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Abstract

The syntheses of group 4 metal complexes containing the picolyldicarbollyl ligand Dcab®™H [nido-7-HNCsH4(CH,)-8-R-7,8-C,BoH ]
(2) are reported. New types of constrained geometry group 4 metal complexes (Dcab®™)MCL, [{(1°-RC,BsHo)(CH,)(1!-NCsH,)}MCl,]
(M =Ti, 3; Zr, 4, R =H, a; Me, b), were prepared by the reaction of 2 with M(NMe,),Cl, (M =Ti, Zr). The reaction of 2 with
M(NMe,)4 in toluene afforded (Dcab™)M(NMe,),, [{(n>-RC,BoHo)(CH,)(1'-NCsH4)} M(NMe,),] (M = Ti, 5; Zr, 6; R = H, a; Me,
b), which readily reacted with Me;SiCl to yield the corresponding chloride complexes (Dcab™)MCL, (M =Ti, 3; Zr, 4; R=H, a;
Me, b). The structures of the diamido complexes (Dcab™)M(NMe,), (M = Ti, 5; Zr, 6) were established by X-ray diffraction studies
of 5a, 5b, and 6a, which verified an n°n'-bonding mode derived from the dicarbollylamino ligand. Related constrained geometry cat-
alyst CGC-type alkoxy titanium complexes, (Dcab’”)Ti(O’Pr), (7), were synthesized by the reaction of 2 with Ti(O'Pr),. Sterically less
demanding phenols such as 2-Me-C¢H4OH replaced the coordinated amido ligands on (Dcab™)Ti(NMe,), (5a) to yield aryloxy stabi-
lized CGC complexes (Dcab”™)Ti(OPh™®),(Ph™M® = 2- Me—C¢H,, 8). NMR spectral data suggested that an intramolecular Ti-N coor-
dination was intact in solution, resulting in a stable piano-stool structure with two aryloxy ligands residing in two of the leg positions.
The aryloxy coordinations were further confirmed by single crystal X-ray diffraction studies on complexes (Dcab””)Ti(OPh™®), (8).
© 2007 Elsevier B.V. All rights reserved.

Keywords: Pyridylmethylamino dicarbollyl ligand; Group 4 metal complexes; Constrained geometry catalysts; Olefin polymerization; Intramolecularly
coordination; Zwitterionic compound

provide new metal/charge combinations. Therefore,
recently developed CGCs containing both m-dicarbollyl

1. Introduction

The dicarbollide ion is a versatile ligand and an isolobal
inorganic analogue of the CsHy ion [1]. The preparation of
constrained geometry catalysts (CGCs) with a dicarbollyl
functionality is a promising project, since incorporation
of a dicarbollyl fragment into the ligand framework would
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and c-amino or -amido components have attracted consid-
erable attention [2]. As part of our ongoing research into
the utility of the dicarbollylamino system in the chemistry
of group 4 metals, we became interested in preparing
CGC-type complexes as catalyst precursors for olefin poly-
merization [3]. However, the strong n-donor capability of
the dicarbollyl group [4] coupled with the inherent electro-
philicity of group 4 metal centers results in the formation of
the bis(dicarbollyl) complex rather than the desired
mono(dicarbollyl) complex [2b,2e].
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(DcabM),M (DcabEMML,

(DcabP)ML,

Chart 1. Preference of mono(dicarbollyl) type complexes with a two-
carbon spacer.

Recently, we reported a new ligand system (Dcab®")
with a two-carbon linker between the central dicarbollyl
and the amino group [5], which provides a better coordina-
tion environment than that found in the one-carbon-chain
homologue (Dcab”) for the formation of mono(dica-
rbollyl) complexes (see Chart 1). Introduction of this
two-carbon amine tether enables strong intramolecular
interaction with the metal center, thereby favoring the
exclusive production of the mono(dicarbollyl) metal com-
plex. In our search for new types of 1n°:n'-coordinating
ligand for the production of mono(dicarbollyl) complexes,
we introduced a picolyl unit into the dicarbollyl ligand sys-
tem as a pseudo two-carbon spacer o-donor. In the present
study, we investigated the efficacy of the picolyldicarbollyl
ligand as an ancillary ligand system for the generation of
mono(dicarbollyl) CGC-type complexes. We found that
enhanced o-donation from the pyridyl unit to the metal
center induced a typical n’:n'-coordination structure,
where constrained geometries were evident in isolated
mono(dicarbollyl) complexes [{(1°>-RC,BoHo)(CH,)x(n'-
NCsHy)}MCL,] (M =Ti, 3; Zr, 4, R = H, a; Me, b).

2. Results and discussion

Previously we prepared a series of mono(dicarbollyl)
and bis(dicarbollyl) group 4 metal complexes of the type
(Dcab™)MCl, and (Dcab™),MCIl (M = Ti, Zr, Hf) [2¢,2¢],
which have a constrained geometry structure around the
metal center with n°:n'-coordination. We observed that
in these ligand systems, the probability of forming the
desired mono(dicarbollyl) complex was low except in cases
in which specific steric factors intervened. Although coordi-
nation of (Dcab™)?>~ reduces the electron count by 2 in the-
ory [6], the thermodynamic driving force behind the
formation of the bis(dicarbollyl) complexes is the reduction
of the metal’s electron deficiency through the formation of
the most stable bonding interactions. In another recent
study, we reported the exclusive formation of mono(dica-
rbollyl) complexes (DcabY)ML, [5] when an ethylamine
tether was employed as an n'-amine functionality. These
findings indicated that introduction of a two-carbon tether
onto the nitrogen atom not only afforded the ideal n°:n'-
type bonding pocket but also created sufficient steric pro-
tection against the association of a second ligand with
the metal. Thus, in the present work we incorporated a

pseudo two-carbon linker into the dicarbollyl ligand in
order to block the formation of bis(dicarbollyl) complexes.

