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A series of group 4 metal chloride complexes based on aminophenol ligands were synthesized and
characterized by conventional spectroscopic techniques, elemental analysis and X-ray crystallography.
All the complexes are zwitterionic in nature where the protonated nitrogen atom of the aminophenolate
backbone is charge neutralised by a negative charge on the metal center. The molecular structures show
that moderate electrostatic hydrogen bonding interactions prevail between the NH" donor moieties and
acceptor chlorine atoms which stabilise these complexes. These complexes show precise control towards
the ring opening polymerization (ROP) of lactides (rac-LA, L-LA). Heterotactic enriched poly(lactic
acid) (PLA) with good number average molecular weight (M) and narrow molecular weight distributions
(MWDs) were obtained. The MALDI-TOF and 'H NMR spectra of low molecular weight oligomer were
analysed to understand polymer microstructure and it revealed that the aminophenolate ligand initiates the
ROP. The complexes, activated by methylaluminoxane (MAO), were also found to be moderately active

for ethylene polymerization.

Introduction

Poly(lactic acid) (PLA) has been attracting widespread attention
both in research and industry in the past two decades because of
its potential as a promising substitute to the polymers derived
from rapidly depleting petroleum based raw materials.' Having
derived from annually renewable resources such as corn starch
and sugar beet, PLA undergoes hydrolytic degradation to form
lactic acid which can be metabolised in vivo and also in the
environment.? Due to their biodegradability and biocompatibility,
PLA finds versatile biomedical as well as pharmaceutical
applications as packaging materials, carriers for controlled release
of drugs, scaffolds for tissue engineering, medical implants,
biomedical sutures etc.** Controlled ring opening polymerization
(ROP) of lactide using a metal complex as catalyst is a
convenient method for the synthesis of PLA owing to the
advantages of achieving well controlled number average
molecular weight (M) and narrow molecular weight distributions
(MWDs).> The degree of stereoregularity in PLA depends on the
selectivity of the particular stereoisomer of lactide by the
propagating species. As no new stereogenic center is created in
ROP, the catalyst system is highly responsible for the tacticity of
the PLA derived from rac-LA.° The key issue in designing the
catalyst system has been to obtain PLA with superior thermo-
mechanical properties. In this regard, a plethora of catalytic
systems of alkaline earth metals’, group 4 metals®, aluminium’,
zinc'?, lanthanide metals'! as well as small organic molecules like
ammonium betaines'? and N-heterocyclic carbenes (NHCs)
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have been synthesized and explored to elucidate the influence of
the structure of the catalysts on the activity towards ROP of
lactides and microstructures of the produced PLAs. Structurally
well defined group 4 metal alkoxide complexes based on several
ancillary ligands such as f-diketiminate', bis (phenolate) (salan,
salen, salalen, half-salen/-salan)"’, benzotriazole phenolate16 etc
have been discovered and proved to be playing important role in
producing PLA in a controlled and stercoselective manner.
Lately, we reported novel group 4 alkoxide complexes based on
iminophenoxide and bis(imino)phenoxide ligands as catalysts for
the ROP of lactides. Although the polymerization results in
toluene were significantly good, we were unable to control M,
under solvent free condition due to slow initiation during
polymerization.**®® To address the issue of control in M, and
MWDs, our prime focus of research has been the development of
new catalytic systems and exploration of their activity towards
ROP under solvent free condition.

Since the first discovery of homogenous Ziegler-Natta catalysts
by group 4 metallocenes, research and development of high-
performance catalysts that produce precisely controlled
polyolefin in terms of stereochemistry, functionality, composition
and molecular weight, has contributed significantly to the
advancement of polymer chemistry.'” An enormous number of
single-site group 4 metallocene and half metallocene catalysts
have been reported to stabilze homogenous olefin polymerization
whereas non metallocene group 4 metal complexes considered so
far for olefin polymerization were mainly dihalide or dialkyl
complexes.'® Among them, group 4 chloro complexes based on
iminophenoxide ligand commonly called as “FI” catalysts
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developed by Fujita and Coates are of ongoing interest in
research.'”” In our previous work, we reported group 4
iminophenoxide and bis(imino)phenoxide complexes having
resemblance to “FI” catalysts for ethylene polymerization but the
activities were not as good as the Fujita catalysts.***8Y

Our goal in this work was to synthesize group 4 metal chloride
complexes which can show better potential than our previously
reported work as catalysts towards ROP of lactides as well as
ethylene polymerization. The ROP of lactides using zwitterionic
group 4 initiators is an area which has not been studied much.
Recently, Mou al. reported both isoselective and
heteroselective zwitterionic initiators based on zinc and rare-earth
metals respectively for the ROP of rac-LA.*° Herein, we report a
series of charge neutral zwitterionic group 4 chloride complexes
based on amino(phenolate) ligands and demonstrate the activity
towards the ROP of lactides and ethylene polymerization.

et

Results and Discussion
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Figure 1. Ligand precursors employed in the study L1-L3
Synthesis and characterization

The amino phenol ligands in this study, L1-L3 were synthesized
according to the literature procedure by simple Mannich reaction
(Figure 1).' Each of these ligands consists of 2, 4-di-tert-
butylphenol and they differ only in the structure of the secondary
amines employed for the Mannich condensation i.e. diethylamine,
morpholine and piperidine. The ligands were reacted with Ti, Zr
and Hf chlorides in dry toluene at room temperature resulting in
the formation of charge neutral zwitterionic complexes 1-9 in
high yields. The selection of optimum stoichiometric ratios of
ligands to metal chlorides for the preparation of metal complexes
was a challenge. Wang et al. has recently reported the synthesis
of zwitterionic (“ferrocene-saladiminato”),ZrCl, complexes from
reactions between ferrocene-saladiminato ligands and Zr
chlorides in 2:1 molar ratios.'” We adopted a similar approach
and the ligands were reacted with metal chlorides in 2:1 ratio but
apart from the reactions with HfCly, 1 equiv of ligands remained
unreacted in case of reactions with TiCly and ZrCly. As a result,
we modified the ratio to 1:1 for the later reactions. The resulting
brown coloured residue in case of Ti complexes and white
coloured residue in case Zr and Hf complexes were purified by
crystallization from a 1:1 mixture of toluene and
chloroform/acetonitrile. All the complexes were dried in vacuum
and fully characterized by 'H, *C NMR, ESI-MS and elemental
analysis. The disappearance of the O-H signals from the ligands
L1-L3 (~6 11.7, 10.7 and 11.5 ppm respectively) in the '"H NMR
spectra of the crude products clearly indicated the formation of
the metal complexes (Scheme 1).
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Scheme 1. Synthesis of group 4 aminophenolate complexes

