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A series of cyclic silylene-bridged (amidocyclopentadienyl)-
dichlorotitanium(IV) complexes [TiCly{n®-1-(CySitBuN-xN)-
2,3,4,5-R4-C5}] was prepared, where CySi = silacyclobutyl
(@), silacyclopentenyl (b), silacyclopentyl (c), and silacy-
clohexyl (d); R = H (4), Me (5). The starting silane, dichloro-
silacycloalkane CySiCl, (1), was treated with NaCp (LiCp*),
followed by LiNH{Bu to yield the cyclic silylene-bridged li-
gands (R;Cs5)CySi(NHiBu) [R = H (2); Me (3)]. Subsequent
deprotonation with n-butyllithium, followed by transmet-
alation with TiCl, yielded the desired constrained geometry
complexes (CGCs) (CpCySiNtBu)TiCl, (4) and (Cp*CySi-
NtBu)TiCl, (5). The structures of the resulting cyclopen-
tadienyl- (4b and 4c) and tetramethylcyclopentadienyl(sila-
cycloalkyl)amidotitanium(IV) dichloride (5a, 5¢, and 5d) spe-
cies were studied by using X-ray crystallography to obtain
geometrical information on cyclic silylene-modified CGCs.
The ethylene polymerization by the cyclic silylene-bridged

CGCs 4 and 5 was examined to verify the structure—catalytic
activity relationship derived from variation of the size of a
cyclic silylene ring. Indeed, the size of the cyclic silylene ring
at the 1,1'-position of 4 and 5 affected the catalytic activities
through the ethylene polymerization. Systematic increase in
the catalytic activities was observed as the cyclic silylene-
bridging unit was expanded from a four- to six-membered
ring. In the present study, we found that CGCs of Ti'V with a
six-membered silylene-bridged ligand (5d) produced active
catalytic species for the formation of polyethylene with M, =
42.7x10* gmol™ and M,,/M, = 2.1 with excellent catalytic
activities (20.9 kgpolymer per mmol of Ti). When titani-
um(IV) dimethyl complex (6d) was applied in continuous po-
lymerization process, impressive high catalytic activity on co-
polymerization with 1-octene was observed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The concept, “constrained geometry,” came from a
unique ligand layout designed from the tetrahedral struc-
tural motif of a silylene-bridged chelate consisting of two
dissimilar coordinating functionalities: n’-cyclopentadien-
ide and n'-amide.!"! A wide variety of group 4 metal com-
plexes based on this ligand system has been reported. The
group 4 metal systems with silylene-bridged constrained ge-
ometry were found to be significantly used in homogeneous
Ziegler—Natta catalysis.l”! Especially, the titanium systems
were shown to yield excellent ethylene/1-alkene copolymer-
ization catalysts.®] Many variations were carried out on the
n’-cyclopentadienide and n'-amide units.*71 However,
there are much fewer reports on systems related to the vari-
ation of the silylene-bridging unit.[®! To this end, we have
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studied the structure—catalytic activity relationship of cyclic
silylene-bridged constrained geometry complexes (CGCs),
in which the bridging cyclic silylene unit is varied in ring
size from four to six.[! Six-membered cyclic silylene-bridged
CGC 5d exhibited enhanced catalytic activity as a result of
the formation of a stable six-membered ring at the bridging
position. Here, we report the full details of the syntheses
and characterizations of new types of the cyclic silylene-
modified CGCs 4 and 5. Furthermore, theoretical calcula-
tions for this unique series of CGCs were performed to ac-
count for the origin of the geometric changes on the silicon
atom, as shown in Scheme 1.
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Scheme 1. New types of cyclic silylene-bridged cyclopentadienyl-
(4) and tetramethylcyclopentadienyl(silacycloalkyl)amido titani-
um(IV) dichloride (5).
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Scheme 2. Preparation of new types of cyclic silylene-bridged cyclopentadienyl- (4) and tetramethylcyclopentadienyl(silacycloalkyl)amido

titanium(IV) dichloride (5).

The titanium(I'V) dimethyl complex of 5d, [TiMe,{n’-1-
(CyCsH (SitBuN-xN)-2,3.4,5-Me,Cs}] (6d), was produced
in reasonable yields by the reaction of 3 with MeLi
(4 equiv.), followed by TiCly. Compound 6d exhibited
higher catalytic activity when copolymerization of ethylene
and l-octene was carried out in a continuous polymeriza-
tion process.

Results and Discussion

Synthesis and NMR Characterization of Silacycloalkyl-
Bridged (Amidocyclopentadienyl)dichlorotitanium(IV)
Complexes 4 and 5

Our synthesis routes to (CpCySiN)TiCl, (4) and
(Cp*CySiN)TiCl, (5) are shown in Scheme 2. Chelating
n°n'-CpN-type ligands with a cyclic silylene bridge are
readily accessible by the in situ reaction of lithium amide
with cyclopentadienyl- and tetramethylcyclopentadienyl sil-
acycloalkyl chlorides, respectively. Compounds 2 and 3 (col-
orless liquids) are readily accessible by a procedure similar
to the one for the synthesis of the dimethylsilylene-bridged
ligand Me,Si(Cp*)(NHBu).'”l For example, the reaction
of Cp with n-butyllithium followed by the addition of Cy-
SiCl, (1) gives cyclopentadienylsilacycloalkyl chloride in
good yield. Subsequent reaction with lithium amide pro-
duces silacycloalkylcyclopentadienyl amide (2).

