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a b s t r a c t

Synthesis of new titanium and zirconium dichloro complexes bearing malonate-based enaminoketonato
(N,O) ligand is described. NMR studies of the catalyst precursors reveal that synthesized complexes have
different configurational isomers in solution state and that they undergo structural change within NMR
timescale. After MAO activation complexes exhibited low to moderate activities in ethylene polymeriza-
tion producing bi- or multimodal polyethylenes.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Extensive research, both in academia and in industry, has
been dedicated for the development of non-metallocene olefin-
polymerization catalysts [1–6]. Group IV metal complexes with
a wide range of heteroatom-donor ligands have been prepared
and used as catalyst precursors in ethylene polymerization [7–
19]. Complexes bearing (N,O)-type chelating ligands, like Fujita’s
FI-catalysts, and enaminoketonato-complexes, have attracted
considerable interest [20–24]. These types of complexes have
shown both high polymerization activities and interesting possi-
bilities for example in the areas of living polymerization [25,26],
co-polymerization [27,28] and polymerization of higher a-olefins
[29].

The versatility of these complexes arises from the variation of
the ligand structure which leads to significant changes in the
catalytic activity and in the properties of the produced polymer
products [28]. It has been also shown that in some cases enamino-
ketonato complexes are more active than the corresponding
alkoxy-complexes [23–31]. This led us to develop new enaminoke-
tonato complexes where the ligand-structure is based on malon-
ate-ester backbone which we have previously used as ligand
precursor [32]. Reported herein is the synthesis, structure, solution
behavior and ethylene polymerization of new malonate based ena-
minoketonato titanium and zirconium complexes.
All rights reserved.
2. Results and discussion

2.1. Synthesis and characterization of complexes 1Ti–3Ti and
1Zr–2Zr

A general synthetic route for the titanium 1Ti–3Ti and zirco-
nium 1Zr–2Zr complexes is presented in Scheme 1. Ligand precur-
sors 1–3 were prepared with chosen anile compounds using ethyl
3-ethoxy-3-imino-propionate hydrochloride as a starting material
[33]. Corresponding complexes 1Ti–3Ti and 1Zr–2Zr were synthe-
sized through lithium salts under mild conditions. The desired tita-
nium complexes were obtained from toluene solutions as dark red
powders while their zirconium analogues were light yellow. All the
complexes were synthesized with reasonable yields (29–36%).

The light yellow crystals of the complex 1Zr suitable for X-ray
structure determination were grown from saturated toluene solu-
tion at�60 �C. The solid-state structure of this complex is shown in
Fig. 1 and selected bond lengths and angles are given in Table 1. In
solid state complex 1Zr adopts distorted octahedral coordination
around the metal center with trans oxygen atoms, cis nitrogen
atoms and cis chlorine atoms. The Zr–N and Zr–O bond lengths
resemble those of FI-catalysts reported by Fujita and coworkers
[34]. This might indicate that in 1Zr the oxygen is more anionic
in nature whereas the bond between nitrogen and zirconium
resembles more of coordination type of bonding.

2.2. Solution behavior of complexes 1Ti–3Ti and 1Zr–2Zr

It is known that complexes bearing (N,O)-type ligands can
adopt different configurational isomers [20,24,35] as displayed in
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Scheme 2. Five different configurational isomers of (N,O)-type complexes.

Fig. 1. Molecular structure of complex 1Zr with thermal ellipsoids at 50%
probability level. The solvent and all hydrogen atoms are omitted for clarity.

Table 1
Selected bond lengths and angles for complex 1Zr.