The 'H NMR shows that the two -CH,NCH, methylene
hydrogens in the metal complexes are magnetically distinct and
have their own resonances. The generated side product of the
reaction i.e. HCl as well as the high basic character of the
nitrogen atom in aminophenolate complex results in further
protonation of the nitrogen atom.” A new signal in the region &
8-9 ppm is attributed to the protonated nitrogen atom. As a result
of this protonation, the electron withdrawing effect of the amine
fragment increases substantially resulting in the deshielding of
the —CH, moieties attached to the nitrogen atom in the '"H NMR
spectrum of the metal complexes. The singlet -CH, peaks in the
'H NMR spectra of the ligands appear in the region 3.6-3.8 ppm
whereas those peaks get deshielded to the region 4.0-4.5 ppm in
the metal complexes. As we move down the group from Ti to Hf,
the protonated nitrogen peaks of the metal complexes appear
more shielded. This may be due to the fact that metal-oxygen
bond distance and hence the distance between amino proton and
electron withdrawing chlorine atom increases with the increase in
the size of metal atom resulting in the shielding of the amino
proton peak. In case of 7-9, the six-coordinated negatively
charged Hf center sits entrapped in between two counter positive
ions by short-range moderate electrostatic hydrogen bonding
interaction.

X-ray diffraction studies

The molecular structures of 1, 4, 5 and 7 were determined by
single crystal X-ray diffraction studies. Crystals of suitable sizes
were grown from a solution of toluene and chloroform/
acetonitrile over a period of 2-3 weeks. The molecular structures
of 1, 4, 5 and 7 at 30% probability level are illustrated in Figures
2-5 and the crystal data are depicted in Table 1.

Complex 1 crystallized from monoclinic space group C2/c with 8
molecules in the unit cell and one molecule in the asymmetric
unit. Brown-red coloured crystals were obtained from a dilute
solution of toluene and chloroform. From the molecular structure
of 1, it is evident that the complex is in zwitterionic form where
the nitrogen atom is protonated and the metal center acquires a
negative charge because of its five coordinations. The Ti metal
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center adopts a distorted trigonal bypyramidal geometry
coordinating with two Cl atoms and the deprotonated phenolic
ligand in the equatorial positions and two chlorine atoms in the
axial positions thereby acquiring a negative charge which is
counterbalanced by the protonated nitrogen atom. The axial Ti-Cl
bond distances (2.313 A and 2.369 A) are longer than the
equatorial ones (2.237 A and 2.281 A). The equatorial O1-Til-
Cl4, O1-Til-ClI3 and CI13-Til-Cl4 bond angles are 114.0°, 116.7°
and 129.1° respectively and the axial Cl11-Til-CI2 bond angle is
174.8° which reveals that 1 adopted a distorted trigonal
bipyramidal geometry.”* The distance between CI2 and N1 is 3.2
A which shows the presence of moderate electrostatic hydrogen
bonding interaction in the complex.?*

Crystals of Zr complexes 4 and 5 were grown from a solution of
toluene and CH;CN. As a result, one CH;CN molecule is
coordinated to the Zr metal center, resulting in a distorted
octahedral geometry around the metal center in each case.
Complex 4 crystallized from monoclinic space group C2/c with
one toluene molecule as solvent of crystallization. All four Cl
atoms occupy the equatorial positions. The equatorial Cl-Zr-Cl
bond angles are 86.7°, 86.8°, 89.9° and 93.3° respectively and the
axial O1-Zrl-N1 angle is 176.3° which proves a distorted
octahedral geometry. 581925 Complex 5 crystallized from
monoclinic P2,/c space group with 4 molecules in a unit cell and
one molecule in the asymmetric unit. From the molecular
structure, it is clear that complex 5 has similar structural features
to that of 4 and the Zr center adopted a distorted octahedral
geometry. The Cl4-Zr and CI2-Zr in complex 4 and 5 are 3.2 A
which confirms the presence of moderate to weak hydrogen
bonding interaction. Selected bond lengths and bond angles of 5
are listed in Table S2 (see ESI).

Figure 2. Molecular structure of 1; thermal ellipsoids were drawn at 30%
probability level, Selected bond lengths (in A) and bond angles (in °) are:
01-Til1 1.76(2), CI1-Til 2.31(9), Cl2-Ti1 2.37(7), CI3-Til1 2.28(7), Cl4-Til
2.24(6), O1-Ti1-CI3 116.7(6), O1-Ti1-Cl4 114.0(6), CI3-Ti1-Cl4 129.1(3),
CI1-Ti1-Cl2 174.8(3).
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Figure 3. Molecular structure of 4; thermal ellipsoids were drawn at 30%
probability level, Selected bond lengths (in A) and bond angles (in °) are:
01-Zr1 1.95(2), CI1-Zr1 2.43(1), CI2- Zr1 2.45(1), CI3- Zr1 2.49(1), Cl4- Zr1
2.50(1), N1- Zr1 2.34(3), 01-Zr1-N1 176.3(1), Cl1-Zr1-CI2 93.3(4), Cl1-Zr1-
Cl4 89.9(3), CI2-Zr1-Cl4 167.3(4)