2.1. Picolyldicarbollyl ligand synthesis (1)

The ligand 1 was synthesized by a literature procedure
[7]. The picolyldicarbollyl ligands, abbreviated as Dcab®™H
(2), were prepared by applying a standard deboronation
procedure [8] to 2-pyridylmethyl-o-carborane {closo-1-(2-
NC5H4)(CH2)-2-R-1,2-C2B10H10} (R = H, 13; Me, lb)
(Scheme 1). In this procedure, reaction of 1 with KOH in
ethanol at 78 °C and subsequent protonation with phos-
phoric acid led to the formation of the deboronated zwit-
terionic compounds 2.

Spectroscopic characterization of the zwitterionic dicar-
bollyl ligands 2 showed that the 2-pyridylmethyl group is
linked to the nido cage carborane. The characteristic asym-
metric pattern observed in the 'B{"H} NMR spectrum in
the range —11 to —38 ppm, and the presence of an absorp-
tion at around —3.0 ppm in the '"H NMR spectrum, imply
a B-H-B interaction on the C,B3 open face. Most impor-
tantly, the methylene protons of the PyCH, group each
gave rise to an AB spin pattern (3.15, 3.24 (2a)/3.25, 3.44
(2b) ppm), indicating that they are diastereotopic (Table 1).

2.2. Synthesis and characterization of (Dcab™ ) ML,
(M =Ti, Zr, L = Cl, NMe,) prepared via the amine
elimination pathway

The homologous series of picolyldicarbollyl group 4
metal complexes (Dcabpy)MLz (L=Cl, M=Ti, 3; Zr, 4;
L =NMe,, M =Ti, 5; Zr, 6) was prepared by reaction of
1:1 mixtures of Dcab®™H 2 and M(NMe,),Cl, or
M(NMe,),4 in toluene at room temperature (Schemes 1
and 2). The overall yields obtained from these reactions
typically ranged from 70% to 85%. The '"H NMR spectra
(benzene-dg) of 5-6 exhibited two singlets at 3.25, 3.55
(5a), 3.21, 3.59 (5b), 3.22, 3.49 (6a), and 3.22, 3.51 (6b)
ppm corresponding to the each methyl protons of the dime-
thylamido ligands, respectively, due to the asymmetric
group 4 metal center. The methylene protons of the PyCH,
groups in 3-6 were diastereotopic, each giving rise to an
AB spin pattern. The most significant difference between
the "H NMR spectra of 3-6 and those of the parent ligand

M(NMe,),Cl,

Dcab™H 2

Dcab/TiCl, 3
Dcab™¥zrCl, 4
(R=H, a; CHg, b)

Scheme 1. Synthesis of group 4 metal CGC-type complexes derived from
the picolyldicarbollyl ligand 2.
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Table 1

Comparison of the NMR spectroscopic data for compounds 2a, 2b, 3a, 3b, 4a, 4b, 5a, 5b, 6a, 6b, 7a, 7b, and 8

Compound "Hen, "HM-NMe, "Hpyriayt "Hen, "Hym-NMe, BChyriay

2a" 3.15, 3.24 7.92, 8.60, 8.77 56.72 124.76, 127.12, 140.87, 146.17
2b* 3.25,3.44 7.92, 8.62, 8.78 58.90 124.61, 127.56, 140.92, 146.02
3a° 3.31, 3.42 6.79, 7.24, 7.57, 8.20 49.23 121.11, 123.09, 130.04, 141.07
3b° 3.35, 3.50 6.83, 7.33, 7.67, 8.32 53.37 130.10, 136.83, 143.57, 151.29
4a° 3.49, 3.62 6.88, 7.21, 7.59, 8.31 50.29 120.99, 122.48, 129.51, 145.92
4b° 3.95, 4.07 6.59, 7.35, 7.76, 8.40 53.17 122.74, 127.45, 133.04, 149.59
5a° 2.81, 3.35 3.25, 3.55 7.01, 7.21, 7.82, 8.76 51.74 32.57, 37.49 121.31, 123.57, 142.43, 146.97
5b° 3.05, 3.40 3.21, 3.59 7.00, 7.20, 7.88, 8.75 50.91 31.31, 35.74 120.57, 124.08, 142.17, 147.18
6a° 2.85, 3.27 3.22,3.49 7.02, 7.25, 7.81, 8.77 53.49 35.89, 40.52 122.41, 127.88, 141.45, 147.99
6b° 3.01, 3.36 3.22, 3.51 7.10, 7.31, 7.84, 8.77 51.85 33.19, 39.67 121.01, 125.48, 142.16, 147.45
7a® 3.70, 3.94 7.19, 7.37, 7.93, 8.72 57.55 122.10, 123.63, 141.47, 149.29
7b° 3.96, 4.04 7.37, 7.43, 7.95, 8.62 47.33 122.05, 124.39, 141.60, 149.01
8¢ 3.80, 3.94 7.20, 7.34, 7.88, 8.71 56.93 122.29, 125.77, 140.26, 148.97

% (CD3),SO was used as the solvent and the chemical shifts are reported relative to the residual H of the solvent.
® CDCl; was used as the solvent and the chemical shifts are reported relative to the residual H of the solvent.
¢ CgDg was used as the solvent and the chemical shifts are reported relative to the residual H of the solvent.

¢ Me;SiCl
‘M—NMe; ———
R / \
N NMe,
Dcab”H 2 Dcab'Ti(NMe,), 5 Dcab'TiCl, 3
Dcab’Zr(NMe,), 6 Dcab’zrCl, 4
(R=H, a; CHg, b) (R=H, a; CHg, b)

Scheme 2. Alternate synthetic route for the formation of group 4 metal
CGC complexes.

systems 2 was a downfield shift of signals for the methylene
proton of PyCH,, from about 3.2 ppm for 2 to 2.81-
4.07 ppm for 3-6. The signals for the ring protons on the
pyridyl group were also shifted downfield (from 6.59 to
8.77 ppm). These shifts are consistent with similar findings
for other intramolecularly coordinated metal complexes
containing methylene spacers such as (Dcab™)ML,,
(M =Ti, L =NMe, [2c,2¢e]; M = Fe, Ru, L = Lewis base
[9]; M = Ni, L = PPh; [10]). In addition, the ''B chemical
shifts were similar to those observed for other dicarbollyl
metal complexes and support the proposed n’-coordina-
tion [4,11]. The spectroscopic data for complexes 3—6 indi-
cated that the 2-pyridylmethyl group of the side chain was
coordinated to the metal center in all cases. Compounds 3—
6 are among the first examples of dicarbollyl group 4 metal
complexes with intramolecular coordination of a 2-pyr-
idylmethyl donor function in the side chain.

