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Abstract

In this work, we report the synthesis, structural characterization of Group 4 mono and bis-hydroxides and their derivatives
and their catalytic properties in the Ring Opening Polymerization (ROP) of rac-Lactide. The hydroxides, and their
multimetallic assemblies were characterized, using ‘H NMR, 2D NMR, Elemental Analysis, and Single crystal XRD. These
complexes were used as catalysts for ring opening polymerization of rac-Lactide. All complexes exhibit varied activity in the
polymerization but produce heterotactic polylactide in high yield. These polymers were further characterized by **C NMR.
A tendency toward formation of heterotactic polylactide was observed in the bulk polymerizations. Copyright © 2017 VBRI

Press.
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Introduction

Heterometallic complexes in general have enormous
potential to revolutionize homogeneous catalytic
processes. They can simultaneously activate both
components of a bimolecular reaction, overcome entropy
barriers associated with bringing the two reagents
together, and minimize the energy barrier that arises from
solvent-shell rearrangements during the reaction by virtue
of the cooperative interaction between the two different
metal centers [1]. In this way a very important area of
“tandem catalysis” has burgeoned in recent years in which
one site produces a specific type of polymer that is
immediately incorporated into another type of polymer
produced by the other proximate metal center [2-6].
Multimetallic systems of various main group and
transition metals bridged by oxygen, carbon, nitrogen and
halides have been reported [7]. Properties such as
multifunctionality and cooperative effects have been
studied [8]. Nevertheless, the problems found to meet the
different coordination environments of both metals in
close proximity could be as great as the expectations, and
thus synthetic strategies leading to new complexes are
highly desirable. The synthesis and characterization of
heterobimetallic oxides, which are used as polyfunctional
catalysts and precursors for the preparation of bi- and
polymetallic heterogeneous catalysts, have been the topic
of various academic and industrial studies [9,10] since the
discovery of the catalytic olefin polymerization by Ziegler
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and Natta. These heterogeneous catalysts have
complicated structural features and are insoluble in
solvents advantageous for polymerization reactions.
Subsequent years have witnessed tremendous advances in
the design and application of organometallic complexes
as olefin polymerization catalysts.

In this contribution, we report a facile route for the
preparation of hydroxides and their heterobimetallic and
trimetallic  derivative Zr-O-Ti and Zr-O-Hf-O-Zr
complexes and their use in ring opening polymerization
(ROP). The complexes are characterized using 2D NMR,
single crystal X-ray studies and used as a catalysts in the
ring opening polymerization of rac-lactide. The
heterometallic Complexes exhibit high activity and
produce heterotactic polylactic acid (PLA).

Results and discussion

Group four elements interact strongly with oxygen and
are therefore obvious choices for stable inorganic
cornerstones in combination with oxygen containing
linkers. Group 4 hydroxides have been the subject of
study since two decades because they produce interesting
and unprecedented intermediates.

The controlled hydrolysis of Cp*,ZrMe, with one
equivalent of water resulted in the formation of
Cp*,ZrMe(OH) (1) in high yield with the elimination of
methane (Scheme 1) [11]. However, even with one
equivalent of water, Cp*,HfMe, produces dihydroxide,
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Cp*,Hf(OH),. An Effort to isolate the monohydroxide
analogue for 1 was unsuccessful. However, It was
reported [12] that the reaction of water with Cp*,HfH,, in
1:1 stoichiometry produces Cp*,HfH(OH) with the
evolution of hydrogen but surprisingly its congener,
Cp*,HfMe(OH) was not observed even at low
temperature. Moreover, the bimetallic oxide bridged
complex of Cp*,HHfOHfHCp*, was also observed
during the course but Cp*,MeHfOHfMeCp*, was never
observed in our case.