Bond distances (Å) Bond angles (�)

Zr1–Cl10 2.446(1) O1–Zr–N50 78.4(1)
Zr1–Cl1 2.463(1) O1–Zr–N50 95.5(1)
Zr1–N50 2.235(3) O10–Zr–N50 94.4(1)
Zr1–N50 2.248(3) O10–Zr–N50 78.52(1)
Zr1–O1’ 2.072(3) N50–Zr–Cl10 167.9(1)
Zr1–O1 2.069(3) N5–Zr1–Cl10 89.7(9)
O10–C20 1.288(5) O10–Zr1–Cl1 99.0(1)
O1–C2 1.285(5) O1–Zr1–Cl1 88.0(1)
N5–C4 1.341(5) N50–Zr1–Cl1 88.9(1)
N50–C40 1.330(5) Cl1–Zr1–Cl10 93.75(4)
N5–C6 1.455(5) O1–Zr1–O10 170.6(1)
N50–C60 1.451(5) N5–Zr1–N50 90.5(1)

Scheme 1. Synthetic route for the complexes 1Ti–3Ti and 1Zr–2Zr.
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Scheme 2. According to 1H NMR the complexes have two different
configurational isomeric structures in CDCl3-solution, which can be
seen from 1H NMR spectrum of complex 1Zr displayed in Fig. 2.
These two isomers can be indentified from the two distinctive
singlets, attributed to the CH-group in the molecule. Intensity ra-
tios of these singlets are close to 1:2 favoring the isomer having
CH-signal at lower field. Both configurational isomers have also
two sets of CH2 and CH3 protons uprising from the ethoxide
groups. With one of the isomers of complex 1Zr, the rotation of
phenyl ring is not hindered and CH2-protons display clear quartet
structures. In the other isomer structure the rotations of phenyl
groups are hindered revealing complex set of aromatic proton sig-
nals and splitted metheine signals. 1H-NMR of 1Zr was measured
also in a different, less polar, solvent d8-toluene. Then the intensity
ratio of the CH-signals was changed close to 1:4 again favoring the
isomer having CH-signal at lower field. This phenomenon can be
seen from the spectrum displayed in Fig. 3. These results underline
the dynamic behavior of the complex in solution and dependence
of balance between the isomers in different solvents.

To gain a more detailed understanding of the fluxional behavior
of the complexes dynamic 1H NMR (d8-toluene) measurements were
carried out. From Fig. 4 it can be seen that upon heating the two sets
of peaks from CH2 protons in the upper field become equivalent and
also coalescence for the CH2 protons in the lower field can be ob-
served. The coalescence temperatures for the CH2-protons are
25 �C and 5 �C and the corresponding energies for activation of rota-
tion process are DG – (300.5 K) = 14.8 ± 0.9 kcal mol�1 and
DG – (288.2 K) = 14.3 ± 0.9 kcal mol�1. All the spectra are reversible
within the studied temperature range. It should also be noted that
the second isomeric structure of the complex, where the rotation
of the phenyl ring is not hindered, is not affected by the temperature
change.

The fluxuation phenomenon of the herein studied malonate
based enaminoketonato complexes is noticeably different than
some of the other (N,O)-type complexes published before
[20,24,35]. With the complexes studied here no coalescence of che-
lating proton was observed. These results suggest that different
isomers of malonate based enaminoketonato dichloro complexes
are fairly stable in solution under the applied temperature scale.
To verify that the isomers arise from different configurational
structures and not from various intra- or intermolecular hydrogen
bonding, NMR measurements in d-THF were carried out with com-
plex 1Zr. Presence of different isomers was observed also in these
experiments, thus excluding plausible intra- or intermolecular
hydrogen bonding [36].

2.3. Ethylene polymerization

Synthesized complexes were activated with MAO and used as
catalysts for ethylene polymerization. The results of these experi-
ments are listed in Table 2. Electron-withdrawing or -donating
para-substituents were introduced onto coordinating imino group
to study how the electronic properties influence the catalytic activ-
ities of the complexes. However, these substituents revealed only
minor changes in polymerization activities of the catalysts. Of
the five catalyst system studied, para-F substituted 2Zr/MAO
exhibited the highest catalytic activity of 104 kg PE/(molZr h bar).
Correspondingly in the series of the titanium catalyst the para-F



Fig. 2. 1H NMR spectrum of complex 1Zr measured in CDCl3. Singlets attributed to CH protons in the molecule can be seen at 4.72 and 3.22 ppm. The other signals are
attributed to CH2 protons in the molecule.

