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The ring-opening co-polymerisation (ROCOP) of epoxides and cyclic anhydrides is a versatile route to
new polyesters. The vast number of monomers that are readily available means that an effectively limitless
number of unique polymeric materials can be prepared using a common synthetic route, thereby paving
the way to polymers that are more recyclable and could be used in applications that currently lie exclu-
sively within the remit of polyolefins. Metallocene complexes [CpoMCly] (M = Ti, Zr, Hf, Cp = n°-CsHs) are
known to be excellent pre-catalysts for olefin polymerisation and yet have not been reported for ROCOP,
despite their supreme pedigree in the polymerisation realm. Herein, we report the first application of
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[CpoMCL,] as catalysts for the ROCOP of epoxides and anhydrides and show that they are effective cata-
lysts for this reaction. The catalytic performances are good with standard epoxides such as cyclohexene
oxide but are excellent with more challenging sterically demanding limonene oxide, and this therefore
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Introduction

We live in a plastic-hungry society where polymeric materials
pervade almost every facet of daily life. Global polymer pro-
duction is dominated by polyethylene, polypropylene, and
polyvinyl chloride, which together make up 59% of global
polymer demand.’ These materials do not readily degrade in
the environment, meaning their improper disposal has led to
extensive pollution of aquatic environments.”* The ever-
increasing use of plastics and a heightened awareness of their
environmental footprint means that chemists must develop
novel polymers with enhanced properties to those in common
use, whilst simultaneously incorporating recyclability at the
point of synthesis. Attention often turns to polyesters since
they are hydrolysable, making them both recyclable through
depolymerisation as well as potentially biodegradable, thereby
alleviating the end-of-life issues that plague many plastics.>®
Traditionally, polyesters are synthesised by step-growth poly-
condensation, which requires high energy input, necessitates
the removal of by-products, and offers poor control of mole-
cular weight and polymer microstructure.”'® However, a chain-
growth polymerisation involving the catalytic ring-opening
copolymerisation (ROCOP) of cyclic anhydrides and epoxides
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represents a highly effective catalyst system for the preparation of bio-derived recyclable polymers.

(Scheme 1) is an appealing alternative, given it can be used to
selectively access alternating copolymers of high and tuneable
molecular weight,"™"?

Epoxides and cyclic anhydrides are widely available
feedstocks, some of which can be obtained from renewable
sources, meaning the properties of the polymer can be tuned for
many applications simply by exchanging the monomers.'* >
Furthermore, the functional group tolerance of ROCOP readily
allows for post-polymerisation modifications to further enhance
the material’s attributes.”*>® This contrasts with the more
widely investigated ring-opening polymerisation (ROP) of lac-
tones, where a relatively small selection of suitable monomers
restricts the potential physical properties of the resultant poly-
esters, as well as the scope for subsequent modification.*”

Many different catalysts have been used to effect epoxide-
anhydride ROCOP, including organocatalysts,”**° and com-
plexes of aluminium,* ™ cobalt,'”"*** chromium,***°
iron,"®"” magnesium,””*”*® and zinc.>*"*' However, there are
only limited reports of the Group 4 metals (Ti, Zr, Hf) being
used in this transformation; perhaps surprising given there are
multiple studies detailing their efficacy in the ROP of cyclic
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Scheme 1 The ring-opening copolymerisation (ROCOP) of cyclic anhy-
drides and epoxides to produce polyesters.
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esters*>*® and the ROCOP of epoxides and CO,.*”>> In 1999,
Endo and co-workers reported the use of titanium alkoxide cat-
alysts in the ROCOP of oxetane and anhydrides, whilst hetero-
geneous zirconium phosphate materials with intercalated
amines have also been demonstrated to catalyse the ROCOP of
glycidyl phenyl ether and hexahydro-4-methylphthalic
anhydride.”® > Furthermore, Chakraborty, Chand and col-
leagues have detailed the use of 8-hydroxyquinolinate based
ligands complexed to titanium and zirconium in the copoly-
merisation of maleic anhydride and tert-butyl glycidyl ether.®
More recently, the Williams group have reported a bis(acetate)
Zr(wv) catalyst for the terpolymerisation of anhydrides, tetrahy-
drofurans and epoxides or oxetanes to produce poly(esters-alt-
ethers).*!

