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Ring-opening polymerisation of L- and rac-lactide
using group 4 permethylpentalene aryloxides and
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A new family of group 4 permethylpentalene (CgMeg?™; Pn*) aryloxide and alkoxide complexes have been
synthesised and fully characterised by multinuclear NMR spectroscopy and single-crystal X-ray diffraction;
(n®-CsMeg)Zr(OR); (R = Bu (1), 2,6-Me-CgHs (2), 2,6-"Pr-CgHs (3) and 4-OMe-CgH, (4)), (n8-CgMeg)Zr (OR)
(R = 2,6-'Bu-CgHs (5) and 2,6-'Bu-4-Me-CgH, (6)), (1°-CgMeg)ZrCp(OR) (R = ‘Bu (7), 2,6-Me-CgHs (8) and
2,6-Pr-CgHs (9)), (8-CgMeg) TICp(O-2,6-Me-CgHs) (10) and (n®-CsMeg)ZrCp™e(OR) (R = 2,6-Me-CgH3 (11),
2,6-Pr-CgHs (12) and 2,4-'Bu-CgHs (13)). 2, 3, 6, 7, 9, 10 and 12 were studied as initiators for the ring-
opening polymerisation (ROP) of L-lactide, and 2, 3, 6, 7 and 10 were studied as initiators for the ROP of
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rac-lactide. 3 was found to be the most active initiator for the ROP of L-lactide (kops = 0.35 h™%) and 2 for
the ROP of rac-lactide (kops = 0.21 h™Y). These initiators produced isotactic PLA for the ROP of L-lactide and
moderately heterotactic enriched (maximum P, of 0.69) or atactic PLA for the ROP of rac-lactide with
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Introduction

Polyolefins have diverse uses, including packaging, agriculture
and medical applications." However, the resistance of poly-
olefins to chemical, physical and biological degradation has
become a serious environmental concern.? Therefore, there is
a global necessity for biodegradable and biocompatible poly-
mers derived from renewable feedstocks that can be broken
down into smaller molecules (such as CO,, CH; and H,0)
naturally by microorganisms."?” Polylactides (PLAs) produced
from the ring-opening polymerisation (ROP) of lactide are one
the most versatile materials among biodegradable polymers
due to their inherent biodegradability, biocompatibility, high
mechanical strength, low toxicity and easy availability from
renewable sources.”>®° The versatile properties of PLAs
enables their use in a wide range of applications, from bio-
medical and pharmaceutical materials for tissue engineering
and wound dressings to biodegradable materials for bags and
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polymer chains consisting of polylactic acid repeat units with —OR and —OH end groups.

cutlery.*'°™** The stereochemistry of the lactide monomer

units leads to PLA chains with diverse stereochemical arrange-
ments. This results in variations in the mechanical, physical
and thermal degradation properties of the polymers, which
play a crucial role in determining the potential applications.
Stereospecific, single-site catalysts with the ability to control
polymer architectures are therefore highly desired.

A range of metal complexes and ligand frameworks have
been studied as single-site initiators®'*'*"” for the stereo-
selective ROP of lactide (indium, scandium and
yttrium,** > lanthanum®®*® samarium,*® and iron°). For the
polymerisation of rac-lactide, high levels of isotactic stereocon-
trol were observed when using indium initiators (P, up to 0.87),
while highly heterotactic PLA was obtained for yttrium initiators
(P. > 0.87).2*** Spassky and co-workers first reported chiral
salen complexes affording isotactic PLA from rac-lactide.*"*
Aluminium complexes bearing tetradentate N,N'-disubstituted
bis(amino-phenoxide)**” also show high degrees of stereocon-
trol for the polymerisation of rac-lactide, with polymer tacticity
largely dependent on the ligand substituents; isotactic PLAs are
produced with unsubstituted phenoxide groups (P, up to 0.98),
while highly heterotactic PLAs are obtained with 3,5-substituted
phenoxide groups (P; up to 0.96).*® p-Diiminate zinc complexes
have also been shown to afford highly heterotactic PLA from the
ROP of rac-lactide (P; up to 0.94).*°

Group 4 complexes are far less studied as initiators for the
ROP of lactide. However, zirconium alkoxide compounds
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bearing a tridentate N-heterocyclic carbene-linked bis(phenol-
ate) ligand have been reported to show controlled and highly
stereoselective ROP of rac-lactide to yield heterotactic PLA
under mild conditions (P, > 0.95).*° Zirconium and hafnium
amine tris(phenolate) alkoxides also show high activity and
stereocontrol for the ROP of rac-lactide with heterotactic PLA
produced under solvent-free conditions (P, > 0.90).*" O’Hare
and co-workers have also reported families of well-defined zir-
conium and hafnium biscyclopentadienyl, bisindenyl and
unsymmetrical permethylindenyl complexes that were active
for the ROP of 1-, p- and rac-lactide with varying degrees of
stereocontrol achieved.*>** In addition, we recently reported a
new family of chiral group 4 alkoxide and aryloxide half-sand-
wich n’-complexes of a chiral cyclopentadienyl-derived (hydro)-
permethylpentalenyl ligand {(CgMesH)ML;; Pn*(H)ML;} as
very active initiators for the ROP of 1- and rac-lactide.>®

Herein, following on from our work on Pn*MX,,*** we
report the development of a new family of group 4 n®-per-
methylpentalenyl complexes of the type {(n*CgMeg)MLy;
Pn*ML,} (Chart 2) as initiators for the ROP of r- and rac-
lactide. By targeting Pn*ML, complexes the stereoelectronic
properties of the ancillary ligands and initiation groups can
be wvaried to influence polymerisation activity and
stereocontrol.

Results and discussion
Synthesis and characterisation of Pn*Zr(OR), and Pn*ZrCl(OR)

The reaction of one equivalent of previously synthesised
[Pn*ZrCl,],-LiCl(thf),*® with four equivalents KOR (R = ‘Bu,
2,6-Me-CcH; and 2,6—iPr—C6H3) afforded two equivalents of the
bis(alkoxide) complexes Pn*Zr(O‘Bu), (1), Pn*Zr(O-2,6-Me-
C¢Hs), (2) and Pn*Zr(0-2,6-Pr-C¢Hy), (3) (Charts 1 and 2). 1
was synthesised in a Young’s tap NMR spectroscopy tube as
preparative-scale synthesis was hindered by its instability (for-
mation of intractable mixture of species). Complexes 2 and 3
were synthesised on a preparative scale and isolated as yellow
solids in 78 and 79% yields respectively. The mono(aryloxide)
complex Pn*ZrCl(0-2,6-Me-CcH3) can also be formed by the
addition of sub-stoichiometric amounts of KO-2,6-Me-CgH; to
[Pn*ZrCl,],-LiCl(thf),. The "H NMR spectra of 1, 2 and 3 show
two singlets with integration 6 and 12 between 1.86 and
2.13 ppm, which are diagnostic of the wing-tip and non-wing-
tip methyl groups of the Pn* ligand respectively and are con-
sistent with molecules of C,, symmetry (Fig. S1, S3 and S47).
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Chart 1 Synthesis of Pn*Zr(O'Bu), (1).
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Chart 2 Synthesis of Pn*Zr(O-2,6-Me-CgH3), (2) and Pn*Zr(O-2,6-'Pr-
CeH3)2 (3).

For 1, a singlet at 1.24 ppm represents the protons of the
t-butyl groups, while for 2 and 3, a doublet at approximately
7.00 ppm and a triplet at approximately 6.85 ppm define the
aromatic protons of the aryloxide group. The methyl reso-
nances of the aryloxide group of 2 are observed as a singlet at
2.16 ppm, while for 3, a doublet at 1.24 ppm and a septet at
3.20 ppm represent the isopropyl methyl groups and methine
proton respectively.

Crystals of 2 and 3 suitable for single crystal X-ray diffrac-
tion studies were grown from hexane solutions at —30 °C. The
solid-state molecular structures are depicted in Fig. 1, with
selected bond lengths and angles presented in Table 1.
Compound 2 suffers from disorder which have been fixed
using SADI. Hence, caution should be applied when discuss-
ing the metrical parameters. Nevertheless, compounds 2 and 3
are isostructural in the solid state and adopt distorted tetra-
hedral geometries, exemplified by the O(1)-Zr(1)-O(2) angles
of 98.6(4) and 101.18(5)° respectively.

Both complexes show similar Zr-O distances; 2.015(6) and
1.963(3) A for 2 and 1.9896(11) and 1.9901(11) A for 3, which
are slightly longer than the Ti-O distances of analogous Pn*Ti
(0-2,6-Me-C¢Hj;), (1.8712 and 1.8890 A),"” likely due to the
larger size of zirconium compared to titanium. The Zr-O bond
lengths of 2 and 3 are comparable to average values reported
for other zirconium aryloxide complexes: 1.9628(1), 1.97(1),
1.9873(1) and 1.997 A for M¢2SB(Cp,I¥)ZrCl(0-2,6-Me-C¢Hs,),
Cp,ZrCl(0-2,6-Pr-C¢H,), Me2SB(Cp,I*)ZrCl(0-2,6-Pr-C¢H;) and
Cp,Zr(0-2,6-Me-C¢H3), respectively.”***° The Zr-O bond
lengths for 2 and 3 are significantly shorter than the sum of
the covalent radii of zirconium and oxygen (1.75 and 0.66 A
respectively), indicating that there is a partial ionic character
to the Zr-O bond.”* The two Zr-O-C angles of 2 are very
similar, however the aryloxide ligands point in different direc-
tions; Zr(1)-O(1)-C(15) points towards the Pn* ligand with an
angle of 164.2(9)°, while Zr(1)-O(1)-C(22) points away from the
Pn* ligand with an angle of 164.2(7)°. This is in agreement
with Pn*Ti(O-2,6-Me-C¢H3),, where one aryloxide group points
towards the Pn* ligand with Ti-O-C of 159.15° and the other
aryloxide group points away from the Pn* ligand with Ti-C-O
of 143.87°.” For 3, the Zr-O-C angles of the two aryloxide
ligands are slightly different (165.20(11) and 158.69(10)°);
however, both aryloxide groups point towards the Pn* ligand.
Both 2 and 3 have similar Zr-Pn*..,, distances (2.089 and

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Solid-state molecular structures of (a) Pn*Zr(O-2,6-Me-CgHs), (2), (b) Pn*ZrCl(O-2,6-Me-CgHs),, (c) Pn*Zr(O-2,6-"Pr-CgHs), (3), (d) [Pn*Zr

(O-4-OMe-CgH
given at 30% probability.