Fig. 3. 1H NMR spectrum of complex 1Zr measured in d8-toluene. Singlets attributed to CH protons in the molecule can be seen at 4.30 and 2.95 ppm. The other signals are
attributed to CH2 protons in the molecule.
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substituted 2Ti/MAO turned out to be slightly more active than the
para-Me and para-H substituted Ti-catalysts. The influence of para-
substituents is similar as reported with related FI-catalyst family
[37]. It seems that the electron-withdrawing para-F substituent en-
hances Lewis acidity of the titanium center. This results in an in-
crease in a metal–carbon bond reactivity and reduced activation
energy for ethylene insertion.

The nature of the para-substituent has also a marked effect on
the thermal stability of titanium complexes. Catalyst 3Ti/MAO,
with the para-Me substituent, is thermally the most stable reveal-
ing highest activity at 60 �C. On the other hand, 2Ti/MAO with
para-F substituent is thermally the least stable one and conse-
quently the polymerization activity is decreased when polymeriza-
tion temperature is increased. Thermal stability of the Ti-catalysts
corresponds with the above discussed reactivity of the metal–car-
bon bond. In general the zirconium catalysts seem to be more ther-
mally stable then their titanium counterparts as the activity of 1Zr/
MAO and 2Zr/MAO increases with increasing polymerization
temperature.

The polyethylenes produced by 1Ti–3Ti/MAO and 1Zr–2Zr/
MAO systems exhibit bi- or multimodal molecular weight distribu-
tion (MWD). This feature may be attributed to the dynamic nature
of the used catalyst precursors as the molecular weights and the
intensities of low- and high molecular weight part are depended



Fig. 4. Temperature variable NMR measurements with complex 1Zr in d8-toluene.

Table 2
Selected ethylene polymerization results with MAO-activated complexes 1Ti–3Ti and 1Zr–2Zr/MAO.

Run Complex Tp (�C)a p (bar)b Activityc Mw (kg/mol) Mw/Mn Tm (�C)

1 1Ti 22 5 27 66/910 6.2 135
2 1Ti 30 5 66 40/708 8.4 136
3 1Ti 45 5 31 36/1230 Broad* 135
4 1Ti 60 5 26 34/430 15.1 138
5 2Ti 22 5 85 36/2370 Broad* 135
6 2Ti 30 5 59 33/2290 Broad* 137
7 2Ti 45 5 36 83/790 Broad* 137
8 2Ti 60 5 18 42/1000 Broad* 138
9 3Ti 22 5 34 3100 11.9 139
10 3Ti 30 5 22 63/1290 13.7 136
11 3Ti 45 5 29 71/1290 Broad* 135
12 3Ti 60 5 50 71/1020 7.3 135
13 1Zr 22 5 8 1.9/63/1860 Broad* 136
14 1Zr 30 5 25 2.5/59/1260 Broad* 138
15 1Zr 45 5 29 2.4/41/1320 Broad* 139
16 1Zr 60 5 45 51/1230 Broad* 138
17 2Zr 22 5 30 60/980 12.2 135
18 2Zr 30 5 34 71/830 6.0 135
19 2Zr 45 5 51 78/650 16.9 136
20 2Zr 60 5 104 76/650 9.2 136

Polymerization conditions: 20 lmol of catalyst, [Al]/[M] = 2000, polymerization time 30 min.
a Polymerization temperature.
b Monomer pressure.
c Activity in (kg PE)/(mol M h bar).