When considering the Group 4 metals, the mind immedi-
ately turns to cyclopentadienyl (n°-CsHs~, Cp) based metallo-
cene complexes, and in turn the polymerisation of olefins.
Interestingly, despite [Cp,MCl,] (M = Ti, Zr) being used to
produce cyclic carbonate from CO, and propylene oxide, and
the Ti(m) species [Cp,TiCl] promoting radical-initiated
ROCOP,** % [Cp,MCl,] (M = Ti, Zr, Hf) have not been probed
for their efficacy in epoxide-anhydride ROCOP. On the whole,
investigations into metallocenes have slowed somewhat since
the turn of the century in part due to an exhaustive patent lit-
erature in olefin polymerisation, yet they represent a new class
(in the context of epoxide-anhydride ROCOP) of readily synthe-
sisable catalysts.®® Herein, we describe the use of three com-
mercially available Group 4 metallocene dichloride complexes
([Cp.MCL,], M = Ti, Zr, Hf) in conjunction with the nucleophi-
lic co-catalyst 4-(dimethylamino)pyridine (DMAP) in the ring-
opening copolymerisation of epoxides and cyclic anhydrides.
This includes the large-scale synthesis of partially bio-derived
polyesters from limonene oxide and (to our knowledge) the
first example of hafnium used in epoxide-anhydride ROCOP.

Results and discussion

Starting from a simple 2 x 2 matrix of epoxides and cyclic
anhydrides, the three metallocene complexes [Cp,MCl,] (M =
Ti, Zr, Hf) were investigated for their use in ROCOP. DMAP
was used as a co-catalyst to allow differentiation of initiation
by external co-catalyst and chlorides present in the precatalyst,
see MALDI-ToF data below. Substrates examined include cyclo-
hexene oxide (CHO) and 4-vinylcyclohexene oxide (VCHO), as
well as phthalic anhydride (PA) and tetrachlorophthalic anhy-
dride (TCPA). VCHO is of interest as its vinyl functionality
allows for post-polymerisation modification through hydro-
boration and thiol-ene reactions, whilst TCPA is used in the
production of flame retardant materials.”””’® The polymeris-
ation data for PA are presented in Table 1. The addition of
metallocene complex increases anhydride conversion signifi-
cantly for both CHO (entries 1-3) and VCHO (entries 5-7), in
comparison to when DMAP alone is used over the same time
period (entries 4 and 8). This activity increase is most promi-
nent for [Cp,TiCl,] (entries 1 and 5), followed by [Cp,ZrCl,]
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Table 1 Copolymerisation of PA with CHO and VCHO?

Cp,MCl,
M= T| Zr, Hf
Toluene, 80 °C
21 hours
T4 afe B
Zeq — eq _
Entry Epoxide M Conv.”/%  Ester’/% M,%/kDa D
1 CHO Ti 74 89 16.8 1.24
2 Zr 61 83 17.7 1.39
3 Hf 55 66 14.4 1.61
4 None 32 >95 19.1 1.22
5 VCHO Ti 74 85 37.0 1.20
6 Zr 66 80 31.4 1.47
7 Hf 57 52 17.7 1.44
8 None 35 94 60.2 1.33

¢ Average of at least two runs. Conditions: 1 eq. = 6.4 pmol (1 eq.)
metallocene (unless otherwise stated), 2 eq, DMAP, 400 eq. PA, 400 eq.
epoxide, 1 mL toluene, 80 °C for 21 hours. Determmed from 'H NMR
spectra of the reaction mixtures. ¢ Determined from '"H NMR spectra of
the resultant polymers. ? Determined by GPC (viscometry detection
against polystyrene standards). * D = M /M,,.

(entries 2 and 6) and [Cp,HfCl,] (entries 3 and 7), respectively.
Interestingly, an identical trend is seen for the selectivity
towards alternating (AB),
ester vs. ether regions in the 'H NMR spectra of each polymer),
with [Cp,TiCl,] slightly more selective than [Cp,ZrCl,], which
in turn is far more selective than [Cp,HfCl,]. Whilst the selec-
tivities remain high for titanium and zirconium, copolymers

microstructure (determined from

with near perfect alternating selectivity were observed in the
absence of metallocene; with the region of the "H NMR spec-
trum corresponding to ether linkages (arising from homopoly-
merisation of epoxide) often containing no discernible reso-
nances. In terms of molecular weight, both [Cp,TiCl,] and
[Cp»ZrCl,] produced polymers with a significantly higher
molecular weight (far more than if one adjusts for the extra
mass of the vinyl group and differences in conversion) for
VCHO, indicating a reduced propensity for chain transfer pro-
cesses when compared to CHO. This, however, does not extend
to [Cp,HfCl,],
regardless of the epoxide used. The highest molecular weights

where the molecular weights were similar

were observed in the absence of metallic catalyst, reflecting the
relatively small number of propagating chains, a result of the
reduced number of initiating groups (chlorides and DMAP) in
the reactions. The polyesters generally possessed relatively low
dispersities (D) and were similar across both epoxides; aside
from [Cp,HfCl,], which gave the highest dispersities (1.61,
entry 3) for the CHO-PA copolymer. In general, the conver-
sions and molecular weights seen are of similar order to com-
monly employed Schiff-base-ligated metal
toluene, albeit at different reaction temperatures and catalyst
loadings.”" Polymerisations were also conducted “in bulk”
using neat CHO as the solvent (1:2:2000:400
[Cp,TiCl,]: [DMAP]: [CHO]: [PA], 80 °C) which yielded the
expected pseudo zero-order rate plot (Fig. S17), albeit produ-
cing polymers with lower (75%) ester selectivity.

complexes in

This journal is © The Royal Society of Chemistry 2022
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In addition, polymerisations of CHO and PA conducted
without DMAP showed low (ca. 30%) ester selectivity.