The ligand systems used were multidentate, which have a
potential coordination mode of n’- and n'-type bondings.
The lithium salt was taken as the starting material for the
synthesis of the metal amides. The reaction of TiCly
(3.0 mmol) and the dilithium salt of 2 and 3 (1 equiv.) in
toluene led to the formation of [TiCl,{n>-1-(CySitBuN-
©N)-2,3,4,5-R4Cs}] [R = H (4), Me (5)] in moderate yield
(10-21%). Compounds 4 and 5 were purified by low-
temperature recrystallization from hexane/pentane, forming
yellow crystals. Satisfactory elemental analyses were ob-
tained for 4 and 5 (see Experimental Section) and the 'H
and '*C NMR spectroscopic data were consistent in terms
of indicating the presence of the cyclopentadienyl silylamide
ligand (see Supporting Information).

The 'H NMR signals for the N7Bu group in 4 and 5 are
at a field lower than that for the free ligand. This can be
explained by the presence of a tetrahedral geometry for the
amide and evidence of Ti-N coordination in solution. This
observation is similar to that found in dimethylsilyl-bridged
constrained-geometry-type complexes [TiCl,{n’-1-(Me,Sit-
BuN-xN)-2,3,4,5-R4-Cs}] [R = H (4), Me (5).11
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The data for 4 and 5 also reveal that the replacement of
a Cp with a Cp* ring has little effect on the N7Bu values in
both the '"H and '*C NMR spectra. The 'H NMR spectra
of 4 show two multiplets for the a- and B-cyclopentadienyl
ring protons in the AA’BB’ system and broad overlapping
multiplets for the methylene groups of the silacycloalkyl-
bridging unit.'?! The 'H NMR signals for Cp in 4 are
downfield of those for the free Cp, which indicates that
there is Ti-Cp coordination in solution. The reaction pro-
ceeded with low yield but gave preferential formation of the
cyclic silylene-bridged CGCs. In the case of tetramethylcy-
clopentadienyl derivatives 5, similar downfield shifts of
both the N7Bu and cyclopentadienylmethyl resonances were
observed as an evidence of titanium-atom coordination.!?]
As a result of the low yield of the titanium dichloride com-
plexes of 5, an alternative approach to obtain dimethyltita-
nium(IV) CGC was sought.['¥l In fact, 6d was prepared in
situ by treating 3d with MeLi (4 equiv.), followed by TiCly
(Scheme 3).
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Scheme 3. High yield synthesis of dimethylated constrained-geome-
try-type complexes; tetramethylcyclopentadienyl(silacyclohexyl)-
amido titanium(IV) dimethyl (6d).

Structural Features of 4b, 4¢, 5a, Sc, and 5d

The molecular structures of the cyclic silylene-bridged
complexes of (CpCySiN)TiCl, (4b and 4¢) and (Cp*CySi-
N)TiCl, (5a, 5¢, and 5d) were determined by X-ray crystal-
lography. Optimized structures of compounds 4b, 4c, Sa, Sc,
and 5d are presented in Figures 1, 2, 3, 4, and 5. A compari-
son of some general structural features is given in Table 1
together with some relevant data of the dimethylsilylene-
bridged CGC of (Cp*SiN)TiCl,. Some of the general struc-
tural characteristics of the classes of the (CpCySiN)TiCl,
(4b and 4c¢) and (Cp*CySiN)TiCl, (5a, 5¢, and 5d) com-
plexes are discussed below.
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Cl3a

Figure 1. The crystal structure of 4b. There is some disorder in the
tBu groups, which is pronounced at C11/C12/C13. Only Clla,
Cl2a, and C13a are shown in the diagram, with C11b/C12b/C13b
omitted. Hydrogen atoms have been omitted for clarity, and the
ellipsoids are drawn at the 30% probability level.

Clla

Cl3a

Figure 2. The crystal structure of 4¢. There is some disorder in the
tBu groups, which is pronounced at C11/CI12/C13. Only Clla,
Cl2a and Cl3a are shown in the diagram, with C11b/C12b/C13b
omitted. Hydrogen atoms have been omitted for clarity, and the
ellipsoids are drawn at the 30% probability level.

Overall, bond lengths and angles around the titanium
metal center are similar to those found in (Cp*SiN)-
TiCl,.I'3! The central titanium atom in all of the structures
studied is pseudotetrahedrally coordinated to a pair of
chloride ligands (Ti-Cll 2.257/2.275 A, Ti-CI2 2.258/
2.285 A), the amido nitrogen, and the Cp/Cp* ligand of the
(Cp/Cp*)CySiN ligand system. The Cp* ligand is n’-coor-
dinated to titanium, but rather unsymmetrically, probably
because of the strain imposed on the system by the short
Cl bridge. The Ti-C1 linkage (2.268/2.288 A) is shorter
2216

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. The crystal structure of 5a. Hydrogen atoms have been
omitted for clarity, and the ellipsoids are drawn at the 30% prob-
ability level.

Cls : Cl16

Figure 4. The crystal structure of Sc. Hydrogen atoms have been
omitted for clarity and the ellipsoids are drawn at the 30% prob-
ability level.

than the Ti—-C2/C5 (2.297/2.339 A) bonds, which in turn are
themselves slightly shorter than the Ti—C3/C4 linkages
(2.391/2.455 A) (for each value see Table 1). The connecting
C1-Si vector between the Cp ring and the C1 bridge is bent
out of the Cp ligand plane toward the metal center. The
corresponding Cp(centroid)-C1-Si angle is 150.30/151.53°,
which is smaller than that found in (Cp*SiN)TiCl, (151.18/
152.03°). The endocyclic C1-Si-N bond angle is 90.40/
91.46°, which is far from that for the tetrahedral sp® Si
value. The “constrained geometry” character in a series of
related compounds is probably best characterized by the

Eur. J. Inorg. Chem. 2008, 2214-2224
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Table 1. Compilation of characteristic structural parameters of 4b, 4c, 5a, Sc, 5d.[.