2.3. Conversion of the (Dcab™ )M(NMe,), species to their
chloride derivatives

The reactions of 5 and 6 with Me;SiCl were performed
in an effort to produce the corresponding dichloride deriv-
atives (Scheme 2).

The reaction of (Dcab”)M(NMe,), (M =Ti, 5; Zr, 6)
with 3.3 equiv of Me3SiCl in CH,Cl, afforded the desired
dichloride derivatives, (DcabP MCl, (M =Ti, 3; Zr, 4),
which were identified by comparison of the chemical shifts
of their "H and '*C NMR resonances with those measured
for authentic samples of 3 and 4. These metal complexes
were purified by low temperature recrystallization from a
toluene solution of the mixture.

2.4. Descriptions of the molecular structures of
(Dcab™ ) Ti(NMe;); (5a, 5b) and (Dcab™ )Zr(NMe;),
(6a)

The molecular structures of (Dcab”)Ti(NMe,), (5) and
the related zirconium bis(dimethylamido) complex
(Dcab®)Zr(NMe,), (6a) were determined by X-ray crystal-
lography. Important bond distances and angles are shown
in Table 2 and selected bond distances and angles are
shown in Tables 6 and 7. Perspective views of the molecular
structures of compounds 5a, 5b, and 6a are depicted in
Figs. 1-3, respectively, along with the non-hydrogen
labeling scheme. These compounds exhibit the expected
pseudo-tetrahedral geometry consisting of a bi-functional
picolyldicarbollyl ligand and two terminal dimethylamido
groups.

As shown in Chart 1, the picolyl tethered dicarbollyl
ligand (Dcab’”) resembles to dicarbollylethylamino ligand
(Dcab®) in that both ligand systems contain a two-carbon
spacer between m°:n'-functionalities. Therefore, direct
comparison of important metric parameters regarding the
first coordination sphere around the metal center confirms
the changes that occurred on the new picolyl-based CGCs 5
and 6. The overall structural features of the picolyldicarbollyl
titanium complex 5a show some resemblance with those of
(Dcab®)Ti(NMe,), (A), but the complexes differ substan-
tially in terms of the Ti—N(1)pyrigine distance and o-angle
{C,Bj(centroid)-Ti—N(1)pyrigine} associated with the con-
strained geometry around the titanium metal center (see
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Table 2
Compilation of characteristic structural parameters of the 5a, 5b, 6a, 7b, and 8"

5a 5b 6a 7h 8 CcGCP
M-Cl1 2.424(3) 2.457(7) 2.573(4) 2.416(1) 2.418(4)
M-C2 2.419(3) 2.476(7) 2.574(4) 2.399(1) 2.388(5)
M-B9 2.398(4) 2.416(8) 2.512(5) 2.364(1) 2.351(5)
M-BI10 2.419(4) 2.363(8) 2.507(5) 2.355(2) 2.336(5)
M-BI11 2.404(4) 2.420(8) 2.526(5) 2.409(1) 2.370(2)
M-Dcabceny) 1.940 1.952 2.095 1.916 1.895 2.030
M-N1 2.148(3) 2.160(5) 2.273(3) 2.152(9) 2.101(3) 1.907(3)
M-N2 1.905(3) 1.892(5) 2.015(3) 2.264(1)
M-N3 1.882(3) 1.885(6) 2.018(3) 2.264(1)
Dcabceny—C1-C3 157.08 159.00 157.83 159.75 159.30
Dcabcen—N1 109.29 107.70 103.79 109.37 110.00 107.6
C1-C3-C4 120.2(2) 116.1(6) 116.7(4) 114.2(1) 116.2(3)
N2-M-N3 101.2(1) 97.8(3) 104.3(2) 102.97(7)
M-O1 1.760(7) 1.785(3)
M-02 1.754(7) 1.782(3)
01-M-02 103.3(3) 101.6(1)

2 Bond lengths in A, angles in deg.
® (CsMeg)Me,SiN‘BuTiCl,.

Fig. 1. Molecular structure of 5a with thermal ellipsoids drawn at the 30%
level.

Fig. 2. Molecular structure of Sb with thermal ellipsoids drawn at the 30%
level.

Fig. 3. Molecular structure of 6a with thermal ellipsoids drawn at the 30%
level.

Table 3). The C,Bs(centroid)-Ti bond distance is similar in
5a and A whereas the Ti—N(1)pyrigine bond distance of
2.143(3) A for 5a is considerably shorter than the Ti-
N(1)amino distance of 2.319(3) A for A. Strong c-donation
subsequently reduces the corresponding a-angle to 109.3°
in comparison with 113.2° for A. The remaining metal-
amido Ti-N(2)/N(3) distances of 1.894 A (av.) are similar
to those found in complex A {1.906 A (av.)}. Similar struc-
tural changes are also found in 5b, which had a short Ti-
N(1)pyrigine distance of 2.160(5) A and a reduced o-angle,
C,Bs(centroid)-Ti—N(1)pyridgine, of 107.70°. Again, this
decrease in a-angle is likely due to the enhanced o-coordi-
nation capability of the pyridyl group of the constrained
geometry complex [12].