4212 (4), (€) Pn*Zr(O-2,6-'Bu-CgHz),Cltmeda and (f) Pn*ZrCl(O-2,6-'Bu-4-Me-CgH,) (6). H atoms omitted for clarity. Ellipsoids

Table 1 Selected bond lengths (A) and angles (°) for Pn*Zr(O-2,6-Me-CgHs), (2), Pn*ZrCl(O-2,6-Me-CgHz),, Pn*Zr(0-2,6-'Pr-CgHs), (3), [Pn*Zr
(0-4-OMe-CgHa),l5 (4'), Pn*ZrCl(O-2,6-'Bu-CgHs),-LiCl(tmeda), Pn*ZrCl(O-2,6-'Bu-4-Me-CgH5) (6) and Pn*ZrCp™e(0-2,6-Pr-CgHs) (12)

Zr(1)-0(1) Zr(1)-0(2) Zr(1)-Cl(1) . Zr(1)-0(1)-C(15) Zr(1)-0(2)-C(22)
Complex (&) (A) (@) (1) Prteenc (A) ) ©)
n"Zr(O -2,6-Me- C6H3)2 (2) 2.015(6) 1.963(3) —_ 2.090, 2.087 164.2(9) 164.2(7)

Pn*ZrCl(O -2,6-Me- C(;Hg) 1.9844(14) — 2.5767(5) 2. 1116(1) 2. 1161(6) 174.38(6) —

Pn*Zr(O 2,6- Pr- C6H3)2 (3) 1.9896(11) 1.9901(11[7) e 2. 0932(9) 2. 0940(9) 165.20(11) 158.69(10)
[Pn*Zr(O -4-OMe- C5H4)Z] (4') 2.0190(13) 2.2176(6) 2. 1423(1) 2. 1557(1) 154.07(12) 124.43(4)C
Pn*ZrCl(O-Z,6-tBu-C6H2)-LiCI 2.0399(9) — 2.5635(3) 2. 1412( ) 2. 1479(7) 152.49(9) —

(tmeda)

Pn*ZrCl(O -2,6- tBu 4-Me- CGHZ) ( ) 1.9822(11) — 2.4586(4) 2.1020(7), 2.1130(8) 159.47(10) —
Pn*ZGCMe(O 2,6~ ‘pr- C6H3) (12) 2.072(2) — — 2.1302(13], 2.1457 150.01(19) —

“Solid-state parameters are given as average of the two independent molecules in the asymmetric unit.

¢ Average of Zr(1)-0(2)-C(22) and Zr(1)-0O(2)'-C(22)'.

2.096 A respectively) and similar Pn* fold angles, defined as
the angle by which the Pn* ligand deviates from planarity,””
(32.28 and 32.53° respectively), which are similar to those
reported for Pn*Ti(O-2,6-Me-C¢Hj),; average Ti-Pn*.e, of
1.9492 A and fold angle of 34.46°.%

Crystals of Pn*ZrCl(O-2,6-Me-C¢H3) suitable for a single
crystal X-ray diffraction study were obtained from benzene-ds
at 25 °C (Fig. 1 and Table 1). The relatively low steric demands
of the aryloxide ligand allow dimerisation to occur in the
solid-state. In addition, the solid-state structure shows two
molecules in the asymmetric unit, akin to Pn*TiCl(O-2,6-Me-
CeH;).*” The Zr-O bond length of Pn*ZrCl(0O-2,6-Me-C¢H3) is

This journal is © The Royal Society of Chemistry 2021

(13)

b average of Zr(1)-0(2) and Zr(1)-0(2)".

similar to the average Zr-O distance of bis(aryloxide) 2
(1.9844(14) and 1.989(5) A respectively), however is longer than
the Ti-O distance of Pn*TiCl(0-2,6-Me-C¢H;) (1.838(2) A).*”
The Zr-O-C angle is larger than for 2 and 3 (170.87(13), 164.27
and 158.69(10)° respectively), likely due to the increased steric
bulk caused by dimerisation, with the aryloxide group pointing
away from the Pn* ligand. The near-linear nature of the Zr-O-
C angle of Pn*ZrCl(O-2,6-Me-CcH;3) suggests some m-orbital
interaction between Zr and O, and is in good agreement with
the values reported for mono(aryloxides) Cp,ZrCl(O-2,6-Me-
CeH;) and Cp,ZrCl(0-2,6-Pr-C¢H;) (171.6 and  172(1)°

respectively).*>*®
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Dimeric [Pn*Zr(O-4-OMe-CgH,),], (4') was synthesised by
the reaction of one equivalent [Pn*ZrCl,],-LiCl-(thf), with four
equivalents KO-4-OMe-C¢H, (Scheme 1). Dissolution of [Pn*Zr
(0-4-OMe-CeH,),], (4') followed by heating to 65 °C resulted in
dissociation of the dimer to afford Pn*Zr(O-4-OMe-C¢H,), (4).
The '"H NMR spectrum of 4 shows the diagnostic wing-tip and
non-wing tip Pn* methyl group resonances at 2.01 and
1.99 ppm respectively (Fig. S61). A singlet at 3.63 ppm corres-
ponds to the methyl group of the aryloxide ligand, while doub-
lets at 6.64 and 6.50 ppm represent the aromatic protons.
Crystals of [Pn*Zr(O-4-OMe-CgH,),], (4') suitable for a single
crystal X-ray diffraction study were obtained from benzene-d,
at 25 °C (Fig. 1 and Table 1). The structure contains two brid-
ging aryloxide ligands and two terminal aryloxide ligands,
where the Zr-O bridging bond lengths (2.2665(1) and 2.1688(11)
A) are longer than the Zr-O terminal bond lengths (2.0190(13)
A). The Zr-O-C angles of the two bridging aryloxide
ligands are significantly smaller than the Zr-O-C angle of the
terminal aryloxide ligands (126.80(9), 122.05(9) and 154.07(12)°
respectively), likely due to the steric constraints of dimeri-
sation. By increasing the steric bulk in the 2,6-positions of the
phenyl ring, mono-substituted Pn*ZrCl(0-2,6-Bu-C¢H;) (5)
and Pn*ZrCl(0-2,6-'Bu-4-Me-C¢H,) (6) were obtained from the
reaction of one equivalent [Pn*ZrCl,],-LiCl(thf), (TMEDA is
present in 5 due to its presence in the starting material) with
four equivalents KOAr (R = 2,6-‘Bu-C¢H; and 2,6-'‘Bu-4-Me-
Ce¢H,) at 25 and 70 °C, respectively, in quantitative yield
(Chart 3). 6 was also isolated on a preparative scale in 83%
yield.

The "H NMR spectrum of 6 contains two diagnostic singlets
in an 18:3 ratio at 1.44 and 2.34 ppm corresponding to the
tert-butyl and methyl groups of the aryloxide ligand (Fig. S8T).
The Pn* methyl resonances appear as two singlets at 2.06 and
1.84 ppm in a 12:6 ratio (two resonances juxtaposing). At
temperatures below 213 K these resonances split into three
singlets in a 6:6:6 ratio (Fig. S107), as would typically be
expected for a complex with molecular Cy symmetry, Pn*MXY.

Crystals grown from a benzene solution of 5 at 25 °C were
identified as Pn*ZrCl(O-2,6-'Bu-C¢H;)-LiCl(tmeda) by a single
crystal X-ray diffraction study, where tmeda binds to the chlor-
ide ligands to create a stable diamond core (Fig. 1 and
Table 1). The Zr-O distance is comparable to Pn*ZrCl(O-2,6-
Me-C¢H;) and Cp,ZrCl(0-2,6-'Bu-CsHj) (2.0399(9), 1.9844(14)
and 2.008(2) A respectively), with comparable Zr-Cl distances
(2.5635(3), 2.5767(5) and 2.4642(11) A respectively).”® The
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Chart 3 Synthesis of Pn*ZrCl(O-2,6-'Bu-CgHz) (5)
(0-2,6-'Bu-4-Me-CgH,) (6).

and Pn*ZrCl

Pn*..; distances are longer than for 2, 3 and Pn*ZrCl(O-2,6-
Me-CgH3) (average values of 2.1446(3), 2.089, 2.0936(9) and
2.1138(9) A respectively), likely due to the increased steric bulk
of the aryloxide ligand. The Zr-O-C angle is smaller than for
2, 3 and Pn*ZrCl(O-2,6-Me-C¢Hj3), with the aryloxide group
directed towards the Pn* ligand (152.49(9), 164.2(9), 165.20(11)
and 174.38(6)° respectively). Single crystals of 6 suitable for a
single crystal X-ray diffraction study were grown from a —30 °C
toluene solution (Fig. 1 and Table 1). The Zr-O bond length is
comparable to Pn*ZrCl(0-2,6-Me-CgH3) (1.9822(11) and 1.9796(14)
A respectively), as are the Zr-Pn*.. distances (average
values of 2.1075(8) and 2.1138(9) A), which is likely due to the
similar of the aryloxide ligands. The aryloxide
group points away from the Pn* ligand with a Zr-C-O angle of
159.47(10)°.