* Average Mw/Mn value over 20.
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on the polymerization temperature. Depending on the tempera-
ture, high molecular weight part varies from 430 to 2400 kg/mol
and the low molecular weight part from 33 to 83 kg/mol. With
1Zr/MAO also formation of oligomers (Mw � 2000) was observed.
According to the GPC results these catalysts produce polymers
with relatively broad MWD values indicating non-single-site
behavior. Also different molecular weight fractions may partly
overlap with each other leading to broad molecular weight distri-
bution values.
Even though the NMR experiments were carried out with di-
chloro complexes it is reasonable to expect that the fluxional fea-
tures of the complexes reflects also to the MAO activated
catalysts producing bi- and multimodal polyethylenes, as de-
scribed for other related catalysts [20,35,38]. It is noteworthy that
related enaminoketonato catalysts based on acetylacetonato back-
bone do not produce multimodal polyethylenes [22–24]. This indi-
cates that the ethoxy group in herein studied catalysts has an effect
on their catalytic performance. It might cause the multimodality of
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the polymers through fluxionality in catalytically active species or
it may have indirect influence. For example the reactions between
the catalyst structure and MAO may be enhanced leading to forma-
tion of multiple active sites [34,35].
3. Conclusions

Five new Group IV metal complex (1Ti–3Ti and 1Zr–2Zr) bear-
ing malonate based enaminoketonato ligands have been synthe-
sized and characterized. When activated with MAO the
complexes displayed relatively low activities of 8–104 kgPE/
(molM h bar) in ethylene polymerizations the para-F substituted
catalysts being the most active. The GPC results revealed that none
of the produced polymers were unimodal and that the intensities
of different molecular weight fractions were depended on both
catalyst and used polymerization conditions. These results indicate
that the MAO activated catalysts 1Ti–3Ti and 1Zr–2Zr have more
than one active center and that each of these active centers re-
spond differently when polymerization conditions are altered.
Even though no conclusive answer for this behavior can be given
at the moment, it is possible that the multimodality is a conse-
quence of fluxionality identified by 1H-NMR in herein studied
complexes.
4. Experimental section

All complex syntheses and polymerization experiments were
performed under argon atmosphere using standard Schlenk tech-
niques. Solvents for complex synthesis (diethylether and toluene,
HPLC grade) were dried over sodium flakes and distilled before
use. Solvents for synthesis of ligand precursors (ethanol and chlo-
roform, HPLC grade) were used as received. TiCl4 was purchased
from Fluka and ZrCl4 from Aldrich. Both were used as received.
Other reagents of high purity grade were purchased from commer-
cial sources and used as received. MAO (30% in toluene) was ob-
tained from Borealis Polymers Ltd.

Polymerization experiments were conducted in 1-L Büchi
steel autoclave. Autoclave was charged with 200 mL of dry tolu-
ene, cocatalyst (MAO) and heated to desired temperature. Auto-
clave was saturated with ethylene and polymerization was
initiated by addition of precatalyst solution. The monomer pres-
sure, temperature and monomer consumption were controlled
by real-time monitoring. Polymerization was quenched with
10% HCl solution in methanol, polymer was precipitated quanti-
tatively by pouring the solution into methanol (400 mL), acidi-
fied with a small amount of HCl. Obtained polymer was
washed several times with methanol and water followed by dry-
ing at 60 �C.

NMR spectra were recorded in CDCl3 or in d8-toluene at 25 �C
on a Varian Gemini 200 spectrometer operating at 200 MHz (1H
NMR) and 50.286 MHz (13C NMR). Dynamic NMR spectra were re-
corded with Varian Unity Inova spectrometers operating at
500 MHz. Elemental analyses were performed with an EA 1110
CHNS-O CE instrument. Molecular weights and molecular weight
distributions of polyethylene samples were determined with a
Waters Alliance GPCV 2000 high temperature gel chromatographic
device. HMW7, 2*HMWGE, and HMW2 Waters Styrogel columns
were used for GPC. Measurements were performed in 1,2,4-trichlo-
robentzene (TCB) at 160 �C relative to polyethylene standards, and
2,6-di-tert-butyl-4-methylphenol was used as a stabilizer. Chro-
matograms were calibrated using linear polystyrene standards.
DSC measurements were performed on a Perkin–Elmer DSC, cali-
brated with indium (temperature scanning 10 �C/min). Scan area
from 25 �C to 232 �C.
4.1. Preparation of [EtOC(O)CH2C(NPh)EtO] 1