The molecular structure of 6a manifests constrained
geometry structural features similar to those observed in
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Table 3

Comparison of bond distances and bond angles for (Dcab®Y)Ti(NMe,),, 5a, 7b,

Ti-C,B;(cent) 1.940 A 1.940 A
Ti-N(amine) 2.319(3) A 2.148(3) A
Ti-N(amido) (av.) 1.906 A 1.894 A
o-angle® 113.2° 109.3°
N(amido)-Ti-N(amido) 101.3° 101.2(1)°
N(amino)-Ti-N(amido) (av.) 77.1° 98.5°

1.916 A 1.895 A Ti-C,Bs(cent)
2.152(9) A 2.101(3) A Ti-N(amine)

1.757 A 1.784 A Ti-O (Av.)

109.4° 110.0° a-angle®

103.3(3)° 101.6(1)° O-Ti-O

94.9° 94.3° N(amino)-Ti-O (Av.)

2 (Dcab®)Ti(NMe,)s.
® C,Bs(centroid)-Ti-N(amino).

complexesc 5. The Zr-N(1)pyrdgine bond distance
(2.273(3) A) in 6a is slightly longer than the Ti-N(1)pyridine
bond distances in 5 (2.148(3) (5a)/2.160(§) (5b) A), and the
C,B;(centroid)-Zr(1) distance of 2.095 A in 6a is slightly
longer than the corresponding distances of 1.940 and
1.952 A in 5a and 5b, respectively (see Table 2). The
reduced a-angle of 103.8° of 6a also implies the constrained
nature of zirconium complexes [13]. It is evident that the
introduction of the pseudo-ethylene linker in the form of
a picolyl moiety consistently results in a reduction of the
a-angle. Comparison of the structures of two closely
related complexes, (Dcab®Y)ML, [5] and (Dcab™)ML,,
confirmed the significantly constrained nature of the metal
center in the picolyldicarbollyl ligand system.

2.5. Synthesis and characterization of ( Dcab®™ )Ti(OR) >
(R = IP}", 7,' 2-M€-C6H4, 8)

Related aryloxy-substituted picolyldicarbollyl group 4
metal complexes (Dcab’”)Ti(OPr), (7) were prepared by
reacting 1:1 mixtures of Dcab®”H 2 and Ti(O'Pr)4 in tolu-
ene at room temperature (Scheme 3).

As seen above in the amine-elimination reactions of
Scheme 2, two O'Pr ligands were easily eliminated from
Ti(O'Pr), in the presence of the multidentate ligand Dcab-
PYH (2). The signals for the methylene protons of the
PyCH, in 7 were shifted downfield compared to those of
the Ti-NMe, complexes 5. The Ti-O’Pr 'H NMR reso-

Ti(O'Pr),

Dcab™H 2 Dcab™/Ti(OPr), 7

(R=H, a; CHa, b)

Scheme 3. Synthesis of intramolecularly stabilized titanium alkoxy
complexes.

nance lines were at 1.40 and 1.47 ppm (7a) and 1.38 and
1.43 ppm (7b) for [-CHMe,], and at 4.94 and 5.57 ppm
(7a) and 5.12 and 5.44 ppm (7b) for [-CHMe,].

The reaction of (Dcab””)Ti(NMe,), 5a with 2 equiv of
the phenol derivative 2-methylphenol in toluene gave com-
plex 8. In fact, when 5a reacted with less hindered phenols
such as 2-methylphenol, the expected aryloxy substitution
was observed to generate the corresponding bis(aryloxy)
stabilized complex (Dcab™)Ti(OPh™¢), (Ph™¢=2-Me-
CgHy, 8) in high yield (Scheme 4).

The signals from the methylene protons of the PyCH,
in 8 were shifted downfield in comparison with those from
the starting material 5a. The (Dcab””)Ti(OPh™¢), (PhM¢ =
2-Me-CgHy4) complex 8 showed two aryloxy phenyl signals
at around 7.12-7.44 ppm and two methyl signals at 2.83
and 3.02 ppm, respectively. The molecular structures of
7b and 8 were further confirmed by X-ray crystallography
(Figs. 4 and 9).

2.6. Description of the molecular structure of
(Dcab™ ) Ti(O'Pr); (7b) and (Dcab™ ) Ti( OPh™¢),
(PhM¢ =2-Me—CsH,) (8)

The molecular structures of (Dcab’”)Ti(O'Pr), (7b) and
the related titanium aryloxy complex (Dcab”)Ti(OPh™*),
(Ph = 2-Me-C¢Hy) (8) were determined by X-ray crystal-
lography. Whereas 7b was produced via an alkoxy elimina-
tion reaction (Scheme 3), 8 was obtained initially from the

2-Me-CgH,OH

DcabYTi(NMe,), 5a Dcab”/Ti(OPh), 8

(Ph = 2-Me-CgHj)

Scheme 4. Reactivity of intramolecularly stabilized titanium aryloxy
complexes with 2-methyl phenol.
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Fig. 4. Molecular structure of 7b with thermal ellipsoids drawn at the 30%
level.

Fig. 5. Molecular structure of 8 with thermal ellipsoids drawn at the 30%
level.
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reaction of 2.2 equiv of 2-methylphenol with (Dcab”)-
Ti(NMe,), (5a) (Scheme 4). The results of these structural
analyses provide the opportunity to evaluate the structural
changes due to the replacement of the dimethylamido
ligand with an alkoxy or aryloxy ligand.

Perspective views of the molecular structures of 7b and 8
are shown in Figs. 4 and 5, respectively, along with the
non-hydrogen labeling scheme. These compounds exhibit
the expected pseudo-tetrahedral geometry, consisting of a
bi-functional CGC type ligand and two terminal alkoxy
or aryloxy groups. The central titanium atoms in 7b and
8 are pseudo-tetrahedrally coordinated to a pair of oxo
ligands {Ti-O'Pr 1.757 A (av.), Ti-OPh™® 1.784 A (av.)},
the pyridine nitrogen, and the dicarbollyl ligand system.
The Ti-N(1)pyrigine bond is shorter (2.152(9) (7b)/2.101(3)
(8) A) than those in complexes 5Sa and Sb (see Tables 2
and 3). The constrained geometry character in a series of
related compounds is probably best characterized by the
C,Bj(centroid)-metal-nitrogen angle, which responds sen-
sitively to steric and electronic geometry changes [14]. In 7b
and 8, the o angles are 109.4 and 110.0°, which are similar
to those found in complexes 5a and 5b (108-109°). In con-
trast, the C,Bs(centroid)-Ti bond distances in 7b and 8 are
1.916 and 1.895 A, respectively, which are slightly shorter
than the corresponding bond distances in complexes Sa
and 5b (1.94-1.95 A) (see Table 2).