4b 4c 5a 5¢ 5div) CGCl
M Cl 2.288(3) 2.268(5) 2.2734(19) 2.269(2) 2.273(4) 2.268(4)
M-C2 2.309(3) 2.297(5) 2.321(2) 2.335(2) 2.339(4) 2.326(4)
M-C3 2.391(3) 2.394(6) 2432 (2) 2.433(3) 2.455(4) 2.444(4)
M-C4 2.407(3) 2.410(6) 2.431(2) 2.440(3) 2.443(4) 2.443(4)
M-C5 2.329(3) 2.322(6) 2.337(2) 2.328(2) 2.327(4) 2.335(4)
M-Cpeeny  2.017 2.012 2.025 2.027 2.036 2.031 2.030
M-N 1.9136(19) 1.915(4) 1.9244(16) 1.922(2) 1.929(3) 1.920(3) 1.907(3)
CPeentry-C1-Si  150.30 151.53 151.18 152.03 151.80 151.79
N-M-Cpieeniry 106.85 107.13 107.44 107.50 108.11 107.96 107.6
Cl-Si-N 91.04(11) 90.4(2) 91.24(8) 90.46(10) 91.24(8) 91.0(2)
S Nangles 360 360.07 359.75 359.81 359.14 359.32
CII'M-CI2  103.38(4) 103.50(8) 102.302) 102.64(3) 103.43(5) 104.76(5) 102.97(7)
M-Cll 2.2612(9) 2.2569(17) 2.2717(6) 2.2720(8) 2.2717(6) 2.275(1) 2.264(1)
M CI2 2.2634(9) 2.2580(18) 2.2751(6) 2.2759(9) 2.2751(6) 2.285(1) 2.264(1)

[a] Bond lengths in A, angles in °. [b] Value from two independent molecules in the unit cell. [c] (CsMes)(C>Hg)SiN/BuTiCl,.

Cp(centroid)-Ti—N angle, which responds sensitively to ste-
ric and geometrical changes. In this series it amounts to
106.84/108.10°. The coordination geometry of the ligand ni-
trogen atom is trigonal planar. Overall, the apparent struc-
tural differences are not found in exocyclic silylene-bridged
constrained-geometry-type complexes when they are com-
pared with the noncyclic silylene-bridged complex
(Cp*SiN)TiCl,. Because of the formation of silacycloalkyl
rings, the bridgehead position of the silicon atom experi-
ences distorted tetrahedral environment, resulting in
strained exocyclic bond angles. However, despite the large
change in the C-Si—C bond angles of cyclic silylenes on
going from 80.13° for 5a to 100.5° for 5d, the [C(Cp)-Si-
NJ- and [Cp(centroid)-Ti—N] internal bond angles remain
constant.

Conformational Effects Derived from Exocyclic Ring
Formation

The unique feature of cyclic silylene-bridged constrained-
geometry-type complexes studied is related to the formation
of a cyclic ring around a silicon atom. Depending on the
size of the cyclic silylene ring, the exocyclic C-Si—C ring
varies: as the size of the ring increases, the corresponding
exocyclic bond angle becomes larger.

cl
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In fact, when four- to six-membered rings are associated
with the CGC system, the angle expands to 100.5°. The
increase in the exocyclic bond angles causes a folding of the
exocyclic ring and leads to the formation of stable chair
conformation. In fact, in the solid structure of 5d, the Si
and C12 atoms are pushed away from the plane defined by
the C10, C11, C13, and C14 atoms by 0.67 and 0.91 A,
respectively. Moreover, because of the formation of a stable
six-membered exocyclic ring, the Cp* and rBu amido li-
gands now pose in the least-hindered position of the most-
stable conformation. Indeed, in the structure of 5d, the Cp*
ligand takes up the axial position, whereas the amido ligand
is positioned in the equatorial position in a stable chair
form of a six-membered silacyclohexyl ring. It has been
noted that there are four possible conformational
isomers associated with this six-membered silacyclohexyl
bridging unit, which are illustrated in Scheme 4. Among
them, conformational isomer 5d-c-a was confirmed by
the X-ray crystal structural study of 5d, as shown in Fig-
ure 5.

However, in all other bridged silacycloalkyl rings (four-
and five-membered rings), conformational isomers would
not be possible due to the planarity of the ring. On the
basis of the results of the X-ray structural studies, it was
observed that the silicon atoms were displaced only a few
hundredths of an angstrom from the planes defined

cl
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5d-c-a 5d-c—e 5d-b-a 5d-b—e

Scheme 4. Possible conformational isomers associated with complex 5d. The second letter “c” denotes the chair form, whereas “b” denotes
the boat form. The third letter “a” and “e” symbolize the position of the Cp* ring in either the axial or equatorial position, respectively.
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Figure 5. The crystal structure of 5d. Hydrogen atoms have been
omitted for clarity, and the ellipsoids are drawn at the 30% prob-
ability level.

by the rest of the carbon atoms of the silacycloalkanes
and alkenes: 0.3982(52), 0.1306(109), 0.1761(85), and
0.0193(62) A for 4b, 4c, 5a, and 5c, respectively.