Ethyl-3-ethoxy-3-(phenylimino)-propanoate, 1, was prepared
according to a known literature procedure [32]. 25.56 mmol
(5.0 g) of ethyl 3-ethoxy-3-imino-propionate hydrochloride was
added to an ethanol solution of aniline (25.56 mmol, 2.38 g). Reac-
tion mixture was stirred overnight at room temperature followed
by filtration. The remaining solid material was washed with etha-
nol, filtrates were combined, slurried in chloroform and filtered
again. Liquid product was purified by vacuum distillation. Yield
4.12 g (70%). 1H NMR (CDCl3, 200 MHz, 302 K): d = 7.25 (m, 2H,
Ar); 7.02 (m, 1H, Ar); 6.77 (m, 2H, Ar); 4.26 (q, 2H, –O–CH2-Me);
4.12 (q, 2H, –O–CH2–Me); 3.17 (s, 2H, –(CO)–CH2–(CN)–); 1.32 (t,
3H, –CH3); 1.22 (t, 3H, –CH3) 13C{1H NMR}(CDCl3, 50.3 MHz,
302 K): d = 167.9 (C@N), 156.5 (C@O), 148.2 (–N-Ar), 129.0 (Ar),
123.3 (Ar), 121.0 (Ar), 62.1 (–O–CH2–), 61.2 (–O–CH2–), 36.4
–[(CO)–CH2–(CN)–], 14.2 (CH3), 14.0 (CH3) Anal. Calc. for
C13H17NO3: C, 66.36; H 7.28; N, 5.95; found C, 66.84; H 6.71; N,
5.80.

4.2. Preparation of EtOC(O)CH2C(N(p-F-Ph))EtO] 2

Compound 2 was prepared by a similar method to that de-
scribed for 1 with 74% yield. 1H NMR (CDCl3, 200 MHz, 302 K):
d = 6.97 (m, 2H, Ar); 6.78 (m, 2H, Ar); 4.27 (q, 2H, –O–CH2-Me);
4.15 (q, 2H, –O–CH2-Me); 3.19 (s, 2H, –(CO)–CH2–(CN)–); 1.34 (t,
3H, –CH3,); 1.25 (t, 3H, –CH3) 13C{1H NMR}(CDCl3, 50.3 MHz,
302 K): d = 167.7 (C@N), 161.6 (Ar-F), 157.1 (Ar-F), 156.9 (C@O),
144.2 (N-Ar), 143.9 (N-Ar) 122.4 (Ar), 122.2 (Ar), 115.8 (Ar), 115.4
(Ar), 62.1 (–O–CH2–), 61.3 (–O–CH2–), 36.3 –[(CO)–CH2–(CN)–],
14.1 (CH3), 14.0 (CH3) Anal. Calc. for C13H16FNO3: C, 61.65; H,
6.37; N, 5.53; found C, 61.84; H, 6.71; N, 5.36.

4.3. Preparation of EtOC(O)CH2C (N(p-Me-Ph))EtO] 3

Compound 3 was prepared by a similar method to that de-
scribed 1 with 67% yield. 1H NMR (CDCl3, 200 MHz, 302 K):
d = 7.07 (m, 2H, Ar); 6.88 (m, 2H, Ar); 4.26 (q, 2H, –O–CH2-Me);
4.12 (q, 2H, –O–CH2-Me); 3.19 (s, 2H, –(CO)–CH2–(CN)–); 2.29 (s,
3H, Ar-CH3); 1.32 (t, 3H, –CH3,); 1.24 (t, 3H, –CH3) 13C{1H
NMR}(CDCl3, 50.3 MHz, 302 K): d = 167.8 (C@N), 156.4 (C@O),
145.5 (–N-Ar), 132.4 (Ar-Me), 129.5 (Ar), 120.7 (Ar), 61.9 (–O–
CH2–), 61.1 (–O–CH2–), 36.2 –[(CO)–CH2–(CN)–], 20.6 (Ar-CH3),
14.1 (–O–CH2–CH3), 14.0 (–O–CH2–CH3) Anal. Calc. for
C14H19NO3: C, 67.45; H, 7.68; N, 5.62; found C, 67.74; H, 7.71; N,
5.58.