Compound 2 is the first structurally characterized
Hafnium compound which is bonded to two OH groups at
the same hafnium atom (Scheme 1). Interestingly, 2 is
monomeric in the solid state and OH groups are not
involved in any kind of hydrogen bonding as shown by
X-ray structural analysis and IR spectroscopy. *H NMR
studies at low temperature to find out the possible
formation of monohydroxide did not show any methyl
peaks ruling out the formation of Cp*,HfMe(OH). It is
interesting to note that group 4 metallocenes react in
different proportion with water. Titanium forms bis-aqua
as well as hydroxyl aqua complexes [12], while zirconium
forms both mono and bis- hydroxides and hafnium
produces bis-hydroxide complex only. Furthermore, the
reaction of 2 with one equivalent of Cp*HfMe, did not
occur. This may be due to the fact that the hafnium center
is surrounded by sterically bulky Cp* ligands, which
restrict complex 2 from dimerising with loss of water.

Scheme 1. Preparation of Group 4 hydroxides.

[Cp*,Ti(H,0),]*"  [Cp*,Ti(H,0)(OH)]”
M = Hf M=Ti M=Zr
—30°C toRT —30°C toRT
Cp*,Hf(OH), €———(p*;MMe, + H,0 —— Cp*,ZrMe(OH)
n-hexane - -
—2CH n-hexane
2 4 —CH, 1

S \f’ e f

Hf
Fig. 1. Molecular structures of 2 [Cp*;Zr(Me)OH] and 3

[Cp*;Hf(OH),]. Hydrogen atoms (except for OH group) are omitted for
clarity.

To the best of our knowledge compound 2 is the first
structurally characterized hafnium hydroxide. The X-ray
quality single crystals were obtained from n-hexane by
cooling 2 at —20 °C. Molecular structure of 2 is shown in
Fig. 2. Compound 2 crystallizes in the orthorhombic
space group P212121. The Hf center is bonded to two
Cp* groups and to two ancillary ligands (OH) adopting a
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distorted tetrahedral geometry around the metal.
The O(1)-Hf(1)-0O(2) bond angle (93.3°) and the angle
involving the centroids of the Cp* rings (138.7°)
(Table 1) are in good agreement with the corresponding
Cp*,Zr(OH), [11] (O-Zr-0, av 98.9(2)° and Cp* angle av
137.7(5)°) The Hf(1)-O(1) and Hf(2)-O(2) bond lengths
are similar to each other (2.345(3) and 2.351(3) A) but are
longer when compared to those (Hf-O, av 1.943 A),
in the  homobimetallic ~ compound  (Cp,CIHf
(H-O)HfCICp,).[11]

Table 1. Selected Bond angles (deg) and Bond length (A) parameters for
compounds 1 and 2.

Compound 1
Zr(1)-0(1) 2.040(4) O(1)-Zr(1)-C(21) 95.5(2)
Zr(1)-C(21)  2.302(7) Xepe1-Z1-X ez 137.6
Compound 2
Hf(1)-0O(1)  2.345(3) O(1)-Hf(1)-0(2) 93.3°
Hf(1)-0(2) 2.351(3) Xepr1-HF-Xcpe 131.7

Xcp+ = Centroid of cyclopentadienyl ring

Complex 1 reacts cleanly with Cp*TiMe3 at room
temperature under elimination of methane to form the
heterobimetallic compound 2 with a Zr-O-Ti moiety
(Scheme 2) in good yield.

Scheme 2. Synthesis of Cp*,MeZr (u-O) TiCp*Me, and Cp*,MeZr
(1-0) Ti(NMe)s

Cp*

Cp*
Me NMe, Cp*
\ Ve / RT/ether Cp*TiM \ Me /
. p 1 e» .
/Zf\ /T‘\\NMeZ - pMZMeO o, R‘T o PN
A N, Ti(NMey), S0Cto VR / Me
Cp* = 'ls'csMes ether Cp* Me
4 1 3

Scheme 3. Synthesis of Cp*,MeZr (u-O) Hf(NMe;); and Cp*2MeZr
(u-O)Hf(NMey), (n-O)ZrMeCp*;,

Cp*
\ Me /NMCZ
toluene, 25 °C 7 / Hf
Cp*,(Me)Zr(OH) N o~ \ NMe,
1 Hf(NMe,), Cp* s NMe,