Olefin Polymerization Experiments

Representative data of ethylene polymerization reactions
of 4 in combination with Ph3;CB(CgF5),/Al(iBu); are listed
in Table 2. For direct comparison we carried out ethene po-

Table 2. Results of ethylene polymerization.[

lymerization experiments under our condition by using a
Si;-bridged (Cp*SiN)TiCl, system.[>!9-161 Complexes 4 ap-
peared to be less-active catalyst systems relative to the refer-
ence catalyst (Cp*SiN)TiCl, for ethylene polymerization,
with activities of 0.22, 0.71, 0.83, 2.45 kgPEmmolTi !,
respectively, for 4a, 4b, 4¢c, and 4d. The activity of 4 in-
creased with an increase in the size of the silacycloalkyl
bridge and reached a maximum in six-membered cyclic sily-
lene-bridged constrained-geometry-type complexes (4d).
The results can be explained if the presence of a silacy-
clohexyl bridge increases the stability of the intermediate.
It reveals that all of “Cp” ancillary ligand system (CpCy-
SiN)TiCl, (4) showed low catalytic activity under the ap-
plied experimental conditions.

CGCs of 5 in combination with Ph;CB(CgFs)4/Al(iBu)s
were also studied as catalyst precursors for ethylene poly-
merization (Table 2). A similar trend of activity enhance-
ment observed in 4 was found in the series of 5 as
well: a silacyclohexyl bridge (5d) (20.9 kgPEmmolTi ')
shows higher activity than that of the silacyclobutyl
(5a) (6.0 kgPEmmolTi!) and -pentyl unit (5¢)
(11.3 kgPEmmolTi!). The “Cp*” ancillary ligand systems
show catalytic activities much higher than the “Cp” ana-
logues (4). Ethylene polymerization results reveal that
modification of the bridgehead by cyclic silylene ring for-
mation has significant effects on catalytic activities when
compared with the noncyclic silylene-bridged complex
(Cp*SiN)TiCl, (9.7 kgPEmmolTi ).

Given the similar electronic effects among the cyclic sily-
lene groups of 5, it is reasonable to assume that conforma-
tional effects play a key role in alteration of the polymeriza-
tion activities. It should be noted that the cyclohexyl group
in 5d can have two conformational isomers: a boat form
and a chair form. In particular, the chair conformation of
the bridge backbone allows two bulky Cp* and 7Bu groups
to adopt ideal positions where the central Ti metal resides
in the coordination sphere during the polymerization pro-
cess. It is noteworthy that the silacyclohexyl ring gives rise
to enhanced catalytic activity of the titanium center even
though the cyclic ring and titanium center are remote from
each other. To obtain information on the effect of the sila-

Entry Catalyst Cocatalyst Temperature [°C]  Activity® M, X 1074 M, /M9
1 4a PhsCB(C(Fs), 140 0.22 23.6 2.7
2 4b PhsCB(C,F), 140 0.71 17.8 3.4
3 4c PhsCB(C,F), 140 0.83 28.1 3.1
4 4d PhsCB(C,F), 140 2.45 34.4 3.6
5 5a PhsCB(C,F), 140 6.0 41.8 3.0
6 sh PhsCB(C,F), 140 10.3 39.2 28
7 5c PhsCB(C,F), 140 11.3 312 26
8 sd PhsCB(C,F), 140 20.9 427 2.1
9gtbl 5d mMAO 140 16.4 41.6 7.5
10 (Cp*SiN)TiCl, PhsCB(C(Fs), 140 9.7 40.4 2.9
1 6d PhsCB(C,F), 140 18.6 26.1 24
12 (Cp*SiN)TiMe,  PhyCB(CFs), 140 8.9 242 33

[a] Polymerization condition: 500-mL autoclave reactor; catalyst = 1 umol; cocatalyst = trityl borate; scavenger = triisobutylaluminum;
[Ti]:[B]:[Al], 1:1.5:100; solvent = heptane (300 mL); ethylene pressure = 30 kgcm 2; time = 10 min. [b] Cocatalyst = mMAO; [Ti]:[Al],
1:1500. [c] Kilogram of polymer per mmol of Ti. [d] Weight average molecular weight (gmol ') and molecular weight distribution

measured by PL210 GPC at 135 °C.
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cycloalkyl ring, density functional theory (DFT) calcula-
tions were performed, and the resulting energy profiles were
examined.

Theoretical Consideration of the Structure and Catalytic
Activity Relationship

In accordance with the experimental findings, theoretical
calculations focused on the influence of the cyclic silylene
rings around the metal center. In conjunction with the re-
sults from X-ray crystallographic studies, theoretical calcu-
lations on each of the conformational isomers derived from
the silacycloalkyl ring substitution were carried out. Calcu-
lations at the BP86 level of theory revealed that the mini-
mum energy paths for the catalytic reaction steps primarily
are confined to the singlet potential energy surface (PES).
Table S6 in the Supporting Information summarizes the en-
ergy of key stationary points along the reaction paths for
5. Figure 6 plots the energy profile for the most feasible
chain propagation and termination reaction steps. The con-
formations of the species involved along the reaction paths
are also depicted in Figure 6. As for the model system, the
“real” cationic alkylmetal(IV) complex is a metal-propyl-
ethene complex (Figure 6, center) that is higher in energy
than a metal-ethylpropene complex (Figure 6, left) and a

European Journal
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metal-pentyl complex (Figure 6, right). An increase in the
ring size accelerates the formation of the insertion precursor
pentyl complex, whereas termination becomes less favor-
able, as the energy level of the ethylpropene complex in-
creases. Therefore, more favorable formation of a pentyl
complex and less favorable formation of an ethylpropene
complex enhance a catalytic activity. DFT calculations
corroborate the results of polymerization and show that the
propagation step of polymerization is more favorable than
the alkyl-transfer step upon increasing the cyclic silylene
ring size.