Complex 7 was crystallized from a solution of toluene and
chloroform over a period of 2 weeks. The molecular structure of
7 has monoclinic C2/c symmetry and the Hf metal center adopted
an octahedral geometry coordinating to six Cl atoms. The doubly
negatively charged [HfClg]> moiety is neutralised by two
positively charged aminophenolate ligands through moderate
electrostatic hydrogen bonding interaction. The weak hydrogen
bonding interaction was confirmed from the unit cell crystal
packing where the distance between the acceptor Cl atom and the
H atom of the donor NH" moiety is 2.7 A (Figure 6). The
asymmetric unit also confirms a good hydrogen bonding
interaction between NH" and the oxygen atom of the ligand. The
Hf-Cl bond distances are almost identical ranging between 2.44-
2.45 A. The axial bond angle of 180° and equatorial angles
ranging between 89°-90° confirms a perfect octahedral geometry
around Hf metal center.

Figure 4. Molecular structure of 5; thermal ellipsoids were drawn at 30%
probability level, Selected bond lengths (in A) and bond angles (in °) are:
01-7r1 1.92(2), CI2-Zr1 2.51(9), CI3- Zr1 2.52(1), Cl4- Zr1 2.43(1), CI5- Zr1
2.44(1), N1- Zr1 2.38(3), 01-Zr1-N1 168.9(1), Cl2-Zr1-CI3 87.1(3), CI3-Zr1-
CI5 85.9(3) CI5-Zr1-Cl4 89.6(3)
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Figure 5. Molecular structure of 7; thermal ellipsoids were drawn at 30%
probability level, Selected bond lengths (in A) and bond angles (in °) are:
CI2-Hf1 1.92(2), CI3-Hf1 2.51(9), Cl4-Hfl 2.52(1), CI2-Hf-CI2i 180.0(4),
CI2-Hf1-CI3 90.1(4), CI2-Hf1-Cl4 89.5(5) CI3-Hf1-Cl4 90.5(5)

Ring opening polymerization of rac-LA and L-LA

The activity of the compounds 1-9 towards the ROP of lactides
was explored. All the complexes have shown good activity
towards the polymerization. These polymerizations were
performed at 140 °C under solvent free condition. In this regard,
we performed the polymerizations first at 200:1 [M],/[Cat], ratio
using all the complexes. Homonuclear decoupled 'H NMR
spectrum reveals heterotactic enrichment in the PLA obtained
from rac-LA (Figure S28, see ESI). Analysis of the data depicted
in Table 2, 3 and 4 shows a precise control in the polymerizations
where the observed number average molecular weights (M) are
in close proximity to the theoretical values and molecular weight
distributions (MWDs) are narrow. Variation of M, and MWDs
with [M]y/[Cat], ratio using 1-9 for the polymerizations of rac-
LA monomer were studied. The linear plots in Figure 7 and
Figure S30-S31 (see ESI) show that M, increases continuously
with an increase in the monomer to catalyst ratio whereas the
MWDs are almost invariable with increasing ratios for a given

monomer, suggesting that the polymerization proceeds in a

25 controlled manner (Table 2, 3 and Table S1, see ESI).

4

w
a

S

5

The polymerizations of rac-LA and L-LA in the presence of
benzyl alcohol (BnOH) were also performed using these
complexes. The catalytic activity of the complexes increased in
presence of BnOH. In all cases, the observed M, is in close
correlation with the theoretical M,. Blank polymerization of
lactide both in absence of catalyst or in presence of free ligand
(L1-L3) was performed and polymeric products were not
obtained which signifies the role of the Lewis acidic metal
centers in the metal complexes towards the ROP of lactides as
coordination sites for the lactide monomers. The higher reactivity
of Ti complexes compared to Zr and Hf complexes can be
explained by the higher Lewis acidity of the Titanium center. The
effect of variation of ancillary ligand on the catalytic activities
towards the ROP of lactide is marginal. As we move from
piperidinophenolate complex to diethylaminophenolate complex
of a particular metal, we observe slight increase in activity which
may be due to the higher s character of the N atom of the
diethylamine side arm compared to the morpholine and piperidine
side arm. As the s character and hence the electronegativity of the
N atom increases, the lewis acidity of the metal center increases
resulting in higher activity towards the ROP. However, the lewis
acidic character of different metal center rather plays a bigger
role towards the activity. The plot of M, vs. % conversion for rac-
LA polymerization using 4 and 7 is shown in Figure 8. The linear
relationship of the plot suggests again a good degree of control in
these polymerizations. The sigmoidal curves in the plot of %
conversion of rac-LA using 4 and 7 against time suggest a high
rate of polymer formation at the initial stage which approaches
towards almost constant value with the progress of time (Figure
S29, see ESI). We compared the polymerization results with our
previous reports on iminophenoxide complexes and we observed
a far better control in M, and MWDs. 5848

Figure 6. Unit cell crystal-packing of 7 showing NH"---Cl hydrogen bonding
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Table 1. Crystal data for the structures 1, 4, 5 and 7