4.4. Preparation of [EtOC(O)CHC(NPh)EtO]2TiCl2 1Ti

n-Butyllithium (1.6 M, 8.5 mmol, 5.3 mL) was added dropwise
to a stirred solution of 1 (8.5 mmol, 2.0 g) in dried Et2O (40 mL)
at 0 �C. The solution was allowed to warm to room temperature
and stirred for 5 h. After removal of the solvent under vacuum
the formed lithium-salt was solvated to precooled (�78 �C) toluene
(50 ml) and added dropwise to a precooled (�78 �C) toluene
(30 ml) solution of TiCl4 (4.25 mmol, 0.81 g). The reaction mixture
was warmed to ambient temperature and stirred overnight. The
formed product was filtered through Celite followed by removal
of solvent under vacuum. Recrystallization from toluene gave de-
sired complex 1Ti as a dark red powder in a 31% yield. 1H NMR
(CDCl3, 200 MHz, 302 K): d = 7.30–7.24 (m, 2H, Ar); 7.07–6.88 (m,
6H, Ar); 6.82–6.72 (m, 2H, Ar); 4.16 (s, 1H, –(CO)–CH–(CN)–);
4.26 (q, 2H, –O–CH2-Me); 4.14 (q, 2H, –O–CH2-Me); 3.94 (m, 3H,
–O–CH2-Me); 3.51 (m, 1H, –O–CH2-Me) 3.18 (s, 1H –(CO)–CH–
(CN)–); 1.33 (t, 3H, –CH3,); 1.24 (t, 3H, –CH3); 1.14 (t, 3H, –CH3);
1.10 (t, 3H, –CH3) 13C{1H NMR}(CDCl3, 50.3 MHz, 302 K): d
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= 169.5 (C@N), 168.1 (C@N), 168.9 (C@O), 156.5 (C@O), 148.3 (–N-
Ar), 148.2 (–N-Ar), 129.1 (Ar), 127.8 (Ar), 126.9 (Ar), 125.1 (Ar),
123.5 (Ar), 121.2 (Ar), 75.5 [–(CO)–CH–(CN)–], 65.2 (–O–CH2–),
62.8 (–O–CH2–), 62.2 (–O–CH2–), 61.2 (–O–CH2–), 36.6 [–(CO)–
CH–(CN)–], 14.3 (CH3), 14.2 (CH3), 14.1 (CH3), 14.0 (CH3) Anal. Calc.
for C26H32N2O6TiCl2: C, 53.17; H, 5.49; N, 4.77; found C 53.01; H,
5.38; N, 4.61.

4.5. Preparation of [EtOC(O)CHC(N(p-F-Ph)EtO]2TiCl2 2Ti

Complex 2Ti was prepared by a similar method to that described
for 1Ti with yield of 29%. 1H NMR (CDCl3, 200 MHz, 302 K):
d = 7.08–6.79 (m, 6H, Ar); 6.82–6.72 (m, 2H, Ar); 4.15 (s, 1H,
–(CO)–CH–(CN)–); 4.25 (q, 2H, –O–CH2-Me); 4.16 (q, 2H, –O–CH2-
Me); 3.94 (m, 3H, –O–CH2-Me); 3.49 (m, 1H, –O–CH2-Me) 3.18 (s,
1H-(CO)–CH–(CN)–); 1.32 (t, 3H, –CH3); 1.25 (t, 3H, –CH3); 1.15 (t,
3H, –CH3); 1.11 (t, 3H, –CH3) 13C{1H NMR}(CDCl3, 50.3 MHz,
302 K): d = 170.6 (C@N), 169.9 (C@O), 167.8 (C@N), 163.0 (Ar-F),
161.6 (Ar-F), 158.2 (Ar-F), 157.2 (Ar-F), 156.9 (C@O), 144.2 (N-Ar),
143.7(N-Ar), 139.2 (N-Ar), 139.0 (N-Ar), 122.5 (Ar), 122.2 (Ar),
116.4 (Ar), 115.9(Ar), 115.8 (Ar), 115.4 (Ar), 115.2 (Ar), 114.8 (Ar),
70.2 [–(CO)–CH–(CN)–], 65.3 (–O–CH2–), 62.4 (–O–CH2–), 62.1
(–O–CH2–), 61.5 (–O–CH2–), 36.5 [–(CO)–CH–(CN)–], 14.2 (CH3),
14.1 (CH3), 14.1 (CH3), 14.0 (CH3) Anal. Calc. for C26H30N2O6F2TiCl2:
C, 50.10; H, 4.85; N, 4.49; found C, 49.81; H, 4.78; N, 4.38.