— 5
toluene, 25 °C Cp* = 17-CsMes

2Hf(NMez)4
Cp* Me NMe Cp*
/) /
/Zr\O P O/Zr\
Cp* / / Cp*
Me,N Me
6

2D NMR characterization of complexes 4 and 6

To understand the interaction of atoms in complex
molecules of 4 and 6 in solution state, 2D (*H'H NOESY)
NMR experiments were carried out. The experiments
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reveal that 4 and 6 are indeed heterometallic complexes.
The 2D spectrum of Cp*,MeZr(u-O)Ti(NMe,)s (4)
exhibits the methyl resonances from the Zr-(CHs), (5 0.01
ppm) and Ti-N(CHj3), (8 3.14 ppm) moieties have cross-
peaks, and also the methyl signals on Cp* (5 1.89 ppm)
and methyl signals on Ti-N(CHs), (8 3.14 ppm) shows the
cross peaks which can be expected considering the bulky
Cp* ligands. This data indicates that the Zr and Ti
moieties are present within the same molecule (Fig. 2)
The crystal structure data for all complexes (1 to 6) but 2
were reported [11]. The *H,'H NOESY spectrum for
complex 6 is shown in Fig. 2. The spectrum is similar to
that of 4 exhibiting the cross peaks between the methyl
resonances of Zr-CH; (8 - 0.05 ppm) and methyl
resonances of Hf-N(CHs), (8 1.99 ppm). The cross peaks
between methyl signals of Hf-N(CHj3), (8 1.99 ppm) and
methyl signals of C(CHs)s [(Cp*) (6 1.92 ppm)] has also
been seen indicating the presence of Zr and Hf in the
same molecule. In both 2D spectra of compounds 4 and 6
the cross peaks between corresponding methyl resonances
of Zr-Me (8 0.01 ppm, for 4, and & -0.05 ppm for 6) and
methyl resonances of C(CHz)s (Cp*) (6 1.89 ppm for 4,
and 6 1.92 ppm for 6) has been observed. This may be
attributed to the steric interaction between the methyl-
methyl groups of the bulky Cp* ligands.
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Fig. 2. 2D (*H,"H NOESY) spectrum of Cp*,MeZr(u-O)Ti(NMe,)s (4)
and Cp*,MeZr(u-O)Hf(NMe,),(1-O)ZrMeCp*; (6).
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Bulk polymerisation of rac-lactide (rac-LA)

Due to their unique properties, biodegradable polymers
have long been considered as alternative environmentally
friendly polymers. The most important synthetic
biocompatible and biodegradable polymer known is
polylactide (PLA) which has wide range of biomedical,
pharmaceutical, agricultural, and packing applications.
PLA is conventionally synthesised through the ring
opening polymerisation (ROP) of lactide (LA) [13]. The
mechanical, physical, and degradation properties are
closely related to the stereochemistry of PLA, so
stereocontrol of PLA homopolymers or copolymers is of
utmost importance to achieve the desired features for
applications.

In recent times the study of ring-opening
polymerisation (ROP) of cyclic esters such as
rac-lactide (LA) with metal complexes has been
intensively reported. Various types of metal alkoxides
such as tin, aluminium, zinc, magnesium, iron,
lanthanide, and lithium [14] organometallic complexes
have been found to be active LA polymerisation catalysts,
and many afford materials with controlled molecular
weights and narrow molecular weight distributions.
Despite the fact that some excellent initiators have been
reported for the polymerisation of LA, the search for new
catalysts that generate well-defined polylactides remains
of keen interest. The roles of the structure of metal
alkoxide complexes in determining molecular weights and
molecular weight distributions, as well as the
polymerisation pathway, are significant current research
issues.

Preliminary results on the use of catalysts 3-6
for the bulk polymerisation of rac-LA are summarised
and are presented in Table 2. Polymerisations were
performed at 130 °C with the [LA]J/ [Ti] ratio
fixed at 300. This table reveals that all the compounds
catalyse LA polymerisation. Moreover, it appears
that compound 6 significantly decreases the
polydispersity index and polymer vyield. However,
some transesterification probably occurred during the
polymerisation reaction since the polydispersity
indices of both PLA products were somewhat
higher than expected for a controlled
polymerisation.

