 30
I 8,700 45 4,000 60
I 10,400 45 10,000 60
v 46,100 25 2,500 15

156,000 80 2,500 15
V(X=0) 25,300 25 2,500 15

92,500 80 2,500 15
V (X = N-p-tolyl) 13,400 25 2,500 15

129,400 80 2,500 15
VI (X = 0) 1,400 45 4,000 60
VI (X = N-p-tolyl) 1,500 45 4,000 60
VI 1,300 45 4,000 60

Table 5. &-Caprolactone Screening Results for Complexes
(H-@)*

M, calculated® M, measured”

run pro-catalyst conversion’ (%) (g/mol) (g/mol) PDI
1 1 94 45,7 3.1 1.1
2 2 46 123 3.9 1.1
3 3 20 23.7 5.4 13

? Conditions: monomer/metal = 400; 72 h; 80 °C; 20 mL of toluene;
2 mL of é&-caprolactone; S equiv of benzyl alcohol (from a 0.97 M
solution in toluene). ” Calculated by "H NMR. ¢ x 10%. ¢ Mn measured =
0.58 x Mn GPC x10°."”

conversions. Given that (2) and (3) are essentially isostructural,
we can infer here that the presence of the bulkier alkoxide (tBu)
in (3) is the reason for the poorer conversion compared with (2)
(nPr). Only low molecular weight polymers were obtained. All
polymers were of low polydispersity (<1.3), which suggested

that these polymerizations occurred without side reactions. For
comparison, results obtained when using complex I were ~60%
conversion after 24 h at 60 °C, affording a polymer with
molecular weight of about 11,000 with PDI ~1.1.18

4. CONCLUSION

We have isolated and characterized new dimeric oxo and
imido vanadium complexes of the form [VX(OR)L], bearing
1,3-depleted calix[4]arene ligands L. Under Schlenk conditions,
using DMAC as co-catalyst (1000 to 8000 equiv) and in the
presence of the reactivator ETA, such complexes are highly active
(16,400 g/mmol h bar) for the polymerization of ethylene over
the temperature range 20 to 80 °C. Under slurry conditions using
a silica support, activities for (1) and (2) were somewhat
disappointing (<30 g/mmol h), and this was thought to be
due to problems associated with supporting these pro-catalysts.
For &-caprolactone polymerization, vanadyl complex (1) exhib-
ited high conversion (94%), whereas the imido species were less
efficient with conversions of 46% (2) and 20% (3).
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