In the case of four-membered silacyclobutyl-bridged
complex 5a, there are two conformational isomers based on
DFT calculations, depending on the preference of the Cp*
and NzBu groups to be in either the axial or equatorial
position of the boat form as shown in Scheme 5. However,
it has been noted that there is only a slight difference in
energy between two conformers, namely, 5a-b—a and 5a-b—
e.

On the other hand, six-membered silylene-bridged CGC
5d has four distinctive conformational isomers arising from
both chair and boat conformations with equatorial- and ax-
ial-site preference of the Cp* and N¢Bu groups. (Scheme 4)
Figure 6 summarizes the energy profile of each of this spe-
cies. By taking into account the favorable polymerization

/?\@ Q\ \® /4\&)/\/\
?& i $Si Ti</\/ ?& Ti
noN\/ TN VA4 noN\./
! | |
tBu tBu tBu
Eethyl,propene Epropyl,ethene Epentyl
Epropyl,ethene
Eeth |, propene
viero 50-b-8
5d-b—€ e
) e— 5a-e
— 24es 5d-c-a
‘TB 0 sa-e 5a-a, 5d-c-e
£ 5d :_a
= -b—a
8 5d-b—€ — 5a-a
X,
o pentyl
W
-10 5d-b-a
50-b—€ e
58-6 m—
5d-c-a
5d-c-e
=20

Confomer of 5a, 5d

5a-e : equtorial position of Cp

5a-a : axial position of Cp

5d-c-e : Chair form of CySi & equtorial position of Cp
5d-c-a : Chair form of CySi & axial position of Cp
5d-b-e : boat form of CySi & equtorial position of Cp
5d-b-a : boat form of CySi & axial position of Cp

Figure 6. Energy profiles of silacycloalkyl-bridged CGCs 5.
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Table 3. Results of continuous copolymerization of ethylene and 1-octene at elevated temperature.[?!

Catalyst Cocatalyst Reaction Catalyst M, X 104 M., /M T [°C] Densityl®] 1-Octenell
Temp. [°C] Feed!®! [wt.-%]

6d PhiCB(CFs); 150 15 8.4 22 110.7 0.9081 8.8

(Cp*SiN)TiMe, PhiCB(C¢Fs); 150 3.0 7.8 2.0. 108.2 0.9052 10.8

[a] Continuous polymerization conditions: 400-mL autoclave reactor, solvent = cyclohexane (CHx), TSR (total solution rate) =
5 (kgCHx)h !, ethylene pressure = 110 kgem 2, ethylene feed rate = 0.4 kgh™!, 1-octene feed rate = 0.16 kgh!, scavenger and cocatalyst
flow rate wear optimized for each catalyst. [b] umol (kg CHx) !. [c] Weight average molecular weight (gmol ') and molecular weight
distribution measured by PL210 GPC at 135 °C. [d] T, measured by DSC. [e] Polymer density measured by a density gradient column
based on ASTM D 1505. [f] 1-Octene composition of copolymer calculated from '3*C NMR spectrum was measured with a Bruker

DRX500 spectrometer (125 MHz) at 120 °C.

49‘\“/%, %Sl%&j

Scheme 5. Possible conformational isomers associated with com-
plex 5a. The second letter “a” and “e” symbolize the position of
the Cp* ring in either the axial or equatorial position, respectively.

energy proﬁle haVing Eelhyl,propene > Epropyl,elhene > Epenlyl
in Figure 6, 5d-c-a and 5d-c—¢ are believed to be the better
catalyst precursors.

Thus, it can be concluded that conformational isomers
derived from the chair form of silacyclohexyl ring 5d is
more stable than the boat form of silacyclobutyl ring Sa.
Conformational isomers associated with 5b and 5¢ are not
identified from the calculations as a result of the planar
nature of the five-membered silacyclopentenyl and -pentyl
rings.

High-Temperature Aging Effect and Enhanced Catalytic
Activity on Ethylene and 1-Octene Copolymerization under
Continuous Polymerization Process

Compound 5d was further examined for the use as a
high-temperature (up to 200 °C) catalyst and the results are
shown in Figure 7. By comparing CGC (Cp*SiN)TiCl,, 5d
exhibited enhanced thermal stability. Even under high-
temperature polymerization conditions such as at 200 °C, 5d
is a more efficient catalyst than (Cp*SiN)TiCl, and produces
a high-molecular-weight polymer with narrow molecular
weight distribution. Such a promising preliminary result at
elevated temperature led us to investigate the characteristics
of a silacyclohexyl-bridged CGC catalyst. Dimethylated
CGC 6d was produced in about 58% yield by treating 3
with MeLi (4 equiv.), followed by the addition of TiCly,.
Consistent with our previous finding, the dimethylated
form of 6d exhibited catalytic activity higher than that of
CGC (Cp*SiN)TiMe,. The molecular weights of polymers
produced by 6d were slightly higher than those of
(Cp*SiN)TiMe, (Table 2, Entry 11 and 12). Regardless of
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chlorine and methyl ancillary ligands on the precatalyst
form, the conformational effect from six-membered silene
ring plays an active role in determining the catalytic activity.