4.6. Preparation of [EtOC(O)CHC(N(p-Me-Ph)EtO]2TiCl2 3Ti

Complex 3Ti was prepared by a similar method to that de-
scribed for 1Ti with yield of 34%. 1H NMR (CDCl3, 200 MHz,
302 K): d = 6.98–6.81 (m, 6H, Ar); 6.61–6.69 (m, 2H, Ar); 4.17 (s,
1H, –(CO)–CH–(CN)–); 4.25 (q, 2H, –O–CH2–Me); 4.18 (q, 2H, –
O–CH2-Me); 3.92 (m, 3H, –O–CH2-Me); 3.52 (m, 1H, –O–CH2-Me)
3.20 (s, 1H –(CO)–CH–(CN)–); 1.33 (t, 3H, –CH3); 1.24 (t, 3H,
–CH3); 1.15 (t, 3H, –CH3); 1.11 (t, 3H, –CH3) 13C{1H NMR}(CDCl3,
50.3 MHz, 302 K): d = 169.4 (C@N), 168.0 (C@N), 168.8 (C@O),
156.8 (C@O), 145.7 (–N-Ar), 145.3 (–N-Ar), 134.5 (Ar-Me), 132.4
(Ar), 129.7 (Ar), 129.6 (Ar), 126.2 (Ar), 120.7 (Ar), 75.6 [–(CO)–
CH–(CN)–], 65.2 (–O–CH2–), 62.7 (–O–CH2–), 61.8 (–O–CH2–),
61.2 (–O–CH2–), 36.4 [–(CO)–CH–(CN)–], 20.9 (Ar-CH3), 20.7 (Ar-
CH3), 14.2 (CH3), 14.1(7) (CH3), 14.1(1) (CH3), 14.0(CH3) Anal. Calc.
for C28H36N2O6TiCl2: C, 54.65; H, 5.90; N, 4.55; found C, 54.80; H,
5,98; N, 4.50.

4.7. Preparation of [EtOC(O)CHC(NPh)EtO]2ZrCl2 1Zr

Complex 1Zr was prepared by a similar method to that de-
scribed for 1Ti with yield of 36%. 1H NMR (CDCl3, 200 MHz,
302 K): d = 7.29–7.20 (m, 2H, Ar); 7.05–6.92 (m, 6H, Ar); 6.86–
6.74 (m, 2H, Ar); 4.72 (s, 1H, –(CO)–CH–(CN)–); 4.27 (q, 2H, –O–
CH2–Me); 4.16 (q, 2H, –O–CH2-Me); 3.96 (m, 3H, –O–CH2-Me);
3.48 (m, 1H, –O–CH2-Me) 3.22 (s, 1H–(CO)–CH–(CN)–); 1.35 (t,
3H, –CH3,); 1.27 (t, 3H, –CH3); 1.14 (t, 3H, –CH3); 1.10 (t, 3H,
–CH3) 13C{1H NMR}(CDCl3, 50.3 MHz, 302 K): d = 170.1 (C@N),
168.4 (C@N), 156.5 (C@O), 156.4 (C@O), 148.3 (–N-Ar), 148.2
(–N-Ar), 129.1 (Ar),129.0 (Ar), 128.1 (Ar), 125.2 (Ar), 123.5 (Ar),
121.2 (Ar), 70.1 [–(CO)–CH–(CN)–], 65.0 (–O–CH2–), 62.2 (–O–
CH2–), 62.1 (–O–CH2–), 61.2 (–O–CH2–), 36.7 [–(CO)–CH–(CN)–],
14.2 (CH3), 14.1(8) (CH3), 14.1(1) (CH3), 14.0 (CH3) Anal. Calc. for
C26H32N2O6ZrCl2: C, 49.52; H, 5.11; N, 4.44; found C, 49.81; H,
5.26; N, 4.36.