The analogous reactions using TCPA are described in
Table 2. Due to the reduced solubility of TCPA, the amounts of
all reagents aside from the solvent were halved (molar ratios of
[metallocene] : [DMAP] : [epoxide] : [anhydride] remained
1:2:400:400). Despite this however, reaction times decreased
dramatically, with near quantitative conversion of CHO
observed after 14 hours using both [Cp,ZrCl,] and [Cp,HfCl,]
(entries 2 and 3). Given that the rate determining step of this
reaction remains epoxide opening, this increase in activity
could be attributed to the electron-withdrawing chloro substi-
tuents stabilising the carboxylate anion in non-polar media,
better facilitating its de-coordination and subsequent reaction
with metal-bound epoxide. In another departure from copoly-
merisations of PA discussed previously, reactions using
[Cp,TiCl,] (entries 1 and 5) gave lower conversions than both
the zirconium and hafnium congeners (entries 2, 3 and 6, 7).
This reversal in activity could be attributed to steric congestion
around the metal centres, where the larger zirconium and
hafnium can more easily accommodate the significant extra
volume occupied by the chloro-substituted polymer chains.
Concurrently, the selectivity of reactions involving [Cp,HfCl,]
and CHO-TCPA increased relative to CHO-PA (entry 3),
although hafnium remained the least selective of the three
metals.

Also noteworthy is the detection of polyether resonances
when no metallocene is added, in particular for VCHO where
the addition of [Cp,TiCl,] actually increased ester selectivity
(entries 5 and 8). Despite the molecular weights being similar
for both TCPA and PA in absolute terms (with the exception of
VCHO with [Cp,HfCL,], entry 7), the increased mass of the
monomer means this translates to fewer repeat units. This is

Table 2 Copolymerisation of TCPA with CHO and VCHO?

c. cl
Cp,MCl, Cl Cl
o M =Ti, Zr, Hf
o 2 2 Toluens. 80 °C Q o}
—— 0 O " R=H,CuH,
cl cl 2eq. @7 o
N N
o’ G R N/ T\ R
Entry Epoxide t/h M Conv.’/% Ester/% M,%kDa D%
1 CHO 14 Ti 88 94 11.2 1.23
2 Zr 99 89 20.3 1.10
3 Hf 98 81 15.3 1.39
4 None 77 95 11.8 1.30
5 VCHO 15 Ti 85 >95 18.5 1.15
6 Zr >99 82 19.2 1.28
7 Hf >99 65 27.8 1.39
8 None 76 90 28.5 1.21

“ Average of at least three runs. Conditions: 1 eq. = 3.2 pmol (1 eq.)
metallocene (unless otherwise stated), 2 eq. DMAP, 400 eq. TCPA, 400
eq. epoxide, 1 mL toluene, 80 °C. ® Determined from "H NMR spectra
of the reaction mixtures.  Determined from "H NMR spectra of the
resultant polymers. ¢ Determined by GPC (viscometry detection against
polystyrene standards). ¢ D = M,,/M,,.
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likely due to chain transfer processes, specifically the
increased favourability of transesterification at a more electro-
philic ester carbonyl group.

MALDI-ToF mass spectrometry of the polymers was used
to ascertain whether the observed polyether resonances in
the "H NMR spectra of the polymers were incorporated into
predominantly polyester chains, or distinct polyether chains
produced by a separate polymerisation process. A represen-
tative MALDI-ToF spectrum of the CHO-PA polymer pro-
duced by [Cp,TiCl,] is displayed in Fig. 1, with the repeat-
ing series corresponding to the CHO-PA unit of 246 Da
indicated by different colours. All observed series in positive
mode were initiated by DMAP, highlighting its importance
as a nucleophilic cocatalyst, with these findings consistent
with previously reported MALDI-ToF spectra for polyesters
produced by an aluminium bis(methyl) pre-catalyst and
DMAP.”