301
m 5d
= O (Cp*SiN)TIC,
5 20+ L]
£
£
(2]
= ]
2
>
g 1or o .
o
0 | |
1 1 1 O
140 160 180 200

Initiation Temp [°C]

Figure 7. The temperature dependence of activity of Sd and
(Cp*SiN)TiCl, in the copolymerization of ethylene and 1-octene at
elevated temperature.

Finally, copolymerization of ethylene and 1-octene by 6d
was examined by using a continuous polymerization system
to avoid a concentration drift. Ph;CB(C¢Fs), and mMAO-
7 were used as the cocatalyst and scavenger, respectively.
Detailed copolymerization results are shown in Table 3.

Conclusions

A series of cyclic silylene-bridged CGC-type metallo-
cenes 4, 5, and 6d were prepared and structurally charac-
terized by utilizing a cyclic silylene ligand backbone as a
handle for the enhancement of catalytic performance. Thus,
systematic studies on the structures originated from bridg-
ing-silylene ring sizes and catalytic activities were carried
out to reveal that larger ring size contributes to higher cata-
Iytic activities. Thus, silacyclohexyl-modified CGC 5d ex-
hibited higher catalytic activity both in homo- and copoly-
merization processes. Among the series investigated, six-
membered silacyclohexyl bridged-CGC 5d showed distinc-
tively discernible conformational isomers, which are be-
lieved to be the origin of the higher catalytic activities. Pos-
sible isomeric forms associated with the silacyclohexyl
backbone were further confirmed by DFT calculations. De-
tailed investigation regarding the catalytic performance of
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6d were carried out under a continuous polymerization pro-
cess to demonstrate that a silacyclohexyl-modified complex
is a superior catalyst system to (Cp*SiN)TiMe,.

Experimental Section

General Procedures: All manipulations were performed under a dry,
oxygen-free nitrogen (or argon) atmosphere by using standard
Schlenk techniques or in a Vacuum Atmosphere HE-493 dry box.
Diethyl ether, toluene, hexane, and pentane were distilled under a
nitrogen atmosphere from sodium/benzophenone. Dichlorometh-
ane was dried with CaH,. [Dg]Benzene was distilled under an atmo-
sphere of nitrogen from sodium and stored in a Schlenk storage
flask until needed. CDCl; was predried with CaH, and vacuum
transferred. nBuLi (2.5 M in hexane), MeLi (1.6 M in diethyl ether),
and TiCly; were used as received from Aldrich. Silacycloalkyl
chlorides (1) were prepared by literature methods.'”7 All 'H
(300.1 MHz, measured in CDCl;, C¢Dg) and '3C (75.4 MHz, mea-
sured in CDCl3;) NMR spectra were recorded with a Varian Mer-
cury-300BB spectrometer unless otherwise stated. 'H and '3C
NMR chemical shifts are reported relative to Me4Si and were de-
termined by reference to the residual 'H or '3C solvent peaks. Ele-
mental analyses were performed with a Carlo Erba Instruments
CHNS-O EA1108 analyzer. All melting points are uncorrected.

Silacycloalkylcyclopentadienylamide (2)

Step I: Cyclopentadiene (2.39 mL, 30 mmol) in THF (40 mL) was
added to a 100-mL flask equipped with a magnetic stirrer and an
argon inlet. The solution was cooled to 0 °C and then nBuLi (2.5 M
in hexanes, 12.0 mL) was added dropwise. The reaction mixture
was warmed to room temperature and stirred for an additional 6 h.
The resulting solution was cooled to —78 °C again, and then CyS-
iCl, (1; 5.58 g, 33.0 mmol) was added. The mixture was stirred for
12 h at room temperature, and all volatiles were removed under
reduced pressure. The resulting residue was extracted with hexane,
filtered through a Celite pad, and dried in vacuo to afford a pale
yellow oil.

Step II: CpCySiCl in THF (ca. 40 mL) was added to a 100-mL
flask. The solution was cooled to —78 °C and then LiNH/Bu
(1 equiv.) was added to an additional sidearm over a period of
0.5 h. The reaction was then stirred at room temperature for 2 h,
and all volatiles were removed under reduced pressure. The re-
sulting residue was extracted with hexane. The solution was fil-
tered, and the solvent was removed under reduced pressure to leave
Cp(cycl)Si(N7Bu) as a yellow oil.

2a: Yellow oil (3.99 g, 64.1%). C;,H,NSi (207.39): calcd. C 69.50,
H 10.21, N 6.75; found C 69.71, H 10.18, N 6.73.

2b: Yellow oil (4.36 g, 66.2%). C,3H, NSi (219.40): caled. C 71.17,
H 9.65, N 6.38; found C 70.05, H 9.68, N 6.37

2¢: Yellows oil (4.37 g, 65.8%). C3H»3NSi (221.41): caled. C 70.52,
H10.47, N 6.33; found C 70.29, H 10.43, N 6.31

2d: Yellow oil (4.71 g, 66.7%). C,4H,sNSi (235.44): caled. C 71.42,
H 10.70, N 5.95; found C 71.63, H 10.69, N 5.94.

[{n5:n'-Cp(cyc)SiNBu} TiCl,] (4) CGCs: A solution of CpCyS-
i(NH7Bu) (2; 20.0 mmol) in diethyl ether (80 mL) was cooled to
—78 °C. Under a N, flush, nBuLi (2.5 M in hexanes, 16.0 mL) was
added dropwise to a solution of 2. The reaction mixture was stirred
overnight and all volatiles were removed under reduced pressure.
The product residue was washed once with hexane (50 mL) and
then dried under vacuum to afford Li,[CpCySi(NzBu)] as a white
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powder. To a precooled solution at —78 °C containing Li[Cp(cycl)
Si(N7Bu)] (10.0 mmol) was added TiCl, (1.0 M in toluene, 9.5 mL)
diluted in a toluene (ca. 50 mL). The solution was stirred at room
temperature for 6 h. All volatiles were removed under reduced pres-
sure. Extraction with hexane, followed by the filtration and evapo-
ration of the solvent, gave red crude products. Further purification
by recrystallization at —35 °C from hexane gave yellow crystals of
4.