2.7. Olefin polymerization experiments

Preliminary studies on olefin polymerization were car-
ried out to check whether (Dcab” YMCl, (M =Ti, 3; Zr,
4) and (Dcab™)Ti(OR), (R = 'Pr, 7; 2-MePh, 8) act as cat-
alyst precursors. These studies revealed that most of the
(Dcab™)MCl, 34 systems exhibited low activity in ethyl-
ene homopolymerization when activated with excess
[Ph;C]B(C4Fs)4] in cyclohexane at 140 °C under 30 kg/
cm® of ethylene. The catalytic activities of the 3/
[Ph3C]B(C¢Fs)4] systems (Table 4, entries 1 and 2) were
higher than those of the other studied picolyldicarbollyl
complexes, but still much less than that of the prototype
Dow-CGC catalyst (Cp*Me,SiN‘Bu)TiCl, (Table 4, entry

Table 4

Ethylene polymerization examples employing the 3a, 3b, 4a, 4b, 7a, 7b, and 8*

Entry Catalyst Cocatalyst Scavenger Initiation temperature (°C) Activity® My, x 1074 M/ M
1 3a Ph3CB(CgFs)4 mMAO 60 7.9 1.1 2.7
2 3b Ph;CB(C¢Fs), mMAO 60 7.8 0.8 3.1
3 4a Ph;CB(C¢Fs), mMAO 60 5.4 0.8 3.5
4 4b Ph;CB(C¢Fs)4 mMAO 60 3.7 0.5 3.2
5 Ta Ph;CB(C¢Fs)4 mMAO 60 2.5 0.3 3.5
6 7b Ph3CB(C¢Fs), mMAO 60 22 0.3 3.7
7 8 Ph3CB(CgFs)4 mMAO 60 1.5 0.1 3.7
8 Dow-CGC Ph;CB(C¢Fs), mMAO 60 26.0 36.7 3.6

@ Polymerization condition: semi-batch type 500 mL autoclave reactor, solvent = cyclohexane, ethylene pressure = 30 kg/cm?,

total solution vol-

ume = 300 mL, catalyst concentration = 3.3 pM, [catalyst]:[cocatalyst]:[scavenger] = 1:1.5:100, reaction time = 10 min.

® % 10° kg of polymer/(mol of Ti h).

¢ Weight average molecular weight (g/mol) and molecular weight distribution measured by PL210 GPC at 135 °C.
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8). The molecular weight distributions obtained from com-
plexes 3 and 4 were in the range of 2.7-3.5. As shown in
Table 4, entry 5-7, the alkoxide/aryloxide precursors 7
and 8 showed very low catalytic performance under the sta-
ted polymerization conditions.

3. Conclusion

In summary, new types of picolyldicarbollyl group 4
metal complexes were prepared and characterized using
'H, "B, and '>C NMR spectroscopy as well as X-ray crys-
tallography. The results showed that the picolyldicarbollyl
ligand system is an efficient ancillary ligand system for gen-
erating mono(dicarbollyl) group 4 metal complexes. The
enhanced c-donation capability of the pyridyl unit allows
typical n°:n'-bonding around the metal center to construct
the constrained geometry in mono(dicarbollyl) complexes.
Furthermore, structural studies of the complexes verified
the stronger o-donation of the picolyl tether in
(Dcab®™)ML, (M = Ti, Zr) as compared with the related
aminoethyl pendant system (Dcab®)ML, (M = Ti, Zr).
Facile ligand substitution reactions with chloride and alk-
oxide ligands were observed in the titanium-diamido com-
plex (Dcab’”)Ti(NMe,), (5a). As an application of the
newly synthesized constrained geometry complexes, homo-
polymerization of ethylene was studied in the presence of
the picolyldicarbollyl metal complexes. However, in con-
trast to the prototype Dow-CGC catalyst (Cp*Me,SiN"
Bu)TiCl,, the titanium complexes 3, 4, 7, and 8 exhibited
low ethylene polymerization activities.

4. Experimental
4.1. Materials and physical measurements

All manipulations were performed under a dry, oxygen-
free nitrogen or argon atmosphere using standard Schlenk
techniques or in a Vacuum Atmosphere HE-493 drybox.
Toluene, hexane, and pentane were distilled under nitrogen
from sodium/benzophenone. Dichloromethane was dried
with CaH,. Benzene-dg was distilled under nitrogen from
sodium and stored in a Schlenk storage flask until needed.
CDCl; was predried under CaH, and vacuum-transferred.
n-BuLi (2.5M in hexanes) and Ti(O'Pr), were used as
received from Aldrich. o-Carborane was purchased from
KatChem and used after sublimation. The ligand 1 was
synthesized by a literature procedure [7]. The starting mate-
rials M(NMe,)4 (M =Ti, Zr) were either purchased from
Strem Chemical or prepared by literature methods [15].
All 'H (300.1 MHz, measured in CDCl;), ''B (96.3 MHz,
measured in CDCls) and '*C (75.4 MHz, measured in
CDCIl3) NMR spectra were recorded on a Varian Mer-
cury-300BB spectrometer unless otherwise stated. 'H and
13C NMR chemical shifts were measured relative to inter-
nal residual peaks from the lock solvent (99.5% (CD3),SO,
99.9% CDCl3, 99.5% C¢Dg) and then referenced to MeySi
(0.00 ppm). All "B NMR chemical shifts were referenced

to BF; - O (C,Hs), (0.0 ppm) with a negative sign indicat-
ing an upfield shift. Elemental analyses were performed
using a Carlo Erba Instruments CHNS-O EA1108 ana-
lyzer. All melting points were uncorrected.