4.8. Preparation of [EtOC(O)CHC(N(p-F-Ph)EtO]2ZrCl2 2Zr

Complex 2Zr was prepared by a similar method to that de-
scribed for 1Ti with yield of 32%. 1H NMR (CDCl3, 200 MHz,
302 K): d = 7.05–6.82 (m, 6H, Ar); 6.82–6.72 (m, 2H, Ar); 4.72 (s,
1H, –(CO)–CH–(CN)–); 4.27 (q, 2H, –O–CH2-Me); 4.16 (q, 2H, –O–
CH2-Me); 3.96 (m, 3H, –O–CH2-Me); 3.54 (m, 1H, –O–CH2-Me)
3.19 (s, 1H –(CO)–CH–(CN)–); 1.35 (t, 3H, –CH3,); 1.27 (t, 3H,
–CH3); 1.15 (t, 3H, –CH3); 1.10 (t, 3H, –CH3) 13C{1H NMR}(CDCl3,
50.3 MHz, 302 K): d = 170.8 (C@N), 169.4 (C@O), 167.5 (C@N),
163.2 (Ar-F), 161.5 (Ar-F), 158.4 (Ar-F), 157.1 (Ar-F), 156.9 (C@O),
144.0 (N-Ar), 143.7(N-Ar), 139.2 (N-Ar), 139.1 (N-Ar), 122.5 (Ar),
122.0 (Ar), 116.3 (Ar), 115.9(Ar), 115.6 (Ar), 115.5 (Ar), 115.1 (Ar),
114.8 (Ar), 70.8 [–(CO)–CH–(CN)–], 65.5 (–O–CH2–), 62.5 (–O–
CH2–), 62.3 (–O–CH2–), 61.4 (–O–CH2–), 36.4 [–(CO)–CH–(CN)–],
14.2 (CH3), 14.2 (CH3), 14.1 (CH3), 14.0 (CH3) Anal. Calc. for
C26H30N2O6F2ZrCl2: C, 46.84, H 4.54, N, 4.20; found C, 46.95; H,
4.63; N, 4.14.

4.9. X-ray Crystallographic Study of 1Zr

The single-crystal X-ray diffraction study of 1Zr was carried out
on a Bruker–Nonius Kappa-CCD diffractometer at 123(2) K using
Mo Ka radiation (a = 0.71073 Å). Direct Methods (SHELXS-97) were
used for structure solution, and full-matrix least-squares refine-
ment on F2 (SHELXL-97). [39] H atoms were localized by difference
Fourier synthesis and refined using a riding model. A semi-empir-
ical absorption correction was applied.

1Zr: yellow crystals, C27H32Cl2N2 O6Zr – 0.5 C7H8, M = 676.72,
crystal size 0.36 � 0.20 � 0.04 mm, monoclinic, space group P21/n
(No. 14): a = 12.204(2) Å, b = 14.905(3) Å, c = 17.401(4) Å, b =
90.65(2) V = 3165.0(11) Å3, Z = 4, q(calc.) = 1.420 Mg m�3,
F(0 0 0) = 1396, q = 0.559 mm�1, 36922 reflexes (2hmax = 50�),
5572 unique [Rint = 0.080], 328 parameters, 19 restraints, R1
(I > 2r(I)) = 0.045, wR2 (all data) = 0.106, GooF = 1.06, largest diff.
peak and hole 0.697 and �0.526e Å�3.
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