4a: Yellow crystals (0.64 g, 19.7%). C;,H9CILNSiTi (324.14):
caled. C 44.46, H 5.91, N 4.32; found C 44.53, H 5.90, N 4.34.

4b: Yellow crystals (0.69 g, 20.4%). C;3H;9CI,NSiTi (336.16):
caled. C 46.45, H 5.70, N 4.17; found C 46.39, H 5.70, N 4.17.

4c: Yellow crystals (0.68 g, 20.1%). C,;3H,;CIL,NSiTi (338.17):
caled. C 46.17, H 6.26, N 4.14; found C 46.55, H 6.13, N 4.16.

4d: Yellow crystals (0.74 g, 20.9%). C;4H3CILNSITi (352.20):
caled. C 47.74, H 6.58, N 3.98; found C 47.46, H 6.37, N 3.88.

Silacycloalkyl-1,2,3,4-tetramethylcyclopentadienylamide (3): A pro-
cedure similar to that used for 2 was implemented, but starting
from tetramethylcyclopentadiene (30 mmol).

3a: Yellow oil (6.56 g, 83%). C;sH>9NSi (263.49): caled. C 72.93,
H 11.09, N 5.32; found C 72.85, H 11.12, N 5.33.

3b: Yellow oil (7.42 g, 85%). C,7;H»oNSi (275.50): caled. C 74.11,
H 10.61, N 5.08; found C 73.84, H 10.62, N 5.09.

3c: Yellow oil (6.99 g, 84%). C7H3;NSi (277.52): caled. C 73.57,
H 11.26, N 5.05; found C 73.86, H 11.30, N 5.06.

3d: Yellow oil (7.02 g, 85%). C,sH;NSi (291.55): caled. C 74.15,
H 11.41, N 4.80; found C 74.10, H 11.39, N 4.82.

[{n3:m'-(CsMe,)Cp(cycl)SiNBu} TiCl,] (5) CGCs: A procedure sim-
ilar to that used for 4 was implemented, but starting from Cp*CyS-
i(NH¢Bu) (3; 20 mmol). At the final step of purification, pentane
was used as the recrystallization solvent. Low-temperature
recrystallization at —35 °C produced yellow crystals.

5a: Yellow crystals (0.40 g, 10.4%). C,sH»;CLlLNSiTi (380.25):
caled. C 50.54, H 7.16, N 3.68; found C 50.93, H 7.06, N 3.72.

5b: Yellow crystals (0.49 g, 12.5%). C7H,;CLLNSIiTi (392.26):
caled. C 52.05, H 6.94, N 3.57; found C 51.64, H 6.84, N 3.51.

5¢: Yellow crystals (0.45¢g, 11.3%). C;7H,CLNSiTi (394.28):
caled. C 51.79, H 7.41, N 3.55; found C 52.19, H 7.30, N 3.59.

5d: Yellow crystals (0.52¢g, 12.7%). C;gH3,CIL,NSiTi (408.30):
caled. C 52.95, H 7.65, N 3.43; found C 52.64, H 7.41, N 3.35.

[{n3:m'-(CsMe,)Cp(cycl)SiNtBu} TiMe,] (6d) CGC: MeLi (1.6 M in
diethyl ether, 19.41 mL, 31.03 mmol) was added dropwise at —78 °C
to a solution of [(CsMey)Cp(cyc)Si(NH/Bu)] (2.24 g, 7.68 mmol)
in diethyl ether. The white suspension was stirred for 2 h at room
temperature. Then, TiCl, (0.83 mL, 7.68 mmol) in hexane (20 mL)
was slowly added at room temperature to the lithium salt, and the
resulting black mixture was stirred for 6 h. The solvent was re-
moved under reduced pressure to give a black solid, which was
extracted with hexane. A yellow microcrystalline powder (1.53 g,
57.9%) of 6d was obtained by recrystallization from pentane at
—35°C. CyH3;NSiTi (367.47): caled. C 65.37, H 10.15, N 3.81;
found C 64.73, H 10.04, N 3.73.

Ethylene Polymerization: Heptane (300 mL) and TIBA [triisobu-
tylaluminum, Al(/Bu)s] were introduced to a thoroughly dried 500-
mL autoclave reactor, and the reactor was heated up to 140 °C.
The reactor was pressurized with ethylene up to 30 kgem 2 and
specific amounts of catalyst and Ph;CB(C¢Fs), toluene solution
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were added through a catalyst injector to start polymerization.
During polymerization, the reactor pressure was maintained con-
stant by continuously feeding ethylene. After 10 min, the reactor
was cooled down to 55 °C, degassed, and acidic ethanol (5 mL)
was added to stop polymerization. The solution was then poured
into ethanol (1500 mL), and the resultant polymer was recovered
by filtration and dried in vacuo at 70 °C for 12 h.