size

Synthesis and characterisation of Pn*MCp~(OR)

Pn*ZrCp(O‘Bu) (7), Pn*ZrCp(0-2,6-Me-C¢H3) (8) and Pn*ZrCp
(0-2,6-Pr-C¢H;) (9) were prepared by the addition of 1 equi-
valent KOR (R = ‘Bu, 2,6-Me-C¢H; and 2,6-'Pr-C¢H) to 1 equi-
valent Pn*ZrCp(Cl), (Chart 4). The "H NMR spectra display
three sharp singlets in a ratio of 6:6:6 between 1.84 and
2.05 ppm corresponding to the Pn* methyl protons, where two
singlets define the non-wingtip methyl groups, and one
singlet defines the wingtip methyl groups (Fig. S11, S13 and
S157). This splitting pattern is consistent with molecules of Cg
symmetry and has been reported previously for Pn*TiCl(OAr)
and Pn*ZrCp~(Cl) complexes.***” The cyclopentadienyl
protons are observed as singlets at approximately 5.6 ppm,
with other features of the ~OR groups present as expected; a
singlet at 1.19 ppm for O’Bu, a singlet at 2.05 ppm, a triplet at
6.81 ppm and a doublet at 7.18 ppm for O-2,6-Me-CsH3, and

(th,f)x OAI'OMe

W I// OM e

© el 4 KOAr™Ye, benzene-ds ’ AroMe tetrahydrofuran-dg OArOMe
\Zlf\\CI/"‘“”y/ 25°C \Zr‘\\\\ “, Zr/ 65 °C ) \Zg:

2 AP 4

/ \CI/ AN _LiCl. - 4 KCI / \0/ \ / \OArOMe

Cl ’ ArOMe

OAroMe 4)

—OArOMe = —OOOMe

Scheme 1 Synthesis of Pn*Zr(O-4-Me-CgH,), (4) via [Pn*Zr(O-4-Me-CgH,),l, (4).
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\M“® KOR, benzene, 23 °C \M©
/

/ e -KCl “or

M= Zr; R =Bu (7)
M =Zr; R = 2,6-Me-CgH5 (8)
M = Zr; R = 2,6-Pr-CgH3 (9)
M = Ti; R = 2,6-Me-CgH5 (10)

Chart 4 Synthesis of Pn*ZrCp(O'Bu) (7), Pn*ZrCp(O-2,6-Me-CgHs) (8),
Pn*ZrCp(0O-2,6-"Pr-CgHs) (9) and Pn*TiCp(O-2,6-Me-CgHs) (10).

doublets at 1.21 and 1.33 ppm, a septet at 2.93 ppm, a triplet
at 6.97 ppm and a doublet at 7.17 ppm for 0-2,6-Pr-C¢Hj.

Pn*TiCp(0O-2,6-Me-C¢H3) (10) was prepared by the reaction
of 1 equivalent Pn*TiCp(Cl) with 1.2 equivalents KO-2,6-Me-
CeH;. Following work up, 10 was isolated as a brown crystal-
line solid in 34% yield. The 'H NMR spectrum shows two sing-
lets at 1.70 and 1.97 ppm, corresponding to two overlapping
Pn* methyl resonances and an overlapping Pn* methyl and
aryloxide methyl resonance respectively (Fig. S177), as con-
firmed by 2D NMR spectroscopy. The 'H NMR spectrum also
shows a diagnostic singlet resonance at 5.25 ppm corres-
ponding to the cyclopentadienyl protons, and a triplet and
doublet at 6.85 and 7.21 ppm respectively corresponding to
the aryloxide aromatic protons.

Pn*ZrCpM¢(0-2,6-Me-C¢H;) (11), Pn*ZrCp™°(0-2,6-Pr-C¢H;)
(12) and Pn*ZrCp™¢(0-2,4-'Bu-C¢H;) (13) were prepared by the
addition of 1 equivalent KOR (R = 2,6-Me-CgHs, 2,6-iPr-CGH3
and 2,4-'Bu-C¢Hj;) to 1 equivalent Pn*ZrCp™¢(Cl) (Chart 5). The
"H NMR spectra of 11 and 12 show the diagnostic Pn* reso-
nances as three singlets in a 6:6:6 ratio between 1.84 and
2.01 ppm (Fig. S19 and S21%). The cyclopentadienyl proton
resonances are observed as two multiplets between 5.20 and
5.64 ppm while a singlet at approximately 1.85 ppm corres-
ponds to the cyclopentadienyl methyl group. The aryloxide
protons are observed as a triplet and doublet at approximately
6.85 and 7.15 ppm respectively, with the aryloxide methyl
groups of 11 observed as a singlet at 2.08 ppm and the isopro-
pyl groups of 12 observed as two doublets at 1.21 and
1.35 ppm and a septet at 2.93 ppm. Due to changes in sym-
metry, the "H NMR spectrum of 13 shows the Pn* resonances

6 KOR, benzene, 23 °C, 16 h
Zr

-KClI
R = 2,6-Me-CgH3 (11)
R = 2,6-Pr-CgH3 (12)
R =2,4-1Bu-CgHs (13)

Me
Zr
/ “or

Chart 5 Synthesis of Pn*ZrCpMe(0-2,6-Me-CgHs) (1),
Pn*ZrCpMe(0-2,6-"Pr-CgHs) (12) and Pn*ZrCpMe(0-2,4-'Bu-CgHs) (13).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Solid-state molecular structures of (a) Pn*ZrCpMe(O-2,6-Me-
CeHs) (11) and (b) Pn*ZrCpMe(O-2,6-Pr-CgHs) (12). H atoms omitted for
clarity. Ellipsoids given at 30% probability.

as six singlets integration 3 between 1.85 and 2.19 ppm and
the cyclopentadienyl proton resonances as three multiplets
integration 2:1:1 between 5.30 and 5.65 ppm (Fig. S237). The
aryloxide protons are observed as a doublet, doublet and
triplet at 5.99, 7.27 and 7.57 ppm respectively, with the tert-
butyl groups appearing as two singlets at 1.42 and 1.60 ppm.
Single crystals of 11 and 12 suitable for single crystal X-ray
diffraction studies were grown from a pentane solution at
—30 °C. The solid-state molecular structures are shown in
Fig. 2. For 11, the crystallographic data clearly confirms the
connectivity of the structure and agrees with other experi-
mental data. However, due to the low quality of the X-ray crys-
tallography data, discussion of the metrical parameters is not
discussed. 12 shows a longer Zr-O bond length and smaller
Zr-O-C angle than the complexes discussed previously (2.072(2)
A and 150.01(19)°), with the aryloxide group pointing away
from the Pn* ligand. The Zr-Pn*.., distances (2.1302(13) and
2.1457(13) A) are slightly longer than the parent
Pn*ZrCp™¢(Cl) complex (2.1062(6) and 2.1065(7) A), likely due
to the increased size of the aryloxide ligand compared to chlor-
ide.** The average Zr(1)-Pn* .. distance (2. 1379(63) A) is
shorter than the Zr(1)-Cpeene distance (2.2173(16) A), Wthh
may be due to the increased electron donating ability of the n®-
permethylpentalene ligand compared to the n’-cyclopentadie-
nyl ligand. The same trend is also observed for Pn*ZrCp™¢(Cl)
and Pn*TiCp™¢(Cl).** The Zr-Cpcen, distance of 12 (2.2173(16)
A) is similar to those reported for Pn*ZrCp™¢(Cl) (2.2219(7) A)
and Pn*ZrCp™¢(Me) (2.2262(11) A).** The fold angle of the Pn*
ligand of 12 is smaller than for 2 and 3 (29.72, 32.28 and
32.53° respectively), which is likely due to the additional elec-
tron density provided by the Cp ligand, and is similar to the
Pn*ZrCp™¢(Cl) parent compound (30.57°).** The fold angle is
also smaller than PnZrCp(Cl) (32.74°), caused by the increased
inductive donation of Pn* compared to Pn (n®-CgHg).>*

Polymerisation of L- and rac-lactide

Pn*Zr(0-2,6-Me-C¢H3), (2), Pn*Zr(0-2,6-'Pr-CgHj), (3), Pn*ZrCl
(0-2,6-'Bu-4-Me-C¢H,) (6), Pn*ZrCp(O'Bu) (7), Pn*ZrCp
(0-2,6-Pr-C¢H;)  (9), Pn*TiCp(O-2,6-Me-CgH3) (10) and

Pn*ZrCp™¢(0-2,6-'Pr-CgH;) (12) were studied as initiators for
the ring-opening polymerisation (ROP) of r-lactide, and 2, 3, 6,
7 and 10 were studied as initiators for ROP of rac-lactide. The
results are summarised in Fig. 3-7, S25-S341 and Tables 2, 3

Dalton Trans., 2021, 50, 4805-4818 | 4809
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Fig. 3 In(([LAlo/[LAl) as a function of time of polymerisation for the

ROP of L-lactide using Pn*Zr(O-2,6-Me-CgH3), (2, black square, Kops =
0.30 + 0.01 h™), Pn*Zr(0-2,6-"Pr-C¢Hs), (3, red circle), kops = 0.35 +
0.01 h™Y), Pn*ZrCp(O'Bu) (7, green diamond, kops = 0.09 + 0.01 h™3),
Pn*ZrCp(0O-2,6-'Pr-C¢Hs) (9, pink down triangle, kons = 0.03 +
0.001 h™Y) and Pn*ZrCpMe(0-2,6-"Pr-CgHs) (12, purple left triangle, Kops
= 0.01 + 0.001 h™Y). Polymerisation conditions: 80 °C, [LAlo/[Mlo = 50,
[LAlo = 0.5 M and benzene-ds.