These bimetallic complexes exhibit high activity
and produce polylactide with high  molecular
weight and lower polydispersity. The preference for
heterotacticity in our poly(rac-LA) are comparatively
stronger for  bimetallic complexes than their
mononuclear precursor compounds [12] and are similar to
the previous reports by Kasperczyk et al [15]. This may
be due to the initiating oxide/amide group which
dissociate relatively easily from the metal center in
bimetallic complexes than the monometallic precursors in
the early stage of polymerisation so that it can be utilised
to initiate LA polymerisation and provide a means of
controlling the molecular weight by functioning as an end

group.
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Scheme 4.

0 complexes
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The bimetallic complexes show similar trend in the
activity, while trimetallic complex (6) shows lower
activity with broader molecular distribution. Complexes
with amide ligand (4 and 5) show higher activity and
lower polydispersity that may be attributed to the less
steric bulkiness of amide ligands compared to Cp* ligand.
It can also be noted that amide ligands are better initiators
in catalytic reactions. The lower activity of complex 6 can
be attributed to its instability in polymerization process.

It appears that the initiating group is the highly oxide
(in 3) or amides (4 and 6) group in bimetallic, similar to
the observation made by Verkade et al. [14] But the
scenario in trimetallic complex (6) is complicated. We
assume that the initiating group may be similar to the
mononuclear complexes, although the insertion of lactide
into M-O (Zr, Ti or Hf) of the oxide arm or amide arm
cannot be ruled out.

Table 2. Data for bulk solvent-free ring opening polymerisation (ROP)
of rac-Lactide Data for Complexes. 3-6° [3: Cp*,MeZr(u-O) TiMe,Cp*;
4: Cp*;MeZr(u-O)Ti(NMey)s;  5: Cp*;MeZr(u-O)Hf(NMey)s;  6:
Cp*;MeZr(p-O)Hf(NMe,)2(p-O)ZrMeCp*;]

2017, 2(10), 643-647

0 o
O.R) 0.6 o
okl Woay
: o] o]

run | complex | Polymer | Yield M, " M>?  [M/M,S
(@ (%)
1 3 1.82 88 39420 | 20373 1.44
2 4 1.68 98 43131 | 22890 1.40
3 5 1.76 95 41109 | 41306 1.22
4 6 1.80 74 21577 16564 2.11

LA (2.027 g) LA/Ti = 150, polymerisation temperature = 130 °C, time
= 20 min. "The weight average molecular weight (M), the number
average molecular weight (M,), and the polydispersity index (PDI)
Mw/M,) were determined by GPC.

Experimental
General procedures

All experimental manipulations were carried out under an
atmosphere of dry nitrogen using standard Schlenk
techniques or using a Vacuum Atmospheres dry box
unless otherwise specified. All chemicals used were of
reagent grades and were purified by standard purification
procedures.

All *H spectra were recorded on a JEOL JNMLA 400
spectrometer (399.65 MHz for *H, 100.626 MHz for *C).
All deuterated NMR solvents were stored over molecular
sieves under a nitrogen atmosphere in the dry box, and all
chemical shifts are given in ppm and referenced to SiMe,
(TMS). All spectra were obtained in the solvent indicated
at 25 °C unless otherwise specified. Elemental analyses
were performed by using PE240011 Series (Perkin-Elmer
Co.).
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Synthesis of complexes 1-4

Complexes 1 to 4 were synthesized by the procedure
reported earlier [11].

Crystallographic analysis

All measurements were made on a Rigaku RAXIS-
RAPID imaging plate diffractometer with graphite-
monochromated Mo Ko radiation. All structures were
solved by direct methods and expanded using Fourier
techniques, [15]and the non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not
refined. All calculations for complex 2 were performed
using the crystal structure crystallographic software
package [16]. Selected crystal collection parameters are
summarised in Table S1, and the detailed structure
reports including their CIF files were shown in the
Supporting Information.

Procedure for rac-lactide polymerisation

LA bulk polymerisations were carried out by charging a
stirring bar, 2.00 g of LA, and then the appropriate
amount of catalyst precursor to a 10 mL Schlenk flask.
The flask was then immersed in an oil bath at 130 °C, and
after the appropriate time, the reaction was terminated by
the addition of 5 mL of methanol. The precipitated
polymers were dissolved in a minimum amount of
methylene chloride, and then, excess methanol was added.
The resulting re-precipitated polymers were collected,
washed with 50 mL of methanol, and dried in vacuum at
50 °C for 12 h.