Compounds 1 4-C,Hg 5 7-2C,Hg
Molecular formula C19H33C14NOTi C28H41C14N202r C21H32C14N2022r C52H82C16HfN202
Formula weight 481.16 654.65 577.50 1158.38
T/K ) 1732) K 298(2) K 293(2)K 296(2) K
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system, Monoclinic, Monoclinic, Monoclinic, Monoclinic,
Space group C2/c C2/e P2/c P2/c
a/A 11.0722(3) 29.4978(15) 21.5507(13) 20.6487(9)
b/A 22.8910(7) 11.1493(5) 11.4122(6) 10.3507(4)
c/A 19.0774(6) 21.1407(9) 10.7699(6) 14.0719(7)
a(°) 90 90 90 90
B(°) 98.0330(10) 112.578(2) 95.411(2) 99.266(2)
7(°) 90 90 90 90
V/A? 4787.8(2) 6419.9(5) 2637.0(3) 2968.3(2)
Z, Calculated density(Mg/ m3) 8, 1.329 8, 1.355 4, 1.455 2,1.296
Absorption coefficient (mm™) 0.813 0.698 0.842 2.063
Reflections collected/Independent reflections 15513/5095 18939/5530 17245/5463 22537/5234
Data/restraints/parameters 5095/0/247 5530/6 /371 5463/0/287 5234/1/342
Goodness of fit on F? 1.052 1.034 1.074 1.227
Final R indices [/ >20(1)] R;=0.0367, R;=0.0415, R, =0.0414, R, =0.0358,

wR,=0.0923 wR,=0.1146 WwR,=0.0956 wR,=0.0887
R indices (all data) R;=0.0482, R,=0.0517, R, =0.0535, R, =0.0503,
wR,=0.0994 wR, =0.1238 wR,=0.1021 wR,=0.1122

5 Ry = SIF| = IF/SIFol, wR = [X (Fe’ = FO S w(Fe)’1”

order dependence of the rate of polymerization on the monomer

In the next segment, kinetics for the polymerization of rac-LA concentration without induction period. The plot of In[rac-
using 1 and 7 in the ratio [rac-LA]y/[Cat], = 200 at 140 °C were 15 LA]y/[rac-LA]; vs. time was found to be linear. The values of the
studied. These catalysts were chosen because the reactivity of 1 is apparent rate constant (k,,,) were calculated from the slope of
10 comparatively more than others and high M, polymers were these lines and were found to be 0.119 min™ and 0.103 min™ for 1
obtained using 7. The plot depicted in Figure 9 confirms first- and 7 respectively.

Table 2. Polymerization data for 7ac-LA and L-LA catalyzed by complexes 1-9 in 200:1 ratio at 140 °C

Entry Cat. LA time * Yield M,(GPC)’ M, (theereticabe TOF! MM, P’
(min) (%) (kg/mol) (kg/mol) (min™)

1 1 rac-LA 20 99 28.67 29.12 9.90 1.08 0.73
2 2 rac-LA 20 97 28.04 29.13 9.70 1.10 0.71
3 3 rac-LA 22 99 30.38 29.13 9.00 1.12 0.72
4 4 rac-LA 20 98 31.30 29.12 9.80 1.10 0.72
5 5 rac-LA 24 98 27.88 29.13 8.17 1.11 0.74
6 6 rac-LA 27 99 31.65 29.13 7.33 1.14 0.70
7 7 rac-LA 23 98 30.87 29.12 8.52 1.10 0.70
8 8 rac-LA 25 97 29.18 29.13 7.76 1.12 0.72
9 9 rac-LA 30 99 30.51 29.13 6.60 1.14 0.71
10 1 L-LA 16 98 32.05 29.12 12.25 1.17
11 2 L-LA 17 98 28.44 29.13 11.53 1.07
12 3 L-LA 20 98 30.27 29.13 9.80 1.08
13 4 L-LA 16 97 33.25 29.12 12.13 1.07
14 5 L-LA 20 99 33.76 29.13 9.90 1.11
15 6 L-LA 25 99 29.50 29.13 7.92 1.10
16 7 L-LA 20 97 30.68 29.12 9.70 1.09
17 8 L-LA 25 98 32.34 29.13 7.84 1.10
18 9 L-LA 28 99 30.96 29.13 7.07 1.12

2 “Time of polymerization was measured by quenching the polymerization reaction when all the monomer were found to be consumed. "Measured by GPC
at 27 °C in THF relative to polystyrene standards with Mark-Houwink corrections for M,. ey theoreticad ot 100% = [M]o/[CJo % molecular weight of
monomer + molecular weight of end group. “TOFs were calculated as (mol of LA consumed) / (mol of catalyst x time of polymerization). “The probability
for heterotactic enchainment was calculated from homonuclear decoupled 'H NMR spectrum.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—o0 | 5
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Table 3. Polymerization data for rac-LA catalyzed by complexes 1, 4 and 7 in different [rac-LA]y/[Cat] ratio at 140 °C

Entry Cat. [rac-LA]y/ time ¢ Yield M,(GPC)’ M, (teoreticalie TOF?

[Cat]o (min) (%) (kg/mol) (kg/mol) (min'l) M /M, P
1 1 200/1 20 99 28.67 29.12 9.90 1.08 0.73
2 1 400/1 45 98 55.71 57.94 8.71 1.09
3 1 800/1 80 98 112.90 115.60 9.80 1.11
4 4 200/1 20 98 31.30 29.12 9.80 1.10 0.72
5 4 400/1 52 99 58.40 57.94 7.62 1.12
6 4 800/1 84 98 109.33 115.60 9.33 1.12
7 7 200/1 23 98 30.87 29.12 8.52 1.10 0.70
8 7 400/1 64 98 57.15 57.94 6.13 1.10
9 7 800/1 90 98 11347 115.60 8.71 1.13

“Time of polymerization was measured by quenching the polymerization reaction when all the monomer were found to be consumed. “Measured by GPC

at 27 °C in THF relative to polystyrene standards with Mark-Houwink corrections for M, eptheoretiead ot 100% = [M]o/[C]o * molecular weight of
monomer + molecular weight of end group. “TOFs were calculated as (mol of LA consumed) / (mol of catalyst x time of polymerization). “The probability
s for heterotactic enchainment was calculated from homonuclear decoupled 'H NMR spectrum.