In([LA],/[LAT)

0 T T T
0 5 10 15 20 25

Time of polymerisation (hours)

Fig. 4 In([LAlo/[LA],) as a function of time of polymerisation for the ROP
of L-lactide using Pn*Zr(O-2,6-Me-CgHs), (2, black square, kops = 0.30 +
0.03 h™), Pn*Zr(0-2,6-'Pr-CgHs); (3, red circle, kops = 0.32 + 0.04 h™),
and Pn*ZrCl(O-2,6-'Bu-4-Me-CgH,) (6, blue triangle, kops = 0.02
0.001 h™). Polymerisation conditions: 80 °C, [LAlo/[Mlo = 200, [LAl,
2.0 M and benzene-ds.

1+

and S3-S32.1 Polymerisations were conducted in Young’s tap
NMR spectroscopy tubes at 80 °C in benzene-ds with an initial
lactide to catalyst ratio ([LA],/[M]o) of 50 or 200 and an initial
lactide monomer concentration ([LA]y) of 0.5 or 2.0 M. Plots of
In([LA]o/[LA];) vs. time revealed linear relationships indicating
first-order dependence with respect to monomer concentration
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Fig. 5 In([LAlo/[LA],) as a function of time of polymerisation for the ROP
of rac-lactide using Pn*Zr(O-2,6-"Pr-CgHs), (3, red circle, kops = 0.18 +
0.01 h™), Pn*ZrCl(O-2,6-'Bu-4-Me-CgH,) (6, blue triangle, kops = 0.18 +
0.01 h™) and Pn*ZrCp(O'Bu) (7, green diamond, keps = 0.04 +

0.001 h™Y). Polymerisation conditions: 80 °C, [LAlo/[Mlo = 50, [LAl, = 0.5
M and benzene-ds.

In([LAJo/[LAT,)

0.0 T T T
0 5 10 15 20

Time of polymerisation (hours)

Fig. 6 In([LAlo/[LA],) as a function of time of polymerisation for the ROP
of rac-lactide using Pn*Zr(O-2,6-Me-CgH3), (2, black square, kops = 0.21
+0.02 h™), Pn*Zr(0-2,6-"Pr-C¢Hs), (3, red circle, kops = 0.12 + 0.01 h™),
and Pn*ZrCl(O-2,6-'Bu-4-Me-CgH,) (6, blue triangle, kops = 0.11 +
0.01 h™%). Polymerisation conditions: 80 °C, [LAlo/[Mlo = 200, [LAl, = 2.0
M and benzene-de.

(Fig. 3-6). The gradients of the In([LA]y/[LA],) vs. time plots
afforded the observed first order rate constants, kqps.

For the polymerisation of r-lactide with [LA]y/[M], of 50 and
[LA], of 0.5 M, rate of polymerisation followed the order 3, 2,
7, 9 and 12. Complex 2 required a 2 hours initiation period,
after which 2 and 3 showed very similar rates for the ROP of
1-lactide; kqps of 0.30 and 0.35 h™" respectively, taking 10.6 and

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Eyring plot of In(kops/T) as a function of 1/T for the polymeris-
ation of - (red) and rac-lactide (pink) using Pn*Zr(O-2,6-'Pr-CgHs), (3).
L-Lactide: AH* = 19 + 3 kJ mol™ and AS* = =270 + 10 I mol™ K. rac-
Lactide: AH* = 6 + 1 kJ mol™ and AS' = —312 + 3 J mol™ K™%
Polymerisation conditions: [LA]o/[M]o = 200, [LA]lp = 2.0 M and benzene-
d6.

6 hours to reach full conversion (92 and 88%) (Fig. 3). This
suggests that the increase in the steric bulk of the aryloxide
substituent from methyl to isopropyl does not hinder r-lactide
monomer insertion. When compared to the corresponding

Table 2 Polymerisation of L-lactide using Pn*Zr(O-2,6-Me-CgHs3), (2),

View Article Online
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Pn*(H)Zr(OAr) complexes, 2 shows polymerisation activity 37%
lower than Pn*(H)Zr(O-2,6-Me-C¢Hj3); under similar conditions
(kops of 0.48 h™) and 3 shows polymerisation activity 10%
lower than Pn*(H)Zr(O-2,6-Pr-C¢Hs); (kops of 0.39 h™").%°

These initiators show polymerisation activities lower than
zirconium complexes bearing OSSO-type ligands (up to 74%
conversion with kops up to 0.50 h™ at 80 °C after 3 hours with
[LA)/[M], of 100)°” and lower than the neutral bis(ester
enolate) complex "™CB(Cp,Flu)Zr(OC(O'Pr)CMe,), (92% con-
version after 105 minutes at 80 °C with [LA]o/[M], = 50).>®
However, they showed faster polymerisation activities than
aryloxide Cp,ZrMe(O-2,6-Me-C¢H3), which displayed kops of
0.029 h™" at 80 °C with [LA],/[M], = 50.%°

Pn*ZrCp®(OR’) complexes 7, 9 and 12 showed much lower
kobs than Pn*Zr(OAr), complexes 2 and 3 (0.09, 0.03 and
0.01 h™" respectively), and required longer initiation periods
(3, 3 and 16 hours respectively), indicating that the addition of
a non-initiating cyclopentadienyl ligand significantly reduces
polymerisation activity. This is opposite to the trend found for
ethylene polymerisation using these types of complexes, where
polymerisation activity increased with increasing electron
donating ability of the ancillary ligands due to increased stabil-
isation of the positively charged olefin polymerisation inter-
mediates.” For lactide polymerisation, it may be that the
increased electron donating ability of the cyclopentadienyl
ligands reduces the Lewis acidity of the metal centre, leading
to lower rates of lactide insertion and decreases in polymeris-
ation activity. This is in contrast to some yttrium initiators,

Pn*Zr(O-2,6-"Pr-CgHs), (3), Pn*ZrCl(O-2,6-'Bu-4-Me-CgH,) (6), Pn*ZrCp

(O'Bu) (7), PN*ZrCp(O-2,6-'Pr-CgH3) (9) and Pn*ZrCp(O-2,6-"Pr-CgHs) (12)°

Initiator ~ [LA]o/[M],  [LA]o(M) Time(h)  Conversion” (%)  keps (h™7) M, (caled)* (g mol™") M, (GPC) (gmol™)  M/M,?
2 50 0.5 10.6 92 0.30 + 0.01 — — —

3 50 0.5 6 88 0.35 +0.01 6520 17 398 1.62

7 50 0.5 30 92 0.09 +0.01 — — —

9 50 0.5 50 79 0.03 £ 0.001 — — —

12 50 0.5 164 85 0.01 + 0.001 — — —

2 200 2.0 21 98 0.30 = 0.03 28374 30709 1.37

3 200 2.0 28 98 0.32 +0.04 28430 31327 1.28

6 200 2.0 24 36 0.02 = 0.001 10598 12950 1.45

“ Polymerisation conditions: 80 °C and benzene-ds. ”Measured by 'H NMR spectroscopic analysis. “ M, (caled) = (M x [LAJo/[M], * (conv.

(%)/100) + Mend group- ? Determined by GPC in chloroform at 30 °C against polystyrene standards (M, values are corrected by a factor of 0.58)

55

Table 3 Polymerisation of rac-lactide using Pn*Zr(O-2,6-Me-CgHs), (2), Pn*Zr(O-2,6-"Pr-C¢Hs), (3), Pn*ZrCl(O-2,6-'Bu-4-Me-CgH,) (6) and

Pn*ZrCp(O'Bu) (7)°

Initiator  [LAJ/[M], [LA], (M) Time (h) Conversion(%) kops (h™") M, (caled)” (g mol™) M, (GPC) (gmol™) M, /M, P,
3 50 0.5 9 78 0.18 £ 0.01 5800 9930 1.57 —
6 50 0.5 9 79 0.18 £ 0.01 5914 6617 1.56 —
7 50 0.5 30 87 0.04 £0.001 — — — —
2 200 2.0 21 98 0.21 + 0.02 28374 25275 1.23 0.66
3 200 2.0 30 97 0.12 £ 0.01 28141 25509 1.14 0.54
6 200 2.0 24 95 0.11 £ 0.01 27 607 26747 1.38 0.68

“ Polymerisation conditions: 80 °C and benzene-ds. ” M, (caled) = (M % [LA]o/[M]o X (cOnv.(%)/100) + Mend group- < Determined by GPC in chloro-
form at 30 °C against polystyrene standards (M, values are corrected by a factor of 0.58).>>

This journal is © The Royal Society of Chemistry 2021
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where initiators bearing more electron-donating phosphasalen
ligands showed higher activities than initiators bearing salen
ligands.?>®® Alkoxide 7 shows a faster rate of polymerisation
than aryloxides 9 and 12 (92, 79 and 85% conversion after 30,
50 and 164 h respectively), as has been seen before for
(Ind),ZrMe(OR) complexes (kops Of 0.06 and 0.22 h™" for R =
2,6-Me-CqH; and ‘Bu respectively), and is likely due to the
increased steric bulk of the aryloxide substituent inhibiting
monomer coodination.>

The faster polymerisation rate of 9 compared to 12 is likely
due to the increased electron donating ability of methyl-
cyclopentadienyl compared to unsubstituted cyclopentadienyl,
which further reduces the Lewis acidity of the metal centre
and inhibits initiation. The titanium analogue Pn*TiCp(O-2,6-
Me-CgH3) (10) shows a very slow rate of polymerisation com-
pared to 9 (24 days to react 89% conversion) and requires a 3
day initiation period (Fig. S25%). This trend has also been
observed for Pn*M(0-2,6-Me-C¢H3); initiators where M = Ti
showed a much lower rate of polymerisation than M = Zr
(kops = 0.11 and 0.48 h™" respectively),’® and for well-defined
alkoxotitanium and alkoxozirconium complexes of tetradentate
amine-phenolate ligands where polymerisation activity was up
to 30 times faster for zirconium initiators compared to tita-
nium.®! This effect is attributed the larger, less crowded zirco-
nium centre facilitating approach and coordination of lactide
monomers.