Conclusion

In conclusion, we succeeded in synthesizing the mono
and bis-hydroxide complexes of all the group 4 elements.
Hafnium produces only bis-hydroxide compound.
Series of bimetallic derivatives were prepared using
metallocenes and amides. All the complexes were
thoroughly characterized. Because of their high basicity,
steric hindrance, and high activity at low temperature,
bimetallic oxides exhibit excellent stereocontrol for the
ROP of rac-lactide.

The bimetallic complexes showed high activity with
uniform molecular distribution. Complex 6 showed lower
activity in polymerization process. It may be attributed to
the low stability of 6 in solution. Further investigations
are underway in our laboratory.

Acknowledgements

Authors are grateful to Dr P M Veeresha Sharma for providing the lab
facilities to conduct the experiments and his valuable suggestions.

Author’s contributions

Conceived the plan: PMG; Performed the expeirments: JC ; Data
analysis: PMG & JC; Wrote the paper: PMG. Authors have no
competing financial interests.

Supporting information

Supporting informations are available from VBRI Press.

646



Research Article

References

1.

10.

11.

(a) Stephan, D. W.; Coord. Chem. Rev., 1989, 95, 41.

DOI: 10.1002/(S1C1)1521-3765(19980615)4:6<1100::AlD-
CHEM1100>3.0.C0O;2-6

(b) Alt, H. G.; Koeppl, A.; Chem. Rev., 2000, 100, 1205.

DOI: 10.1021/cr9804700

(c) Abramo, G. P.; Li, L.; Marks, T. J.; J. Am. Chem. Soc., 2002,
124, 13966.

DOI: 10.1021/ja020870b

(a) Komon, Z. J. A.; Bu, X.; Bazan, G. C.; J. Am. Chem. Soc.,
2000, 122, 1830.

DOI: 10.1021/ja994222¢

(b) Komon, Z. J. A;; Bu, X,; Bazan, G. C.; J. Am. Chem. Soc.,
2000, 122, 12379.

DOI: 10.1021/ja002042t

(c) Braunstein, P.; Rose, J. In' Comprehensive Organometallic
Chemistry Il; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.;
Pergamon Press: Oxford, 1995; Vol. 10.

(d) Braunstein, P.; Rose, J. In Catalysis by Di- and Polynuclear
Metal Cluster Complexes; Adams, R. D., Cotton, F. A., Eds,;
Wiley-VCH: New York, 1998

(a) Britovsek, G. J. P.; Gibson, V. C.; Wass, D. F.; Angew. Chem.,
Int. Ed. Engl., 1999, 38, 428.

DOI: 10.1002/(SIC1)1521-3773(19990215)38:4<428::AlD-
ANIE428>3.0.CO;2-3

(b) McKnight, A. L.; Waymouth, R. M.; Chem. Rev., 1998, 98,
2587.

DOI: 10.1021/cr940442r

(a) Gurubasavaraj, P. M.; Mandal, S. W.; Roesky, H. W.; Oswald,
R. B.; Pal, A.; Noltemeyer, M.; Inorg. Chem., 2007, 46, 1056.
DOI: 10.1021/ic060538r

(b) Gurubasavaraj, P. M.; Roesky, H. W.; Nekouelsharaki, B.; Pal,
A.; Herbst-lrmer, R.; Inorg. Chem., 2008, 47, 5324.

DOI: 10.1021/ic800198e

(c) Gurubasavaraj, P. M.; Roesky, H. W.; J. Org. Inorg.Chem,
2015, 1, 1.

DOI: 10.21767/2472-1123.100005.

(a) Capshew, C. E. Eur. Pat. Ap 1. 7425, 1980 (Philips Petroleum
Co.)

DOI: 10.1039/CC9960001923

(b) Sinn, H.; Kaminsk, W. Adu.; Organomet. Chem., 1980, 18, 99.
DOI: 10.1016/S0065-3055(08)60307-X

(c) Caulton K. G.; Hubert-Pfalzgra, L. G.; Chem. Rev., 1990. 90.
969.