In order to have a clear understanding of the initiation of the
ROP, low molecular weight (M) oligomer of rac-LA was
prepared by reacting rac-LA with complex 1 in 10:1 ratio at 140
10 °C under solvent free condition. The residue was dissolved in
minimum amount of CH,Cl, and then poured into cold methanol.
The oligomer was isolated and subjected to MALDI-TOF and 'H

15 aminophenolate ligand and one hydroxyl group. The MALDI-
TOF mass spectrum of the oligomer contains all the peaks as Na
adducts (Figure 10). The peaks are equally spaced by 72 a.u. and
resemble a linear PLA bearing the ligand at the chain end. It is
noted that intermolecular transesterification product was observed

20 in the MALDI-TOF mass spectrum. The results depict that the

NMR analysis. The '"H NMR spectrum of purified PLA-1 (Figure ligand initiates the ROP.
S32, see ESI) shows that the oligomer is end capped with the
Table 4. Polymerization data of rac-LA in presence of BnOH catalyzed by complexes 1, 4 and 7 in 100:1:5 ratio at 140 °C
Entry Cat. LA [LA]Y/ time * Yield M,(GPC)’ M, (eoreticabe TOF/ M,/M, P’
[Cat]y/[BnOH], (min) (%) (kg/mol) (kg/mol) (min™)
1 1 rac-LA 100/0/5 - - -
2 1 rac-LA 100/1/5 7 98 3.17 2.99 2.80 1.10 0.76
3 2 rac-LA 100/1/5 8 98 2.92 2.99 245 1.09 0.74
4 4 rac-LA 100/1/5 8 99 2.94 2.99 2.48 1.12 0.74
5 5 rac-LA 100/1/5 9 99 2.89 2.99 2.20 1.12 0.72
6 7 rac-LA 100/1/5 10 97 321 2.99 1.94 1.11 0.75
7 1 L-LA 100/1/5 6 98 3.05 2.99 3.27 1.09
8 2 L-LA 100/1/5 7 99 2.88 2.99 2.83 1.07
9 4 L-LA 100/1/5 7 99 3.18 2.99 2.83 1.10
10 7 L-LA 100/1/5 8 97 3.12 2.99 2.43 1.12

“Time of polymerization was measured by quenching the polymerization reaction when all the monomer were found to be consumed. “Measured by GPC

25 at 27 °C in THF relative to polystyrene standards with Mark-Houwink corrections for M,,. eptheoreticad ot 100% = [M]o/[C]o X molecular weight of
monomer + molecular weight of end group. “TOFs were calculated as (mol of LA consumed) / (mol of catalyst x mol of BnOH x time of polymerization).
“The probability for heterotactic enchainment was calculated from homonuclear decoupled 'H NMR spectrum.
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Figure 7. Plot of M, and MWD vs. [M]o/[Cat], for rac-LA polymerization

30 at 140 °Cusing 1,4 and 7
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Figure 9. Semi-logarithmic plots of rac-LA, conversion in time initiated by

s In order to have a clear understanding of the charge distribution,
the geometries of 1, 4 and 5 were optimized first at
B3LYP/LANL2DZ level. The actual and optimized bond lengths
and bond angles obtained from X-ray crystallographic studies as
well as theoretical calculations of the structures 1, 4 and 5

10 correlated well and are reported in Table S1. The slight variations
in bond parameters are observed because single crystal X-ray
structure were recorded in the solid state and DFT calculations
belong to gaseous phase. The optimized geometries proved the
labile nature of one metal-chlorine axial bond. More

15 electronegative atoms always occupy the position having more p
character. Hence, the axially placed atoms have higher Mulliken
charges. But here we observed significantly higher charge
distribution for one axial CI atom (-0.337, -0.379 and -0.379 for
1, 4 and 5 respectively) which may be due to the hydrogen

20 bonding interaction with the NH" moiety (Figures 12 and S34-
S35, see ESI).
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Figure 10. MALDI-TOF spectrum of the crude product obtained from a reaction between rac-LA and 1 in 10:1 ratio at 140 °C
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Figure 12. Mulliken net charges for the optimized geometry of 1
Ethylene polymerization

The catalytic activity of the complexes 1-9 activated by MAO
s towards the polymerization of ethylene were tested. With MAO
as co-catalyst, all the complexes exhibited moderate to good
catalytic activity (Table 5). We performed blank polymerization
of ethylene in absence of cocatalyst MAO and the catalysts were
found to be inactive. In presence of MAO, the catalysts were
10 activated to form the alkyl cationic complexes which propagated
the polymeric chains.”® The presence of bulky fert-butyl group at
the ortho position of the phenoxy oxygen prevents the cocatalyst
from coordination to the metal center. As a result of it, the
cationic activated complex and anionic cocatalyst remain
15 separated which expose more space for the ethylene monomers to
coordinate to the metal center and insert into the carbon-metal
bond, thereby resulting in higher activity of the complexes.®® As
we move from Ti to Hf, the electrophilic character of the metal
center decreases and hence the activity towards ethylene
20 polymerization decreases.”® The plot of the activity vs.
[MAOJ/[C] ratio is depicted in Figure 13. Different solvents were
used to understand the effect on activity and highest activity was
observed in toluene (Figure S33, see ESI). Although good
polymer yield was found for all the catalysts, the activities were
25 lower than Fujita’s catalysts.'
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254
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0 2000 4000
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Figure 13. Plot of activity vs [MAO]/[C] ratio for 1, 4 and 7 for ethylene
polymerization

Table 5. Data for the Polymerization of ethylene catalyzed by complexes
1-9 with MAO

Dynamic Article Links pPage 8 of 12

Entry Catalyst Activity” Yield” M,* M /M,
(2 (Kg/mol)

1 MAO - - -
2 1 2.62 1.31 48.62 1.87
3 2 2.64 1.32 47.19 1.94
4 3 2.57 1.28 47.08 1.91
5 4 2.50 1.25 45.38 2.04
6 5 2.54 1.27 47.34 2.11
7 6 244 1.22 4591 2.05
8 7 2.36 1.18 45.28 1.94
9 8 2.40 1.20 43.73 2.04
10 9 248 1.24 44.15 2.12

All experiments were done in toluene at MAO:catalyst ratio = 1000,
unless otherwise indicated. Ethylene pressure = 8 atm, 80 °C for 30 min,

35 catalyst = 0.104 mmol, solvent = 45 mL. *Activity = Activity in (g
PE/mol cat xh) x10%. °g of PE obtained after 30 min. “Determined by
GPC in 1,2,4- C¢,Cl3H; vs. narrow polystyrene standards.