For the polymerisation of r-lactide with [LA]o/[M], of 200
and [LA], of 2.0 M, rate of polymerisation followed the order 3,
2 and 6 (Fig. 4). As previously discussed for [LA],/[M], of 50
and [LA], of 0.5 M, 2 and 3 show very similar rates for the poly-
merisation of i-lactide (0.30 and 0.32 h™" respectively). Mono
(aryloxide) 6 showed a much slower rate of polymerisation
than bis(aryloxides) 2 and 3 (0.02 h™"). These initiators show
faster rates of r-lactide polymerisation than the neutral bis
(ester enolate)s Cp,Zr[OC(O’Pr)CMe,], and rac-EBIZr[OC(C'Pr)
CMe,],, which showed 7% conversion after 26 and 18 hours
respectively at 80 °C with [LA],/[M], = 200.>®

The experimental number averaged molecular weights (M,,)
of the poly-r-lactides produced using 2, 3 and 6 with [LA]/[M],
of 200 show good agreement with the calculated values,
suggesting that all the metal centres were active during poly-
merisation and that only one aryloxide group is involved in
polymerisation using 2 and 3; M,, (caled) of 28 374 g mol™" and
M, (GPC) of 30709 g mol ™" for 2 (Table 2). The experimental
M, for the poly-t-lactides produced using 3 with [LA],/[M], of
50 are approximately triple the calculated M, suggesting that
only a third of complex 3 initiate polymerisation at this con-
centration. This is confirmed by the molecular weight distri-
butions (MWD = M,/M,) being relatively large in all cases,
indicating transesterification processes may be occurring (M,/
M, = 1.28-1.62). The homonuclear decoupled '"H NMR spectra
of the poly-i-lactides produced using 2, 3 and 6 with [LA]/[M],
of 200 demonstrated that no epimerisation occurred and con-
firmed the production of isotactic PLA (Fig. S35-S377).

For the polymerisation of rac-lactide with [LA]o/[M], of 50
and [LA], of 0.5 M, rate of polymerisation followed the order 3,

4812 | Dalton Trans., 2021, 50, 4805-4818
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6 and 7, with 3 and 6 showing identical rates of polymerisation
(kobs Of 0.18 h™") (Fig. 5). This suggests that the increase in the
steric bulk of the aryloxide substituent from isopropyl to tert-
butyl does not hinder rac-lactide monomer insertion, neither
does the decrease in the number of aryloxide initiation groups.
As for the polymerisation of r-lactide, the rate of polymeris-
ation of 7 is slower than 3 (0.04 h™"), likely due to the decrease
in Lewis acidity at the metal centre and the presence of a non-
initiating cyclopentadienyl ligand. When compared to the ROP
of 1-lactide, 3 and 7 displayer slower rates of polymerisation
for rac-lactide. As for the polymerisation of r-lactide, the tita-
nium initiator Pn*TiCp(O-2,6-Me-C¢H3) (10) shows a much
slower rate of polymerisation than 3, 6 and 7 (24 days to react
79% conversion) and requires a 3 day initiation period
(Fig. S257). The slower polymerisation activity of Ti compared
to Zr for the ROP of rac-lactide has also been observed for the
ROP of rac-lactide using the tetracarbamato complexes
M(O,CNEt,),, where 96% conversion was achieved after
13 hours at 100 °C for M = Zr and only 31% for M = Ti.**

These initiators display significantly lower polymerisation
activities for the ROP of rac-lactide than Pn*(H)Zr(rac-OCH
{CH;},C¢Hs); and Pn*(H)Zr(S-OCH{CH;},CsHs); under similar
conditions (k.ps = 1.67 and 1.34 h™" respectively).>® They are
also slower rac-lactide polymerisation initiators than some
unsymmetrical zirconium metal complexes based on ONNO
salalen-type ligands, where up to 99% conversion of rac-lactide
was achieved after 2 hours at 80 °C with [LA]o/[M], of 100.%*%*
Complexes 3, 6 and 7 complexes show polymerisation activities
more similar to coordinatively unsaturated cationic zirconium
benzyl/alkoxide complexes with phosphasalen ligands (up to
93% conversion after 15 hours at 70 °C and up to 99% conver-
sion after 14 hours at 90 °C with [LA]/[M], of 100),*” and are
faster than zirconium complexes of bipyrrolidine derived salan
ligands (60% conversion after 8 hours at 70 °C with [LA]o/[M],
of 100).°°

The polymerisation of rac-lactide using 3 and 6 was also
carried out with [LA]y/[M], of 25 and 10, keeping [LA], constant
at 0.5 M (Fig. S26 and S27 and Table S47}). As expected, kops
increased with increasing initiator concentration; kops of 0.18,
0.34 and 0.49 h™" for polymerisation using 3 with [LA],/[M], of
50, 25 and 10 respectively. The rates of polymerisation of 3 and
6 remained similar with varying initiator concentrations; kops
of 0.49 and 0.46 h™" respectively with [LA]o/[M], of 10. Plots of
—In(kops) vs. —In([M], is shown in Fig. S28,} gradients of 0.62 +
0.15 and 0.58 + 0.16 for 3 and 6 respectively are indicative of
first-order dependence on the concentration of 3 and 6. The
propagation rate constant (kp) of 7.17 = 2.29 M~ h™" and 6.37
+2.37 M~ h™" for 3 and 6 respectively was calculated from
plot of kops vs. [M], (Fig. S29t). The overall rate laws were deter-
mined as —d[rac-LA]/dt = k,[rac-LA][M].

For the polymerisation of rac-lactide with [LA],/[M], of 200
and [LA], of 2.0 M, rate of polymerisation followed the order 2,
3 and 6; ks of 0.21, 0.12 and 0.11 h™" with 95, 84 and 75%
conversion respectively after 14 hours at 80 °C (Fig. 6). The cat-
alysts show faster rates of polymerisation than Zr(O,CNRy), tet-
racarbamato complexes; 87 and 88% for Zr(O,CNEt,), and

This journal is © The Royal Society of Chemistry 2021
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Zr(OZCNiPr2)4 respectively after 13 hours at 100 °C with [LA]o/
[M], of 200.°> They show similar rates of polymerisation to
some zirconium complexes bearing ONSO ligands where up to
98% conversion of rac-lactide was achieved after 20 hours at
70 °C with [LA]y/[M], of 300,*” and to some zirconium com-
plexes bearing phenylene-salalen ligands where up to 99%
conversion was achieved after 24 hours at 70 °C with [LA]o/[M],
of 300.°® In contrast to the ROP of r-lactide, 2 shows a faster
rate of polymerisation than 3 for the ROP of rac-lactide, which
suggests that 2 may have a more preferential ligand environ-
ment for p-lactide monomer insertion than 3. Similar to the
polymerisation of r-lactide, 6 shows a slower rate of polymeris-
ation than 2 and 3, which may be due to its increased steric
bulk or the reduction in the number of aryloxide groups.
Unlike 2 and 3, 6 shows a faster rate of polymerisation for rac-
lactide compared to r-lactide (0.11 and 0.02 h™" respectively).

Similar to the polymerisation of r-lactide, the experimental
M, of the poly-rac-lactides produced using 2, 3 and 6 with
[LA]o/[M], of 200 show good agreement with the calculated
values, suggesting that all the metal centres of were active
during polymerisation; M,, (caled) of 27607 g mol™" and M,
(GPC) of 26 747 g mol™" for 6 (Table 3). The experimental M,
of the poly-rac-lactides produced using 6 with [LA],/[M], of 50
and 25 are also in good agreement with the calculated values.
However, similar to the polymerisation of r-lactide, poly-rac-
lactides produced using 3 with [LA]o/[M], of 50 and 25 show
experimental M,, approximately 2 and 0.25 times larger than
the calculated values respectively, suggesting that not all of the
metal sites were active during polymerisation at these concen-
trations. M,,/M, for the polymers produced using 2 and 3 with
[[LA]o/[M], of 200 are relatively narrow, indicating controlled
polymerisation (M,/M, = 1.23 and 1.14 respectively). However,
M,/M, for the polymers produced under all other conditions
are relatively large, indicating that transesterification processes
may be occurring (M,,/M,, = 1.38-1.57).

The homonuclear decoupled "H NMR spectra of the poly-
rac-lactides produced using 2 and 6 show the production of
moderately heterotactic enriched PLA (P, = 0.66 and 0.69
respectively, where P; is the probability of forming racemic lin-
kages (Fig. S38 and S407). Hence, we can expect that the poly-
merisation occurs by a chain-end mechanism. This indicates
some degree of sterocontrol provided by the ligand environ-
ment, which is in contrast to Pn*(H)OR systems where atactic
PLA was formed.’® However, the homonuclear decoupled 'H
NMR spectrum of the poly-rac-lactide produced using 3 shows
the production of atactic PLA (P, = 0.54) and indicates a lack of
stereocontrol for this catalyst system (Fig. S39%). The
MALDI-TOF mass spectrum for the poly-rac-lactides produced
using 3 shows peak envelopes Am/z = 144 apart, demonstrating
controlled polymerisation with no transesterification; as indi-
cated by the narrow dispersity mentioned previously
(Fig. S417). The spectrum also reveals polymer chains consist-
ing of polylactic acid repeat units with -O-2,6-Pr-CcH; and
-OH end groups, demonstrating lactide monomer insertion
into the aryloxide bond and suggesting a coordination-inser-
tion polymerisation mechanism where the aryloxide group
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initiates polymerisation. The MALDI-TOF mass spectrum for
the poly-rac-lactides produced using 6 shows peak envelopes
Am/z = 72 apart, indicative of intermolecular transesterifica-
tion and highlighting that polymerisation using 6 is less con-
trolled than 3 (Fig. S42t). This lesser degree of control is con-
sistent with the larger M,,/M, recorded for 6 when compared
to 3 (My/M, of 1.38 and 1.14 respectively). Similar to poly-
merisation using 3, the MALDI-TOF mass spectrum of 6
reveals polymer chains consisting of polylactic acid repeat
units with -0-2,6-"Bu-4-Me-C¢H, and -OH end groups.