4.2. Preparation of [nido-7-HNCsH,CH>-7,8-RC>BoH ;]
(R=H, a Me, b) (2)

Compound 1a (0.71 g, 3.0 mmol) and KOH (0.22 g,
4.0 mmol) were dissolved in degassed EtOH (20 mL) and
then refluxed under N, for 12 h. EtOH was then removed
under reduced pressure, and the residue was suspended in
benzene (60 mL) and azeotropic distillation was performed
to remove H,O and EtOH. The remaining white solid was
dried under vacuum overnight. The solid was slurried in
benzene (30 mL) under N,, H;PO,4 was added, and the
two-phase mixture was stirred vigorously for 15 h. The vol-
atiles were then removed by rotary evaporation under
reduced pressure and the residue was washed with H,O to
yield an off-white solid. The product was purified by recrys-
tallization from methanol to yield 2a (0.55 g, 2.4 mmol) as a
colorless crystalline solid in 82% yield. Mp. 172 °C (dec.).
Anal. Calc. for CgBoH3sN;: C, 42.60; H, 8.04; N, 6.21.
Found: C, 42.73; H, 8.07; N, 6.23%. !'B NMR
(96.3 MHz, DMSO-ds) 6 —12.90 (2B), —16.68 (2B),
—22.04 (3B), —34.42 (1B), —38.05 (1B). IR spectrum (KBr
pellet, cm™') w(B-H) 2543, v(C-H) 2971, 3015, w(N-H)
3183.

Compound 2b: A procedure analogous to the prepara-
tion of 2a was used, but starting from 3.0 mmol (0.75 g)
of 1b. Yield: 92% (0.67 g, 2.8 mmol). Mp. 178 °C (dec.).
Anal. Calc. for CoBoH,oN;: C, 45.12; H, 8.41; N, 5.85.
Found: C, 45.28; H, 843; N, 587%. ''B  NMR
(96.3 MHz, DMSO-ds) 6 —11.02 (3B), —17.14 (2B),
-21.69 (2B), —35.57 (1B), —37.92 (1B). IR spectrum
(KBr pellet, cm™') w(B-H) 2510, 2555, w(C-H) 2973,
2991, 3020, v(N-H) 3166.

4.3. Preparation of (Dcab™ )TiClL, (R=H, a; Me, b) (3)

To a stirred solution of 2a (0.46 g, 2.0 mmol) in toluene
(20 mL) was added a toluene solution of Ti(NMe,),Cl,
(0.50 g, 2.4 mmol) at 0 °C. The mixture was warmed to
room temperature and stirred for 1 h. The solvent was then
removed under vacuum. Extraction of the residue with tol-
uene (20 mL), followed by concentration to approximately
half its volume and cooling to —10 °C, resulted in crystal-
lization of pure 3a (0.51 g, 1.48 mmol, 74% yield). Anal.
Calc. for CngH]éN]Ti]Clzi C, 2807, H, 471, N, 4.09.
Found: C, 27.83; H, 4.65 N, 4.01%. ''B NMR
(96.3 MHz, benzene-ds) ¢ —15.19 (3B), —24.16 (3B),
—27.69 (1B), —38.56 (1B), —42.06 (1B). IR spectrum
(KBr pellet, cm™") v(B-H) 2540, v(C-H) 2876, 2910.

Compound 3b: A procedure analogous to the prepara-
tion of 3a was used, but starting from 2b (0.48 g, 2.0 mmol)
in toluene. Yield: 67% (0.48 g, 1.34 mmol). Anal. Calc.f for
CoBoH 3N Ti;Cl,: C, 30.34; H, 5.09; N, 3.93. Found: C,
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30.51; H, 5.15; N, 3.99%. "B NMR (96.3 MHz, benzene-
dg) 6 —1.16 (2B), —8.16 (3B), —14.65 (2B), —27.01 (2B).
IR spectrum (KBr pellet, cm™') v(B-H) 2535, w(C-H)
2885, 2950.

Compound 4a: A procedure analogous to the prepara-
tion of 3a was used, but starting from 2a (0.46 g, 2.0 mmol)
in THF. Yield: 81% (0.62 g, 1.62 mmol). Anal. Calc. for
CgBoH N ZrCl,: C, 24.92; H, 4.18; N, 3.63. Found: C,
25.03; H, 4.22; N, 3.68%. ''B NMR (96.3 MHz, benzene-
dg) 0 —15.85 (3B), —21.15 (1B), —24.21 (2B), —26.90
(1B), —38.98 (1B), —42.61 (1B). IR spectrum (KBr pellet,
em™ ) v(B-H) 2514, v(C-H) 2877, 2955.

Compound 4b: A procedure analogous to the prepara-
tion of 3a was used, but starting from 2b (0.48 g, 2.0 mmol)
in THF. Yield: 78% (0.62 g, 1.56 mmol). Anal. Calc. for
CyoBoH 3N ZrCl,: C, 27.05; H, 4.54; N, 3.50. Found: C,
27.19; H, 4.59; N, 3.54%. "B NMR (96.3 MHz, benzene-
dg) 0 —1.65 (2B), —7.67 (3B), —9.94 (3B), —26.84 (1B).
IR spectrum (KBr pellet, cm ') v(B—H) 2484, 2541, v(C—
H) 2887, 2964.