Conclusion

40 In summary, we have synthesized a series of zwitterionic group 4
metal chloride complexes based on aminophenol ligands and
characterized those using various spectroscopic techniques. The
single crystal X-ray diffraction studies showed that the
zwitterionic molecules are stabilised by moderate to weak

45 electrostatic hydrogen bonding interactions. The complexes were
proved to be potent catalysts for the ROP of lactides and gave
much better results in terms of control of number average
molecular weights (M,) and molecular weight distributions
(MWDs) under solvent free condition than our previous report on

so the iminophenoxide complexes based on group 4 metal
alkoxides®™**". Titanium complexes were found to be more active
than zirconium and hafnium complexes. The observed number

This journal is © The Royal Society of Chemistry [year]
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average molecular weights (M) are in close proximity to the
theoretical values with narrow MWDs. MALDI-TOF and 'H
NMR spectra reveals that the poly(lactic acid) is end capped with
the ligand. Using methylaluminoxane (MAO) as cocatalyst, the
complexes were found to be moderately active for ethylene
polymerization.

Experimental
Materials and general details

All reactions and manipulations were carried out under argon
atmosphere using either standard schlenk or glove box
techniques. The solvents were freshly distilled from suitable
drying agent (toluene over sodium/benzophenone and CH;CN
over calcium hydride) and degassed prior to use. rac-LA, L-LA,
CDCl; for NMR studies were purchased from Aldrich and. rac-
LA and L-LA were purified by sublimation twice whereas CDCl;
were dried over calcium hydride followed by distillation before
use. All chemicals needed for the preparation of ligands, TiCl, in
1.0 M CH,Cl,, ZrCl,, HfCl, were purchased from Aldrich and
used as such without any further purification. The ligands L1-L3
were synthesized according to the standard literature procedures’'
and purified by azeotropic distillation prior to use. All 'H and "*C
NMR spectra were recorded on 400 MHz Bruker Avance with
chemical shifts given in parts per million (ppm). ESI-MS spectra
of the compounds were performed using Waters Q-TOF micro
mass spectrometer. Elemental analyses were performed using
Perkin Elmer Series 11 analyzer. MALDI-TOF of oligomer
sample was performed on a Bruker Daltonics instrument using
dihydroxybenzoic acid matrix. Molecular weights and the
polydispersity indices of the polymer samples obtained by the
ring opening polymerization of lactide monomers were
determined by using a GPC instrument with Waters 510 pump
and Waters 410 differential refractometer as the detector. Three
columns namely WATERS STRYGEL-HR5, STRYGEL-HR4
and STRYGEL-HR3 each of dimensions (7.8x300 mm) were
connected in series. Measurements were done in THF at 27 °C. In
case of ethylene samples, number average molecular weights
(M,) and MWDs were determined by GPC instrument with
Waters 510 pump and Waters 2414 differential refractometer as
the detector. The column namely WATERS STRYGEL-HR4 of
dimensions (4.6x300 mm) was connected during the experiment.
Measurements were done in tri-chloro benzene. Number average
molecular weights (A,) and molecular weight distributions
(My/M,) (MWDs) of polymers were measured relative to
polystyrene standards.

Preparation of 1-9

The general procedure for the preparation of 1-9 is given below.
To a stirred solution of L1- L3 (0.10 mmol) in 10 mL of dry
toluene was added a solution of metal chloride (0.10 mmol) in 5
mL of chloroform in 1:1 ratio at -24 °C in an argon filled glove
box. The solution was allowed to come to room temperature. The
reaction mixture started becoming turbid over a period of 1-2
hours and the colour changed to brown-red in case of Ti
complexes and pale white for Zr and Hf complexes. The solution
was stirred for an additional 24 hours after which the solvent was
removed under reduced pressure to give complexes 1-9.
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Complex 1. The resultant brown-red solid was crystallized from
a 1:1 mixture of chloroform and toluene. 'H NMR (400 MHz,
CDCl;, ppm): 0 = 1.17-1.21 (m, 6H, -CH,CH;), 1.38 (s, 9H, -
C(CH3); ), 1.52 (s, 9H, -C(CH;); ), 3.14-3.21 (m, 2H, -
C(H)HCH;), 3.38-3.45 (m, 2H, -C(H)HCH;), 4.43 (s, 2H, Ar-
CH,), 6.92-6.93 (m, 1H, Ar-H), 7.39-7.40 (m, 1H, Ar-H), 8.75 (s,
1H, NH-CH,). *C NMR (100 MHz, CDCly, ppm): § = 18.7, 31.8,
34.0, 36.3, 37.2, 47.8, 60.7, 120.9, 124.4, 124.6, 137.7, 156.9.
ESI m/z calculated for [M-CI]". C;oH33C1;NOTi: 445.70, found
444.10. Anal. Calc. for C;oH3;CI,NOTi: C, 47.43; H, 6.91; N,
2.91; found C, 47.02; H, 7.01; N, 2.95.

Complex 2. '"H NMR (400 MHz, CDCl;, ppm): 6 = 1.28 (s, 9H, -
C(CH3);3 ), 1.42 (s, 9H, -C(CH5)3 ), 3.38 (m, 2H, -NC(H)HCH,),
3.61 (m, 2H, -NC(H)HCH,), 4.44 (s, 2H, Ar-CH,), 4.54 (m, 4H, -
OCH,CH,), 6.84-6.85 (m, 1H, Ar-H), 7.22-7.23 (m, 1H, Ar-H),
8.50 (s, 1H, NH-CH,). *C NMR (100 MHz, CDCl;, ppm): ¢ =
30.2, 32.1, 35.3, 37.0, 36.8, 56.8, 66.8, 69.2, 122.4, 123.9, 124.2,
138.5, 1449, 156.6. ESI m/z calculated for [M+H]".
CoH3,CI4NO,Ti:  496.13, found 495.15. Anal. Calc. for
C,9H5,CI,NO,Ti: C, 46.09; H, 6.31; N, 2.83; found C, 46.28; H,
6.14; N, 2.79.