A study to investigate the effects of solvent on polymeris-
ation rate was conducted for the ROP of rac-lactide using 3 and
6 at 80 °C with [LA]o/[M], of 200 and [LA], of 2.0 M (Fig. S30
and S31 and Table S47). For 3, the rates of polymerisation in
benzene-ds and chloroform-d; were similar (k,ps of 0.12 and
0.13 h™' respectively). However, for 6, polymerisation in
benzene-ds was much faster than in chloroform-d; (0.11 and
0.01 h™' respectively). For both catalysts, tetrahydrofuran-dg
was found to inhibit polymerisation, as was also observed for
the ROP of r-lactide using an unsymmetrical permethylindenyl
zirconocene,” and is attributed to coordination of the tetra-
hydrofuran-dg molecules to the metal centres inhibiting the
coordination of lactide monomers. The experimental M,, of the
poly-rac-lactides produced using 3 and 6 in chloroform-d,; are
lower than the calculated values (26988 and 9930 g mol ™"
respectively for 3 and 6851 and 4337 g mol ™" respectively) with
broad M,,/M, (1.86 for 6), which suggests a greater degree of
transesterification reactions occur in chloroform-d; than in
benzene-dg

The temperature of polymerisation was varied for the ROP
of 1-lactide using 2 and 3, and for the ROP of rac-lactide using
3 with [LA]o/[M], of 50 and [LA], of 0.5 M (Fig. S32-S34 and
Tables S3 and S47). As expected, the rate of polymerisation
increased with an increase in polymerisation temperature as
the system had more energy to overcome the activation bar-
riers for polymerisation; kops of 0.30 and 0.79 h™" at 80 and
100 °C respectively for the ROP of i-lactide using 2, kops of
0.22, 0.30 and 0.35 h™" at 60, 70 and 80 °C respectively for the
ROP of r-lactide using 3, and ks of 0.15, 0.16 and 0.18 h™" at
60, 70 and 80 °C respectively for the ROP of rac-lactide using 3.
Akin to polymerisation at 80 °C, the experimental M, are
approximately triple and double the calculated M, for the poly-
merisation of t- and rac-lactide respectively at 60 and 70 °C. M,
and M, /M, were also observed to increase with an increase in
polymerisation temperature, indicating less controlled poly-
merisation and an increase in transesterification processes
with an increase in temperature; M, of 7999, 9800 and 9930 g
mol™" and M,,/M,, of 1.27, 1.51 and 1.57 for the polymerisation
of rac-lactide using 3 at 60, 70 and 80 °C respectively.

By varying the temperature of polymerisation of r- and rac-
lactide using 3, the enthalpy (AH*) and entropy (AS*) of acti-
vation were calculated from an Eyring plot of In(keps/T) Vs.
(1/T) (Fig. 7). For the polymerisation of i-lactide, AH* = 19 k]
mol™ and AS* = =270 ] mol™* K™*, and for the polymerisation
of rac-lactide AH* = 6 k] mol™* and AS* = —312 ] mol™* K.
AH* are slightly lower than those reported for the ROP of

Dalton Trans., 2021, 50, 4805-4818 | 4813


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1dt00252j

Open Access Article. Published on 16 March 2021. Downloaded on 8/6/2025 3:08:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

t- and rac-lactide using Pn*(H)Zr(OR); under similar con-
ditions (30 < AH* < 76 kJ mol™), with much less favourable
AS* (411 < AS* < 1847 J K~* mol™*).>® The AS* values are more
similar to those observed when using catalysts based on the
permethylindenyl ligand (CoMeg, I¥); =155 < AS* < —40 J mol™*
K™! for the ROP of 1- and rac-lactide using ™**SB(Cp~,1%)ZrCl,
and AS* = —86 ] mol™ K™ for the ROP of i-lactide using M*>SB
(*BYN,1*)Sc(0-2,6-Pr-CoH,)(THF).*>*° Both AH* and AS* are
similar to, although albeit lower than, the values reported for
the ROP of rac-lactide using a chiral alkoxy-bridged dinuclear
indium catalyst (AH* = 49 k] mol™ and AS* = —140 ] K!
mol™").”° The low enthalpy and negative entropy for the poly-
merisation of - and rac-lactide using 3 are indicative of a more
ordered transition state in the coordination-insertion poly-
merisation mechanism.”"

Conclusions

A new family of group 4 permethylpentalene (Pn*) aryloxide
and alkoxide complexes (Pn*ML,; Zr, Ti) have been syn-
thesised and structurally characterised. Seven complexes have
been investigated as initiators for the ring-opening polymeris-
ation (ROP) of 1- and rac-lactide. The initiators displayed first-
order dependence on monomer concentration. In general,
polymerisation followed the trend Pn*Zr(OAr), > Pn*ZrCp(OR)
> Pn*ZrCp(OAr), with Pn*Zr(0-2,6-'Pr-C¢H;) (3) showing the
fastest rate of polymerisation of r-lactide (kqps = 0.35 h™') and
Pn*Zr(0-2,6-Me-C¢Hj) (2) showing the fastest rate of polymeris-
ation of rac-lactide (kops = 0.21 h™).

Isotactic PLA was produced for the ROP of r-lactide (demon-
strating no epimerisation had occurred) and moderately het-
erotactic enriched PLA (P, = 0.66 and 0.69 for Pn*Zr(O-2,6-Me-
CeHs), (2) and Pn*ZrCl(0-2,6-Bu-4-Me-C¢H,) (6) respectively)
or atactic PLA (P, = 0.54 for Pn*Zr(0-2,6-'Pr-C¢H;), (3)) was pro-
duced for the ROP of rac-lactide, demonstrating that some
degree of stereocontrol can be achieved with these initiators.
In general, the molecular weights of the polylactides showed
good agreement with the calculated values, suggesting that all
metal centres were active during polymerisation. However, the
molecular weight distributions were relatively large (maximum
M, /M,, of 1.62), indicating that intermolecular transesterifica-
tion processes may be occurring. Polymer chains consisting of
polylactic acid repeat units with aryloxide and hydroxy end
groups were identified, suggesting that polymerisation follows
a coordination-insertion where the aryloxide group initiates
polymerisation.

Experimental
Synthesis of Pn*Zr(O‘Bu), (1)

1.0 equivalent [Pn*ZrCl,]-LiCl:(thf); g5 (15.0 mg, 0.017 mmol)
and 4.0 equivalents KO'Bu (7.7 mg, 0.069 mmol) were com-
bined in benzene-ds (0.5 mL) in a Young’s tap NMR spec-
troscopy tube to give Pn*Zr(O'Bu), (1) as a yellow solution. The
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instability of the complex prevented isolation on a preparative
scale. "H NMR (benzene-ds, 400 MHz, 23 °C) § (ppm): 2.14
(1,3,5,7-Me-Pn*, 12H, s), 1.91 (2,6-Me-Pn*, 6H, s), 1.24
(OCMe3, 18H, s). "*C{'"H} NMR (benzene-dg, 101 MHz, 23 °C) §
(ppm): 131.8 (2,6-Pn*), 130.5 (4,8-Pn*), 106.9 (1,3,5,7-Pn*),
74.4 (OCMe3y), 33.7 (OCMe3), 12.6 (1,3,5,7-Pn*), 11.2 (2,6-Pn*).

Synthesis of Pn*Zr(0-2,6-Me-C¢Hj), (2)

1.0 equivalent [Pn*ZrCl,],-LiCl(thf), (250 mg, 0.285 mmol)
and 4.0 equivalents KO-2,6-Me-C¢Hj; (247 mg, 1.14 mmol) were
combined in toluene (10 mL) in a Schlenk tube. The reaction
was stirred for 24 hours at room temperature, filtered through
Celite and dried in vacuo to yield Pn*Zr(O-2,6-Me-C¢H3), (2) as
a yellow solid in 78% yield (282 mg, 0.446 mmol). Crystals suit-
able for a single crystal X-ray diffraction study were grown from
a hexane solution at —30 °C. 'H NMR (benzene-d,, 400 MHz,
23 °C) § (ppm): 7.00 (OArH, 4H, d, %J;;_;; = 8 Hz), 6.75 (OArH,
2H, t, *Jyu = 8 Hz), 2.16 (OArMe, 12H, s), 1.90 (2,6-Me-Pn*,
6H, s), 1.86 (1,3,5,7-Me-Pn*, 12H, s).