DOI: 10.1021/cr00104a003

Volpin, M. E.; J. Organomet. Chem., 1980, 200, 319.

DOI: 10.1016/S0022-328X(00)88653-2

(a) Roesky,H.W.; Haiduc, I.; Hosmane, N.S.; Chem. Rev., 2003,
103, 2579.

DOI: 10.1021/cr9020376q

(b) Rau, M. S.; Kretz, C. M.; Geoffroy, G. L.; Rheingold, A. L,;
Haggerty, B. S.; Organometallics, 1994, 13, 1624

DOI: 10.1021/0m00017a020

Delferro, M.; Marks, T. J.; Chem. Rev., 2011, 111, 2450.

DOI: 10.1021/cr1003634

(a) Nakamura, A.; Ito, S.; Nozaki, K.; Chem. Rev., 2009, 109,
5215.

DOI: 10.1021/cr900079r

(b) Chen, E. Y.-X.; Chem. Rev., 2009, 109, 5157.

DOI: 10.1021/cr9000258.

(a) Maganas, D.; Trunschke, A.; Schldgl, R.; Neese, F.; Faraday
Discuss., 2016, 188, 181.

DOI: 10.1039/C5FD00193E.

(b) Srivastav, S.; Kumar, V.; Gupta, R.; Cryst. Growth Des., 2016,
16, 2874.

DOI: 10.1021/acs.cqd.6b00176.

(a) Gurubasavaraj, P. M.; Roesky, H. W.; Veeresha Sharma P. M.;
Oswald, R. B.; Dolle, V.; Herbst-Irmer, R.; Pal, A;
Organometallics., 2007, 26, 3346.

DOI: 10.1021/0m070235k

(b) Roesky, H. W.; Gurubasavaraj, P. M. U.S. Patent 8598284 B2,
2013.

Copyright © 2018 VBRI Press

2017, 2(10), 643-647

12.
13.

14.

15.

16.

17.

Advanced Materials Proceedings

(c) S. K. Mandal.; P. M. Gurubasavaraj.; H. W. Roesky.; R. B.
Oswald.; J. Magull and A. Ringe.; Inorg. Chem., 2007, 46, 7594.
DOI: 10.1021/ic701063v

(d) S. K. Mandal.; P. M. Gurubasavaraj.; H. W. Roesky.; G.
Schwab.; D. Stalke.; R. B. Oswald and V. Dolle.; Inorg. Chem.,
2007, 46, 10158.

DOI: 10.1021/ic7011765

(a) Hillhouse, G. L.; Bercaw, J. E.; J. Am. Chem. Soc. 1984,
106, 5472.

DOI: 10.1021/ic7011765

Voronkov, M. G.; Dyakov, V. M.; Kirpichenko, S. V.; J.
Organomet. Chem., 1982, 233, I.

DOI: 10.1016/S0022-328X(00)86939-9

(a) Verkade, J. G.; Acc. Chem. Res., 1993, 26, 483.

DOI: 10.1021/ar00033a005

(b) Verkade, J. G.; Cood. Chem. Rev., 1994, 137, 233.

DOI: 10.1016/0010-8545(94)03007-D

Kasperczyk, J. E.; Macromolecules., 1995, 28, 3937.

DOI: 10.1021/ma00115a028

DIRDIF94: Beurskens, P. T.; Admiraal, G.; Beurskens, G.;
Bosman, W. P.; de Delder, R.; Israel, R.; Smits, J. M. M. (1994).
The DIRDIF94 program system, Technical report of
crystallography laboratory, University of Nijmegen, Netherlands.
(a) Crystal Structure 3.6.0: Crystal Structure Analysis Package,
Rigaku and Rigaku/MSC (2000-2004) 9009 New Trails Dr. The
Woodlands TX 77381 USA.

(b) CRYSTALS Issue 10: Watkin, D.J., Prout, C.K. Carruthers,
J.R. & Betteridge, P.W. Chemical Crystallography Laboratory,
Oxford, UK (1996).

647


http://dx.doi.org/10.1016/S0022-328X(00)86939-9
http://dx.doi.org/10.1016/0010-8545(94)03007-D