Complex 3. "H NMR (400 MHz, CDCl;, ppm): 6 = 1.35 (s, 9H, -
C(CH3)3 ), 1.51 (s, 9H, -C(CH3)3 ), 1.56 (m, 2H, -CH,CH,CH,),
1.64-1.70 (m, 4H, -CH,CH,CH,), 3.38 (m, 4H, -NCH,CH,), 4.40
(s, 2H, Ar-CH,), 6.90-6.91 (m, 1H, Ar-H), 7.21-7.22 (m, 1H, Ar-
H), 8.34 (s, 1H, NH-CH,). *C NMR (100 MHz, CDCl;, ppm): &
= 25.1, 26.6, 30.3, 33.7, 36.7, 36.8, 56.9, 67.1, 123.4, 125.9,
126.9, 138.5, 144.6, 156.8. ESI m/z calculated for [M]".
Cy0H3;CUNOTi:  493.16, found 493.90. Anal. Calc. for
C,0H3;CILINOTI: C, 48.71; H, 6.74; N, 2.84; found C, 48.58; H,
6.77; N, 2.91.

Complex 4. The resultant pale white solid was crystallized from
a 1:1 mixture of CH;CN and toluene. '"H NMR (400 MHz,
CDCl;, ppm): 6 = 1.09-1.12 (m, 6H, -CH,CH;), 1.37 (s, 9H, -
C(CH3); ), 149 (s, 9H, -C(CH;); ), 3.15-3.20 (m, 2H, -
C(H)HCH;), 3.36-3.42 (m, 2H, -C(H)HCH;), 4.42 (s, 2H, Ar-
CH,), 6.82-6.83 (m, 1H, Ar-H), 7.25-7.26 (m, 1H, Ar-H), 8.27 (s,
1H, NH-CH,). *C NMR (100 MHz, CDCl;, ppm): 6 = 17.7, 29.5,
31.7, 34.1, 34.8, 47.5, 59.2, 121.6, 122.3, 123.2, 135.2, 139.9,
155.1. ESI m/z calculated for [M+CH;CN]". C,;H3sCL,N,OZr:
564.51, found 563.9. Anal. Calc. for C,oH;;CI;NOZr: C, 43.51;
H, 6.34; N, 2.67; found C, 43.58; H, 6.77; N, 2.72.

Complex 5. The resultant pale white solid was crystallized from
a 1:1 mixture of acetonitrile and toluene. 'H NMR (400 MHz,
CDCl;, ppm): 0 = 1.26 (s, 9H, -C(CHs)3 ), 1.40 (s, 9H, -C(CHs);
), 3.32 (m, 2H, -NC(H)HCH,), 3.49 (m, 2H, -NC(H)HCH,), 4.28
(s, 2H, Ar-CH,), 4.41 (m, 4H, -OCH,CH,), 6.84-6.85 (m, 1H, Ar-
H), 7.23-7.24 (m, 1H, Ar-H), 8.28 (s, 1H, NH-CH,). *C NMR
(100 MHz, CDCl;, ppm): 0 = 29.9, 32.1, 34.9, 35.3, 53.2, 63.1,
67.3, 120.5, 123.6, 124.1, 136.1, 141.2, 154.4. ESI m/z calculated
for [M+CH3CN]+ C21H35C14N2022r: 57849, found 577.13. Anal.
Calc. for C;oH;,CI,NO,Zr: C, 42.38; H, 5.80; N, 2.60; found C,
42.94; H, 5.26; N, 2.90.

Complex 6. 'H NMR (400 MHz, CDCl;, ppm): 0 = 1.29 (s, 9H, -
C(CH3)3 ), 1.43 (s, 9H, -C(CH3); ), 1.53 (m, 2H, -CH,CH,CH,),
1.60-1.66 (m, 4H, -CH,CH,CH,), 3.25 (m, 4H, -NCH,CH,), 4.37
(s, 2H, Ar-CH,), 6.81-6.82 (m, 1H, Ar-H), 7.20-7.21 (m, 1H, Ar-
H), 8.31 (s, 1H, NH-CH,). >C NMR (100 MHz, CDCl;, ppm): &

This journal is © The Royal Society of Chemistry [year]
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= 27.1, 29.8, 32.6, 34.7, 37.1, 38.8, 56.7, 66.9, 121.0, 122.6,
123.3, 135.4, 140.2, 154.5. ESI m/z calculated for [M+CH;CN]".
CyH36CILN,OZr  576.52, found 576.14. Anal. Calc. for
CyoH3;CILNOZr: C, 44.77; H, 6.20; N, 2.61; found C, 44.82; H,
6.14; N, 2.67.

Complex 7. The resultant pale white solid was crystallized from
a 1:1 mixture of chloroform and toluene. '"H NMR (400 MHz,
CDCl;, ppm): 0 = 1.27 (m, 6H, -CH,CHs), 1.39 (s, 9H, -C(CH3)3
), 1.59 (s, 9H, -C(CHz3)3 ), 3.11 (m, 2H, -C(H)HCHj;), 3.40 (m,
2H, -C(H)HCH;), 4.41 (s, 2H, Ar-CH,), 7.00 (m, 1H, Ar-H),
7.38 (m, 1H, Ar-H), 8.16 (s, 1H, NH-CH,). *C NMR (100 MHz,
CDCls, ppm): 6 = 17.3, 26.9, 30.6, 32.9, 34.6, 46.1, 55.4, 126.3,
126.7, 127.1, 133.2, 138.3, 152.9. ESI m/z calculated for [M—
HfCls]". CoH3;3NO: 291.26, found 291.34. Anal. Calc. for
C33H66C16Hﬂ\]202: C, 4685, H, 683, N, 288, found C, 4751, H,
6.97; N, 3.04.