Synthesis of Pn*Zr(O—Z,G-iPr-CeHs)z (3)

1.0 equivalent [Pn*ZrCl,],-LiCl(thf), g5 (200 mg, 0.229 mmol)
and 4.0 equivalents KO-2,6-Pr-C¢H; (198 mg, 0.915 mmol)
were combined in toluene (5 mL) in a Schlenk tube. The solu-
tion was sonicated for 10 minutes followed by stirring for 3 h
at room temperature. The resulting pale yellow solution was
dried in vacuo, the product extracted with hexane (5 mL) and
concentrated to ~2 mL. Storage —30 °C yielded Pn*Zr
(0-2,6-'Pr-CgH3), (3) as yellow crystals, suitable for a single
crystal X-ray diffraction study, in 79% yield (229 mg,
0.362 mmol). "H NMR (benzene-ds, 400 MHz, 23 °C) § (ppm):
7.05 (ArH, 4H, d, >/ = 8 Hz), 6.93 (ArH, 2H, t, *J;;_ = 8 Hz),
3.20 (OArCHMe, 4H, sept, *Jy_u = 8 Hz), 1.95 (2,6-Me-Pn*, 6H,
s), 1.88 (1,3,5,7-Me-Pn*, 12H, s), 1.24 (OArCHMe, 24H, d, *J;; 4
= 8 Hz). "*C{'H} NMR (benzene-ds, 101 MHz, 23 °C) § (ppm):
156.2 (OAr), 136.4 (OAriPr), 133.4 (2,6-Pn*), 132.4 (4,8-Pn*),
123.2 (ArH), 120.0 (ArH), 110.4 (1,3,5,7-Pn*), 27.3 (OArCH),
24.2 (OArCHMe), 11.5 (1,3,5,7-Me-Pn*), 11.1 (2,6-Me-Pn*).

Synthesis of Pn*Zr(0-4-OMe-C¢H,), (4)

1.0 equivalent [Pn*ZrCl,],-LiCl(thf); g5 (15.0 mg, 0.017 mmol)
and 4.0 equivalents KO-4-OMe-C¢H, (11.1 mg, 0.069 mmol)
were combined in benzene-ds (0.5 mL) in a Young’s tap NMR
spectroscopy tube to give a cloudy orange solution. Dimeric
[Pn*Zr(0O-4-OMe-CgH,), ], (4') was observed after 20 h at room
temperature and dark orange crystals suitable for a single
crystal X-ray diffraction study were obtained from the benzene-
de solution. [Pn*Zr(O-4-OMe-CgHy), ], (4') was dissolved in THF
by sonication and heating at 65 °C. Filtration and removal of
solvent in vacuo afforded Pn*Zr(O-4-OMe-C¢H,), (4) as an
orange solid. "H NMR (tetrahydrofuran-dg, 400 MHz, 23 °C) §
(ppm): 6.64 (OArH, 4H, d, *Jy_y = 8 Hz), 6.50 (OArH, 4H, d,
3 = 8 Hz), 3.63 (OArOMe, 3H, s), 2.01 (2,6-Me-Pn*, 6H, s),
1.99 (1,3,5,7-Me-Pn*, 12H, s). *C{'H} NMR (tetrahydrofuran-
dg, 101 MHz, 23 °C) § (ppm): 158.6 (OArOMe), 152.9
(OArOMe), 132.7 (Pn*), 128.9 (Pn*), 128.7 (Pn*), 128.4 (Pn*),
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119.7 (OArH), 115.2 (OArH), 107.6 (Pn*), 55.9 (OArOMe), 12.0
(1,3,4,5-Me-Pn*), 11.4 (2,6-Me-Pn*).

Synthesis of Pn*ZrCl(0-2,6-‘Bu-C¢Hs) (5)

1.0 equivalent [Pn*ZrCl,],-LiCl(thf) and 4.0 equivalents
KO-2,6-'Bu-C¢H; were combined in benzene-ds (0.5 mL) in a
Young’s tap NMR spectroscopy tube. Pn*ZrCI(0-2,6-"Bu-C¢H3)
(5) was observed in seconds at room temperature in quantitat-
ive yield. Crystals of Pn*ZrCl(0-2,6-Bu-C4H;)-LiCl(tmeda) suit-
able for a single crystal X-ray diffraction study were grown from
a benzene solution of 5 at room temperature.

Synthesis of Pn*ZrCl(0-2,6-‘Bu-4-Me-CgH,) (6)

1.0 equivalent [Pn*ZrCl,],-LiCl(thf), (0.150 g, 0.171 mmol) and
4.0 equivalents KO-2,6-'Bu-4-Me-C¢H, (0.089 g, 0.344 mmol)
were combined in toluene (3 mL) in a gas-tight ampoule. The
solution was stirred for 12 h at 70 °C, and the resulting bright
yellow solution dried in vacuo, extracted into toluene (3 x
30 mL), filtered through a Celite and concentrated to approxi-
mately 1 mL. Storage at —30 °C yielded Pn*ZrCl(O-2,6-‘Bu-4-
Me-C¢H,) (6) as large yellow crystals, suitable for a single
crystal X-ray diffraction study, in 83% yield (0.152 g,
0.286 mmol). "H NMR (benzene-ds, 400 MHz, 23 °C) § (ppm):
7.19 (ArH, 2H, s), 2.34 (OArMe, 3H, s), 2.06 (1,3,5,7-Me-Pn*,
12H, s), 1.84 (2,6-Me-Pn*, 6H, s), 1.44 (OArCMe;, 18H, s). °C
{"H} NMR (benzene-dq, 101 MHz, 23 °C) § (ppm): 159.6 (OAr),
137.8 (OArCMe;), 133.0 (Pn*), 128.4 (Pn*), 125.9 (OArH), 34.7
(OArCMes), 31.9 (OArCMe;), 21.5 (OArMe), 12.2 (1,3,5,7-Me-
Pn*), 11.9 (2,6-Me-Pn*); 2 x quaternary carbons missing (Pn*
and OArMe). CHN Analysis (%): expected C 65.43, H 7.76,
observed C 65.35, H 7.86.

Synthesis of Pn*ZrCp(O‘Bu) (7)

1.0 equivalent Pn*ZrCp(Cl) (34.0 mg, 0.0899 mmol) and 1.0
equivalent KO'Bu (10.1 mg, 0.0899 mmol) were combined in
benzene-ds (0.5 mL) in a Young’s tap NMR spectroscopy tube
and sonicated at room temperature for 20 minutes to afford
Pn*ZrCp(O'Bu) (7). 'H NMR (benzene-ds, 500 MHz, 23 °C):
5.82 (CpH, 5H, s), 2.05 (Pn*Me, 6H, s), 1.91 (Pn*Me, 6H, s),
1.89 (Pn*Me, 6H, s), 1.19 (OCMe;, 9H, s). “C{'H} NMR
(benzene-ds, 125 MHz, 23 °C) § (ppm): 129.7 (Pn*), 127.4
(Pn*), 122.3 (Pn*), 109.7 (Cp), 107.4 (Pn*), 102.5 (Pn*), 74.1
(OCMej;), 34.2 (OCMe;), 13.4 (Pn*Me), 12.9 (Pn*Me), 11.6
(Pn*Me).

Synthesis of Pn*ZrCp(0-2,6-Me-CgHj) (8)

1.0 equivalent Pn*ZrCp(Cl) (48.7 mg, 0.129 mmol) and 1.0
equivalent KO-2,6-Me-C¢H; (25.2 mg, 0.129 mmol) were com-
bined in benzene-ds (0.5 mL) in a Young’s tap NMR spec-
troscopy tube and sonicated at room temperature until KO-2,6-
Me-CgH; fully dissolved, yielding Pn*ZrCp(O-2,6-Me-C¢Hj) (8).
'H NMR (benzene-ds, 500 MHz, 23 °C) § (ppm): 7.18 (OArH,
2H, d, *J;y = 10 Hz), 6.81 (OArH, 1H, t, *J;_ = 10 Hz), 5.50
(CpH, 5H, s), 2.05 (OArMe, 3H, s), 1.90 (Pn*Me, 3H, s), 1.85
(Pn*Me, 3H, s), 1.84 (Pn*Me, 3H, s). "*C{"H} NMR (benzene-d,,
125 MHz, 23 °C) 6 (ppm): 165.1 (OAr), 130.7 (OArH), 128.7

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

(Pn*), 128.0 (Pn*) 127.0 (Pn*), 124.8 (OArMe), 122.09, 116.5
(OArH), 110.7 (CpH), 110.3 (Pn*), 102.9 (Pn*), 17.2 (OArMe),
13.1 (Pn*Me), 11.5 (Pn*Me), 11.0 (Pn*Me).

Synthesis of Pn*ZrCp(0-2,6-Pr-C¢H,) (9)

1.0 equivalent Pn*ZrCp(Cl) (50.9 mg, 0.135 mmol) and 1.0
equivalent KO-2,6-'Pr-CgH; (29.1 mg, 0.135 mmol) were com-
bined in benzene-ds (0.5 mL) in a Young’s tap NMR spec-
troscopy tube and sonicated at room temperature for
20 minutes to afford Pn*ZrCp(O-2,6-Pr-C¢Hs) (9). "H NMR
(benzene-dg, 500 MHz, 23 °C) § (ppm): 7.17 (OArH, 2H, d,
*Jun = 10 Hz), 6.97 (OArH, 1H, t, *Jy_ = 10 Hz), 5.61 (CpH,
5H, s), 2.93 (OArCHMe,, 2H, sept, *Ji; i = 10 Hz), 1.98 (Pn*Me,
3H, s), 1.89 (Pn*Me, 3H, s), 1.87 (Pn*Me, 3H, s), 1.33
(OArCHMe,, 6H, d, J;;_; = 10 Hz), 1.21 (OArCHMe,, 6H, d,
*Jun = 10 Hz). *C{'H} NMR (benzene-dq, 125 MHz, 23 °C) §
(ppm): 161.6 (OAr), 136.4 (OArCHMe,), 130.6 (Pn*), 127.3
(Pn*), 123.8 (ArH), 122.0 (Pn*), 117.8 (ArH), 111.1 (Pn*), 110.9
(CpH), 103.7 (Pn*), 27.0 (OArCHMe,), 25.7 (OArCHMe,), 24.3
(OArCHMe,), 13.7 (Pn*Me), 11.9 (Pn*Me), 11.2 (Pn*Me).