4.4. Preparation of (Dcab™ )Ti(NMe,), (R = H, a; Me, b)
(5)

A representative procedure is as follows: over a period
of 30min, a 20mL toluene solution of Ti(NMe>)4
(0.22 g, 1.0 mmol) was added to a stirred solution of 2a
(0.23 g, 1.0 mmol) in toluene (20 mL) at 0 °C. After addi-
tion was complete, the cold bath was removed and the solu-
tion was stirred at room temperature for 1 h. The solvent
was then removed under vacuum and the residue was puri-
fied by recrystallization with a CH,Cl,/toluene mixture at
—35°C. Yield: 87% (0.31 g, 0.87 mmol). Anal. Calc. for
C12B9H28N3Ti1: C, 4009, H, 785, N, 11.69. Found: C,
39.85; H, 7.76; N, 11.58%. "B NMR (96.3 MHz, ben-
zene-dg) 0 —9.25 (3B), —10.32 (3B), —16.71 (1B), —28.78
(1B), —34.92 (1B). IR spectrum (KBr pellet, cm™") v(B-
H) 2540, v(C-H) 2779, 2961.

Compound 5b: A procedure analogous to the prepara-
tion of 5a was used, but starting from 2b (0.24 g,
1.0 mmol). Yield: 88% (0.33 g, 0.88 mmol). Anal. Calc.
for C13BoH3oN5Tip: C, 41.80; H, 8.09; N, 11.25. Found:
C, 42.00; H, 8.20; N, 11.36%. "B NMR (96.3 MHz, ben-
zene-dg) 0 —5.43 (2B), —15.49 (3B), —17.26 (2B), —29.50
(2B). IR spectrum (KBr pellet, cm™") vw(B-H) 2553, v(C—
H) 2829, 2957.

Compound 6a A procedure analogous to the prepara-
tion of 5a was used, but starting from 2a (0.23 g,
1.0 mmol). Yield: 72% (0.29 g, 0.72 mmol). Anal. Calc.
for C15BoH»sN4Zry: C, 35.77; H, 7.06; N, 10.43. Found:
C, 35.67; H, 6.93; N, 10.32%. ''B NMR (96.3 MHz, ben-
zene-dg) 0 —6.48 (3B), —10.81 (3B), —11.39 (1B), —37.48
(1B), —40.28 (1B). IR spectrum (KBr pellet, cm™") v(B-
H) 2505, w(C-H) 2865, 2977.

Compound 6b: A procedure analogous to the prepara-
tion of 5a was used, but starting from 2b (1.0 mmol,
0.24 g). Yield: 85% (0.35g, 0.85 mmol). Anal. Calc. for

Ci13BoH3oN3Zr;: C, 37.45; H, 7.25; N, 10.08. Found: C,
37.63; H, 7.30; N, 10.16%. ''B NMR (96.3 MHz, ben-
zene-dg) 6 —2.93 (2B), —6.31 (3B), —14.09 (3B), —21.78
(1B). IR spectrum (KBr pellet, cm™") v(B-H) 2547, v(C-
H) 2875, 2934.

4.5. Preparation of compound 3 from compound 5

Complex 5a (0.36 g, 1.0 mmol) was dissolved in CH,Cl,
(15 mL), and then an excess amount of Me;SiCl (3.3 equiv)
was added. The resulting solution was stirred for 1 h, after
which all volatiles were removed under vacuum and the
residue was washed with pentane three times. Removal of
the volatiles provided the final crude product, which was
further purified from toluene at —15°C to provide pure
complex 3a as a red solid. Yield: 81% (0.28 g, 0.81 mmol).

Compound 3b: A procedure analogous to the prepara-
tion of 3a was used, but starting from 5b (0.37 g,
1.0 mmol). Yield: 68% (0.24 g, 0.68 mmol).

Compound 4a: A procedure analogous to the prepara-
tion of 3a was used, but starting from 6a (0.40g,
1.0 mmol). Yield: 83% (0.32 g, 0.83 mmol).

Compound 4b: A procedure analogous to the prepara-
tion of 3a was used, but starting from 6b (0.42 g,
1.0 mmol). Yield: 82% (0.33 g, 0.82 mmol).

4.6. Preparation of (Dcab™ )Ti(O'Pr)> (R=H, a; Me = b)
(7)

To a stirred solution of 2a (0.23 g, 1.0 mmol) in toluene
(20 mL) was added 0.28 g of Ti(O'Pr); (1.0 mmol). The
mixture was heated at reflux for 12 h, after which the sol-
vent was removed under vacuum and the residue was
washed with hexane three times. Removal of the volatiles
provided the final crude product, which was further puri-
fied by recrystallization from toluene at —35 °C to provide
pure complex 7a as an orange solid. Yield: 77% (0.30 g,
0.77 mmol). Anal. Calc. for C14BgH3oN;O,Ti;: C, 43.16;
H, 7.76; N, 3.60. Found: C, 43.34; H, 7.80; N, 3.62%. ''B
NMR (96.3 MHz, CDCl;) 6 3.68 (1B), —6.73 (1B), —9.47
(2B), —12.89 (2B), —17.71 (2B), —25.56 (1B). IR spectrum
(KBr pellet, cm™") v(B-H) 2482, 2510, v(C-H) 2855, 2891,
2952, 3032.

Compound 7b: A procedure analogous to the prepara-
tion of 7a was used, but starting from 2b (0.24 g,
1.0 mmol). Yield: 71% (0.29 g, 0.71 mmol). Anal. Calc.
for C;sBoH3,N;O,Tiy: C, 44.64; H, 7.99; N, 3.47. Found:
C, 44.81;: H, 8.03: N, 3.48%. "B NMR (96.3 MHz, CDCl;)
00.44 (2B), —8.10 (3B), —14.33 (2B), —25.55 (2B). IR spec-
trum (KBr pellet, cm™") w(B-H) 2512, W(C-H) 2743, 2871,
2922, 3021.