Continuous Copolymerization of Ethylene and 1-Octene: A 400-mL
CSTR (continuous stirred tank reactor) was used for copolymeriza-
tion. Catalyst, cocatalyst, scavenger, cyclohexane, ethylene, and 1-
octene were added continuously by using metering pumps, and re-
covery of unreacted monomer and solvent was also performed con-
tinuously. The CSTR was maintained at 150 °C and 110 kgem 2
and all process variables including feed rates were computer-con-
trolled by using FIX software. To product solution coming out of
the CSTR was added pelagonic acid at a flow rate of 5.2 mmolh!
to deactivate the catalyst residues. Then, unreacted monomers and
solvent were removed from the polymer solution, and the polymeric
product was recovered. Figure 8 shows the plot of Q/(1 — Q)1 vs.
catalyst concentration [umolkg '], where Q and t are ethylene con-
version and reactor hold-up time, respectively. The rate of disap-
pearance of ethylene is given by —d[E)/dt = ky[Cat*][E], where [E]
= ethylene concentration, [Cat*] = active catalyst concentration,
and k, = reaction rate constant. The CSTR system['® is given by
—d[E)/dt = V}[E)inQlV,, where Vi = volume of fluid, Q = ethylene
conversion, [E];, = inlet ethylene concentration, [E],,, = outlet eth-
ylene concentration, V; = volume of reactor. By combining the two
equations, k,[Cat*|Vy/V; = Q/(1 — Q) is derived. Because Vy/V; is
the reactor hold-up time (7), this equation becomes k,[Cat*] = O/
[z(1 — Q)]. If Q/[=(1 — Q)] is plotted against [Cat*], a straight line
is obtained with a slope of k,, as shown in Figure 8.

—m— 6d
(Cp*SiN)TiMe,

y=1.467x

4 O y=1.108x

(m]

Q(1-Q)t

1 2 3 4 5 6
Catalyst [umol kg™']

Figure 8. Catalyst activity for 6d and (Cp*SiN)TiMe, in con-
tinuous copolymerization of ethylene and 1-octene at elevated tem-
perature (see Table 3), Q/(1 — Q)t vs. catalyst concentration; Q: eth-
ylene conversion, t: reactor hold-up time.

Crystal Structure Determination: Crystals of 4b, 4¢, 5a, 5b, and 5d
were obtained from either hexane or pentane solutions at —35 °C,
sealed in glass capillaries under an atmosphere of argon, and
mounted on the diffractometer. Preliminary examination and data
collection for 4b and 4¢ were performed with an Enraf CAD4 auto-
mated diffractometer equipped with a sealed-tube X-ray source
(50 kV X 30 mA) by using graphite-monochromated Mo-K,, radia-
tion (4 = 0.71073 A). The unit cell was determined by using search,
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center, index, and least-squares routines. The intensity data were
corrected for Lorentz and polarization effects and for anisotropic
decay. Empirical absorption corrections based on y scans were also
applied.

Preliminary examination and data collection for 5a, 5S¢, and 5d were
performed by using a Bruker SMART CCD detector system single-
crystal X-ray diffractometer equipped with a sealed-tube X-ray
source (50 kV X 30 mA) by using graphite-monochromated Mo-K,,
radiation (4 = 0.71073 A). Preliminary unit cell constants were de-
termined with a set of 45 narrow-frame (0.3° in ) scans. The
double-pass method of scanning was used to exclude any noise.
The collected frames were integrated by using an orientation matrix
determined from the narrow-frame scans. The SMART software
package was used for data collection, and SAINT was used for
frame integration.'® Final cell constants were determined by a
global refinement of xyz centroids of reflections harvested from the
entire data set. Structure solution and refinement were carried out
by using the SHELXTL-PLUS software package.l'”®! The absolute
configuration of 5d was confirmed by the refinement of the Flack
parameter. CCDC-658193, -658194, -658195, -658196, and -658197
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Computational Details: Stationary points on the potential energy
surface were calculated by using the Amsterdam density functional
(ADF) program, developed by Baerends et al.?%20% and vec-
torized by Ravenek.?°! The numerical integration scheme applied
for the calculations was developed by te Velde et al.[?%4-2%] The ge-
ometry optimization procedure was based on the method similar
to that of Versluis and Ziegler.!**'l The electronic configurations of
the molecular systems were described by double-{ STO basis sets
with polarization functions for the H, N and C atoms, whereas
triple-{ Slater-type basis sets were employed for the Si and Ti
atoms.[?0229M The 15 electrons of N and C, and the 1s-2p electrons
of Si and Ti were treated as frozen cores. A set of auxiliary?°l s,
p, d, f, and g STO functions, centered on all nuclei, was used in
order to fit the molecular density and the Coulomb and exchange
potentials in each SCF cycle. Energy differences were calculated by
augmenting the local exchange-correlation potential through Vosko
et al.P% with Becke’s®" nonlocal exchange corrections and Per-
dew’sl?0-20ml pnonlocal correlation corrections (BP86). Geometries
were optimized by including nonlocal corrections at this level of
theory. ZORA scalar relativistic corrections!?*2%°1 were added
variationally to the total energy for all systems. In view of the fact
that each system investigated in this work shows a large HOMO-
LUMO gap, a spin-restricted formalism was used for all calcula-
tions. No symmetry constraints were used.

Supporting Information (see footnote on the first page of this arti-
cle): Characterization data for 2-5; crystal data and structure re-
finement data for 4b, 4c¢, 5a, 5¢, 5d; molecular structures of 4b, 4c;
energies of CySi(N7Bu)(CsMey)Ti(C,Hs)(propene) and CySi-
(N7Bu) (CsMey)TiCsH;; relative to CySi(NzBu)(CsMey)Ti(CsH7)(-
ethene); optimized geometries of selected structures.
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