Synthesis of Pn*TiCp(0-2,6-Me-C¢H3) (10)

1.0 equivalent Pn*TiCp(Cl) (50 mg, 0.15 mmol) and 1.2 equiva-
lents KO-2,6-Me-C¢H;3 (29 mg, 0.18 mmol) were combined in
benzene-ds (0.5 mL) in a Young’s tap NMR spectroscopy tube.
The solution was left for 24 h at room temperature, and was
then filtered, dried in vacuo and the resulting dark orange
solid extracted with pentane (3 x 10 mL). Storage at —80 °C
yielded Pn*TiCp(O-2,6-Me-C¢H;) (10) as a dark brown crystal-
line solid in 23% yield (15 mg, 0.04 mmol). "H NMR (benzene-
de, 500 MHz, 23 °C) § (ppm): 7.21 (OArH, 2H, d, *J;; = 10
Hz), 6.85 (OArH, 1H, t, °] = 10 Hz), 5.25 (CpH, 5H, s), 1.97
(OArMe, 6H, s), 1.97 (2,6-Me-Pn*, 6H, s), 1.70 (1,3,5,7-Me-Pn*,
12H, s). "*C{'"H} NMR (benzene-ds, 125 MHz, 23 °C) § (ppm):
129.2 (OArH), 128.4 (Pn*), 128.0 (Pn*), 126.1 (OArMe), 124.7
(Pn*), 120.8 (Pn*), 116.1 (OArH), 112.1 (Pn*), 110.8 (CpH), 17.8
(OArMe), 13.9 (1,3,5,7-Me-Pn*), 13.0 (2,6-Me-Pn*), 11.2 (1,3,5,7-
Me-Pn*). 1 x quaternary carbon missing (OAr).

Synthesis of Pn*ZrCp™(0-2,6-Me-C¢H) (11)

1.0 equivalent Pn*ZrCp™¢(Cl) (18.0 mg, 0.0459 mmol) and 1.0
equivalent KO-2,6-Me-C¢Hj; (8.96 mg, 0.0459 mmol) were com-
bined in benzene-ds (0.5 mL) in a Young’s tap NMR spec-
troscopy tube and sonicated for 2 x 30 minutes at room temp-
erature to afford a yellow solution and colourless precipitate.
After 16 h at room temperature, filtration followed by drying of
the filtrate in vacuo afforded Pn*ZrCp™¢(0-2,6-Me-C¢H,) (11) as
a pale yellow solid. Crystals, suitable for a single crystal X-ray
diffraction study, grown from a pentane solution at —30 °C. '"H
NMR (benzene-dg, 400 MHz, 23 °C) § (ppm): 7.17 (OArH, 2H,
d, *Jun = 8 Hz), 6.82 (OATH, 1H, t, Jy_i = 8 Hz), 5.47 (CpH,
2H, app. t, *Jy_n = 3 Hz), 5.20 (CpH, 2H, app. t, *Jiy; = 3 Hz),
2.08 (OArMe, 6H, s), 1.92 (Pn*Me, 6H, s), 1.88 (Pn*Me, 6H, s),
1.84 (Pn*Me, 6H, s) 1.83 (CpMe, 3H, s). “C{'H} NMR
(benzene-ds, 101 MHz, 23 °C) § (ppm): 164.3 (OAr), 130.8
(Pn*), 129.0 (OArH), 127.4 (Pn*), 125.9 (OArMe), 123.7 (CpMe),
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122.4 (Pn*), 116.7 (OArH), 111.0 (Pn*), 110.7 (CpH), 110.2
(CpH), 102.7 (Pn*), 17.6 (OArMe), 13.5 (CpMe), 13.4 (Pn*Me),
11.9 (Pn*Me), 10.8 (Pn*Me).

Synthesis of Pn*ZrCp™¢(0-2,6-Pr-C¢H,) (12)

1.0 equivalent Pn*ZrCp™¢(Cl) (19.9 mg, 0.0508 mmol) and 1.0
equivalent KO-2,6-'Pr-C¢H; (11.0 mg, 0.0508 mmol) were com-
bined in benzene-ds (0.5 mL) in a Young’s tap NMR spec-
troscopy tube and sonicated for 2 x 30 minutes at room temp-
erature to afford a yellow solution and colourless precipitate.
After 16 h at room temperature, filtration followed by drying of
the filtrate in vacuo afforded Pn*ZrCp™¢(0-2,6-'Pr-C¢H;) (12) as
a pale yellow solid. '"H NMR (benzene-ds, 400 MHz, 23 °C) §
(ppm): 7.17 (OArH, 2H, d, ¥y 1 = 8 Hz), 6.96 (OArH, 1H, t,
*Jun = 8 Hz), 5.64 (CpH, 2H, app. t, *Jy_u = 3 Hz), 5.23 (CpH,
2H, app. t, *Jiu = 3 Hz), 2.93 (OArCHMe,, 1H, sept., i = 8
Hz) 2.01 (Pn*Me, 6H, s), 1.90 (Pn*Me, 6H, s), 1.89 (CpMe, 3H,
s), 1.87 (Pn*Me, 6H, s), 1.35 (OArCHMe,, 6H, d, *J;_; = 8 Hz),
1.21 (OArCHMe,, 6H, d, *Jy_is = 8 Hz). ’C{"H} NMR (benzene-
de, 101 MHz, 23 °C) § (ppm): 160.7 (OAr), 136.5 (OArCHMe,),
130.3 (Pn*), 127.4 (Pn*), 123.9 (OArH), 123.8 (CpMe), 121.8
(Pn*), 117.7 (OArH), 111.2 (Pn*), 110.5 (CpH), 109.5 (CpH),
103.2 (Pn*), 27.4 (OArCHMe,), 25.7 (OArCHMe,), 24.5
(OArCHMe,), 13.4 (Pn*Me), 13.4 (CpMe), 12.1 (Pn*Me), 10.7
(Pn*Me).

Synthesis of Pn*ZrCp™°(0-2,4-‘Bu-C¢Hj) (13)

1.0 equivalent Pn*ZrCp™°(Cl) (32.1 mg, 0.0819 mmol) and 1.0
equivalent KO-2,4-‘Bu-C¢Hj; (20.0 mg, 0.0819 mmol) were com-
bined in benzene-ds (0.5 mL) in a Young’s tap NMR spec-
troscopy tube and sonicated for 2 x 30 minutes at room temp-
erature to afford a yellow solution and colourless precipitate.
After 16 h at room temperature, filtration followed by drying of
the filtrate in vacuo afforded Pn*ZrCp™¢(0-2,4-‘Bu-C¢Hj;) (13)
as a pale yellow solid. "H NMR (benzene-dg, 400 MHz, 23 °C) §
(ppm): 7.57 (ArH, 1H, s), 7.27 (ArH, 1H, dd, *J;;_y4 = 4, 8 Hz),
5.99 (ArH, 1H, d, *J;;y; = 8 Hz), 5.65 (CpH, 1H, m), 5.57 (CpH,
1H, m), 5.30 (CpH, 2H, m), 2.19 (Pn*Me, 3H, s), 1.99 (Pn*Me,
3H, s), 1.93 (CpMe, 3H, s), 1.92 (Pn*Me, H, s), 1.90 (Pn*Me,
3H, s), 1.89 (Pn*Me, 3H, s), 1.85 (Pn*Me, 3H, s), 1.60 (ArCMej,
9H, s), 1.42 (ArCMe;, 9H, s). C{'"H} NMR (benzene-d,,
101 MHz, 23 °C) § (ppm): 163.2 (OAr), 138.0 (OArCMe;), 136.5
(OArCMes), 127.30 (Pn*), 126.83 (Pn*), 123.9 (ArH), 122.7
(ArH), 121.7 (ArH), 121.26 (Pn*), 121.21 (Pn*), 112.4 (CpMe),
112.2 (Pn*), 112.1 (Pn*), 111.6 (CpH), 109.7 (CpH), 108.8
(CpH), 104.4 (Pn*), 103.3 (Pn*), 35.7 (OArCMe;), 34.3
(OArCMe;), 32.3 (OArCMe;), 31.5 (OArCMe;), 13.7 (Pn*Me),
13.6 (Pn*Me), 13.5 (Pn*Me), 13.1 (Pn*Me), 11.9 (Pn*Me), 11.0
(CpMe), 10.8 (Pn*Me).

Lactide polymerisation procedure ([LA],/[M], = 50, [LA], = 0.5 M)
50 equivalents - or rac-lactide (40 mg, 0.278 mmol) were
weighed into Young’s tap NMR spectroscopy tubes and 1.0
equivalent initiator in benzene-dg (0.56 mL), corresponding to
an initial lactide concentration ([LA],) of 0.5 M, added.
Polymerisations were run at 60-100 °C and halted at certain
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time intervals by submerging the NMR tubes in an ice bath.
Polymerisation was monitored by "H NMR spectroscopy. On
completion, the reaction mixture was decanted into —5 °C
pentane (10 mL), the solution allowed to settle, and the
solvent removed. The polymer was then washed with diethyl
ether (2 x 10 mL) and dried under vacuum at 30 °C for
18 hours.

Lactide polymerisation procedure ([LA],/[M], = 200, [LA], = 2.0
M)

1.0 equivalent initiator (3 mg) was dissolved in deuterated
solvent (0.5 mL) and added to Young’s tap NMR spectroscopy
tubes. 200 equivalents - or rac-lactide, corresponding to an
initial lactide concentration ([LA],) of 2 M, was then added.
Polymerisations were run between 80 °C and halted at certain
time intervals by submerging the NMR tubes in an ice bath.
Polymerisation was monitored by "H NMR spectroscopy. On
completion, the reaction mixture was decanted into —5 °C
pentane (10 mL), the solution allowed to settle, and the
solvent removed. The polymer was then washed with diethyl
ether (2 x 10 mL) and dried under vacuum at 30 °C for
18 hours.
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