4.7. Preparation of (Dcab™ )Ti[OPh™¢)], (R=H) (8)
Compound 5a (0.36 g, 1.0 mmol) was dissolved in tolu-

ene (15 mL), and then an excess amount of 2-Me-C¢HsOH
(2.1 equiv) was added. The reaction mixture was heated at
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80 °C for 30 min. Removal of the volatiles provided the
final crude product. Extraction of the residue with benzene
(10 mL), followed by concentration to approximately half
its volume, resulted in crystallization of a pure orange
solid. Yield: 93% (0.45g, 0.93 mmol). Anal. Calc. for
szBgHg,()N]OzTi]I C, 5441, H, 623, N, 2.88. Found: C,
54.57; H, 6.24; N, 2.89%. ''B NMR (96.3 MHz, benzene-
dg) 0 2.48 (2B), —0.91 (2B), —14.57 (3B), —27.88 (2B). IR
spectrum (KBr pellet, cm™') vw(B-H) 2492, 2541, v(C-H)
2888, 2961, 2997, 3038.

4.8. Ethylene homopolymerization

Cyclohexane (300 mL) and mMAO-7 were introduced
to a thoroughly dried 500 mL autoclave reactor and the
reactor was heated to 140 °C. Specific amounts of catalyst
and [Ph;C]B(CgFs)4] toluene solution were added through
a catalyst injector and the reactor was pressurized with eth-
ylene up to 30kg/cm?® to start polymerization. During
polymerization, the reactor pressure was maintained con-
stant by continuously feeding ethylene. After 10 min, the
reactor was cooled to 55 °C, degassed, and 5 mL of acidic

ethanol was added to stop the polymerization. The solution
was then poured into 1500 mL of ethanol, and the resultant
polymer was recovered by filtration and dried in vacuo at
70 °C for 12 h.

4.9. Crystal structure determination

Crystals of 5a, 5b, 6a, 7, and 8 were obtained from tol-
uene, sealed in glass capillaries under argon, and mounted
on the diffractometer. Preliminary examination and data
collection were performed using a Bruker SMART CCD
detector system single-crystal X-ray diffractometer
equipped with a sealed-tube X-ray source (40 kV x 50 mA)
using graphite-monochromated Mo Ka radiation
(A=0.71073 A). Preliminary unit cell constants were deter-
mined with a set of 45 narrow-frame (0.3° in w) scans. The
double-pass method of scanning was used to exclude any
noise. The collected frames were integrated using an orien-
tation matrix determined from the narrow-frame scans.
The sMART software package was used for data collection,
and sAINT was used for frame integration [16a]. Final cell
constants were determined by a global refinement of xyz

Table 5

X-ray crystallographic data and processing parameters for compounds 5a, 5b, 6a, 7b and 8

Compound 5a 5b 6a 7b 8

Formula ClngﬂnggTi C|3BgH30N3Ti C12B5H28N3Zr C15B9H32N02Ti szBgHglNOQTi
Formula weight 359.56 373.59 402.88 403.61 486.67

Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic

Z, Space group 8, Phca 8, Pbca 8, Pbca 4, P2,/n 4, P2,/c

a(A) 14.112(3) 13.517(4) 14.238(1) 11.237(2) 8.045(2)

b (A) 15.380(3) 15.737(5) 15.324(1) 15.045(3) 25.691(5)

¢ (A) 17.476(4) 17.479(4) 17.907(2) 13.309(3) 14.060(3)

V(A% 3793.2(1) 3993.3(2) 3907.1(6) 2227.7(8) 2896.2(9)

u (mm™h 0.450 0.430 0.562 0.394 0.314

Crystal size (mm) 0.25%0.16 x0.15 0.25%x0.2x0.15 0.2x0.17%x0.16 0.21 x0.19x 0.1 0.22x0.16 x 0.05
Reflections collected/unique 26573/4726 27754/4969 27440/4854 30165/5547 28699/7181
Reflections observed [1> 26(1)] 1809 621 1704 899 1624

Rin 0.1264 0.4803 0.1319 0.3078 0.1348

R[I>20(])], wR,
R (all data), wR,

0.0513, 0.1088
0.1600, 0.1563

0.0942, 0.1538
0.3278, 0.2356

0.0435, 0.0828
0.1371, 0.1144

0.1604, 0.4057
0.3647, 0.4916

0.0739, 0.1709
0.1806, 0.2057

Table 6
Selected interatomic distances (A) for compounds 5a, 5b, 6a, 7b, and 8
5a 5b 6a 7b 8 CGC
M-Cl1 2.424(3) 2.457(7) 2.573(4) 2.416(1) 2.418(4)
M-C2 2.419(3) 2.476(7) 2.574(4) 2.399(1) 2.388(5)
M-B9 2.398(4) 2.416(8) 2.512(5) 2.364(1) 2.351(5)
M-B10 2.419(4) 2.368(8) 2.507(5) 2.355(2) 2.336(5)
M-BI11 2.404(4) 2.420(8) 2.526(5) 2.409(1) 2.370(2)
M-DCabcenty 1.940 1.952 2.095 1.916 1.895 2.030
M-N1 2.148(3) 2.160(5) 2.273(3) 2.152(9) 2.101(3) 1.907(3)
M-N2 1.905(3) 1.892(5) 2.015(3)
M-N3 1.882(3) 1.885(6) 2.018(3)
M-N4
M-O1 1.760(7) 1.785(3)
M-02 1.754(7) 1.782(3)
M-Cl1 2.2635(11)
M-CI2 2.2635(11)
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Table 7
Selected interatomic angles (deg) for compounds 5a, 5b, 6a, 7b, and 8
Sa Sb Tb 8 CGC
DCabcen-C1-C3 157.08 159.00 157.83 159.75 159.30
N1-M-DCabcenty 109.29 107.70 103.79 109.37 110.00 107.6
C1-C3-N1 120.2(2) 116.1(6) 116.7(4) 114.2(1) 116.2(3)
N2-M-N3 101.2(1) 97.8(3) 104.3(2)
01-M-02 103.3(3) 101.6(1)
Cll-M-CI2 102.97(7)

centroids of reflections harvested from the entire data set.
Structure solution and refinement were carried out using
the sHELXTL-PLUS software package [16b]. Detailed infor-
mation is listed in Tables 5-7.
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