Complex 8. '"H NMR (400 MHz, CDCls, ppm): 6 = 1.25 (s, 9H, -
C(CHs)3 ), 1.41 (s, 9H, -C(CH5)3 ), 3.26 (m, 2H, -NC(H)HCH,),
3.46 (m, 2H, -NC(H)HCH,), 4.28 (s, 2H, Ar-CH,), 4.41 (m, 4H, -
OCH,CH,), 6.80-6.81 (m, 1H, Ar-H), 7.20-7.21 (m, 1H, Ar-H),
8.026 (s, 1H, NH-CH,). *C NMR (100 MHz, CDCl;, ppm): 6 =
29.6, 31.7, 33.5, 349, 52.8, 62.6, 66.8, 120.1, 123.2, 123.6,
135.6, 140.8, 153.9. ESI m/z calculated for [M-HfCls]".
CioH3NO,:  305.23; found 30691. Anal. Calc. for
C33H62C16Hﬂ\]204: C, 4554, H, 624, N, 280, found C, 4621, H,
6.85; N, 2.72.

Complex 9. '"H NMR (400 MHz, CDCl;, ppm): 6 = 1.28 (s, 9H, -
C(CHs)3 ), 1.48 (s, 9H, -C(CH3); ), 1.59 (m, 2H, -CH,CH,CH,),
1.60-1.65 (m, 4H, -CH,CH,CH,), 3.23 (m, 4H, -NCH,CH,), 4.31
(s, 2H, Ar-CH,), 6.64-6.65 (m, 1H, Ar-H), 6.97-6.98 (m, 1H, Ar-
H), 8.28 (s, 1H, NH-CH,). *C NMR (100 MHz, CDCl;, ppm): 0
= 26.0, 27.0, 30.4, 31.6, 34.7, 354, 549, 65.1, 121.9, 124.1,
125.5, 135.5, 140.6, 154.5. ESI m/z calculated for [M—-HfCl¢]".
CyoH33NO:  303.26; found 303.92. Anal. Calc. for
C4HgcCIsHIN,O,: C, 48.13; H, 6.66; N, 2.81; found C, 47.66; H,
6.29; N, 2.68.

X-ray crystallography

Single crystals of the metal complexes were obtained for X-ray
structural determination by crystallization from a 1:1 mixture of
toluene and acetonitrile. In each case, suitable crystal of proper
size was selected from mother liquor and mounted on Bruker
AXS (Kappa Apex 2) CCD diffractometer equipped with graphite
monochromated Mo (Ka) (A = 0.7107 A) radiation source. A full
sphere of data was collected with 100% completeness for 6 up to
25° w and ¢ scans were employed to collect the data. The frame
width for w was set to 0.5 for data collection. The frames were
integrated and data were reduced to Lorentz and polarization
corrections using SAINT-NT. The data set was subjected to
multi-scan absorption. All structures were solved using SIR-92
and refined using SHELXL-97.%” All non-H atoms were located
from successive Fourier maps, and hydrogen atoms were refined
using a riding model. Anisotropic thermal parameters were used
for all non-H atoms, and fixed isotropic parameters were used for
H atoms. These data were deposited with CCDC with the
following CCDC numbers: 1050370 (1), 1050371 (4),
1050372(5) and 1050373 (7).
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General procedure for the polymerization of rac-LA and L-
LA

The polymerizations were performed under solvent free condition
by heating the monomer and the catalyst in a closed glass vessel
to 140 °C for a period of time by which the melt had become
viscous. Here, 0.25 g of rac-LA or L-LA and 8.67 umol of the
desired catalyst were introduced in 200:1 ratio into a dry reaction
vessel equipped with a magnetic stirrer bar. After the reaction
time, the reaction mixture was dissolved in dichloromethane and
then poured into cold methanol. The polymers thus precipitated
were dried to a constant weight. The conversion yield of rac-LA
and L-LA were analyzed by "H NMR spectroscopic studies.

70 Number average molecular weight (M,) and M,/M, (MWDs)

were determined by GPC measurements.
General procedure for ethylene polymerization

A 100 mL container made of stainless steel was charged under
argon atmosphere with 45 mL of freshly distilled toluene and
0.104 mmol of 1-9 along with the required amount of MAO to
activate the catalyst. The polymerizations were performed in high
pressure autoclave reactor with mechanical stirring. Subsequently
the autoclave was heated up to 80 °C and the ethylene gas was
bubbled for 30 min through the reactor inlet. The polymerization
was quenched with acidic methanol. The resultant polymer was
filtered and dried until constant weight was achieved.

General procedure for kinetic studies of lactides

For the kinetic studies, the polymerizations of rac-LA using 1
and 7 were carried out in 200:1 ratio at 140 °C. 0.035 mmol of 1
or 7 was added to 1 g of monomer in a sealed tube under argon
atmosphere. The contents were stirred and immersed in a bath at
140 °C. 0.2 mL aliquots were taken out at appropriate interval of
time from the reaction mixture and analyzed by '"H NMR. The
[rac-LA]y/[ rac-LA]; ratio was calculated by integration of the
peak corresponding to the methine proton for the monomer
and polymer. Apparent rate constant (k,,) were obtained from the
slopes of the best-fit lines.

Computational details

The molecular geometry optimizations were performed by using
GAUSSIAN 09 (Rev C.01) package of quantum chemical
programs. The calculations employed B3LYP method, a version
of the DFT method which uses Becke’s three parameter
functional (B3) and includes a mixture of HF with DFT exchange
terms associated with the gradient corrected correlation
functional of Lee, Yang and Parr (LYP) and LANL2DZ basis
set.”®
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