The appearance of several series corresponding to various
“extra” CHO units (up to 4 across the polymer chain) indicate
that there are polyether linkages within the chains, as well as
potentially as end groups. These possibilities are indistin-
guishably by mass and therefore both are shown in Fig. 1.
Similarly, MALDI series containing up to 8 extra epoxide units
have been observed for a polymer with higher ether content
(20% vs. 11%, Fig. S227). These findings are consistent with
previous mechanistic work where ester and ether producing
catalytic cycles are thought to originate from a single catalytic
species.®” Despite this, under identical reaction conditions in
the absence of anhydride, [Cp,ZrCl,] did not produce poly
(CHO), with this highlighting the intrinsic differences in rate
of reaction between the monomers.

Mechanistic studies: stoichiometric reactions

Although significant increases in conversion followed the
introduction of all three metallocenes, there remained no
direct evidence explaining how they initiate ROCOP reactions.
Therefore, experiments were performed to detect the gene-
ration of catalytic intermediates and follow the propagation of
nascent polymer chains. [Cp,ZrCl,] reacts with propylene
oxide in the absence of co-catalyst to give two species, likely
corresponding to a mono- and bis(alkoxide) (Scheme 2).
Addition of further propylene oxide pushed conversion to a
major product with "H NMR signals in a 10:2:4: 6 integration
ratio; COSY experiments confirmed the mutual coupling of the
signal at 6" = 4.15 with the two resonances at 5" = 3.34 and
1.16 (Fig. S2t). This is consistent with a bis(alkoxide) complex
and confirms the feasibility of reaction of the metallocene pre-
catalysts with epoxides. Furthermore, calculation of NMR
shielding tensors in Gaussian 09 yield predicted chemical
shifts for the alkoxide protons that are compatible with those
observed experimentally, suggesting the assigned regio-
chemistry in Scheme 2 (i.e. chloride attack at the least hin-
dered carbon of propylene oxide) is the major product [DFT
predicted 6" = 4.25 (2H), 3.35 (4H), 1.27 (6H), observed & =
4.15 (2H), 3.34 (4H), 1.16 (6H)].”>”* Indeed, a similar predic-
tion on the isomer resulting from attack of the most hindered

Polym. Chem., 2022,13, 3315-3324 | 3317
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Fig. 1 Positive mode MALDI-ToF spectrum of the CHO-PA copolymer produced by [Cp,TiCl,] (entry 1, Table 1). Also shown is an expanded section
with five series indicated, each with 0—4 (N) additional CHO units in the polymer chain, corresponding to either N polyether linkages or N — 1 poly-

ether linkages and a protonated epoxide end group.
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Scheme 2 Synthesis of mono- and bis(alkoxide) complexes from
[Cp,ZrCl,] and propylene oxide. Note the regiochemistry of the ring-
opening at the least hindered carbon of propylene oxide. Also shown
are the differences between the DFT calculated *H NMR chemical shifts
and the experimentally observed values.

position gave 6™ = 4.24 (2H), 4.22 (4H), 1.45 (6H); a far poorer
match to the observed spectrum (Fig. S37).

To experimentally confirm the regiochemistry, analogous
reactions with epichlorohydrin were conducted, which gave a
1:4:6:4:1 quintet (J = 5.3 Hz) resulting from reaction at the
least hindered position (Fig. S4t). This coupling to four equi-
valent protons is not possible if attack occurs at the most hin-
dered carbon, where one would expect a triplet of triplets for
the single proton environment.

Similar experiments, this time with two equivalents of
DMAP and [Cp,ZrCl,] in a precise 2:1 ratio gave rise to new
metallocene species once two equivalents of CHO were added
(at room temperature, Fig. S51). This, in conjunction with the

3318 | Polym. Chem.,, 2022, 13, 3315-3324

above discussion shows that the ring-opening of metal-bound
epoxide by external attack of dissociated chloride or DMAP at a
zirconium centre are viable initiation pathways. Once heat was
applied (Fig. S6t), the new metallocene peaks became more
intense, with signals beginning to appear in the ether region
of the 'H NMR spectrum, again likely attributed to metal alk-
oxide complexes. More succinctly, resonances corresponding
to DMAP-opened alkoxides (as indicated by COSY experiments)
highlight the feasibility of metal-free initiation, albeit the ratio
of these signals to those of unreacted DMAP (5" = 8.21, 6.47,
2.98) is far lower than the equivalent ratio for metallocene
species, where the original [Cp,ZrCl,] is completely consumed.
This mirrors the previously discussed experimental data, in
that DMAP is an effective catalyst, but its initiation is far
slower than when used in combination with metallocenes, as
reflected by the lower conversions in polymerisation reactions
when only DMAP was used. Addition of two equivalents of PA
led to new resonances comparable to signals in the spectrum
of the CHO-PA copolymer, both in the ester and aromatic
regions (Fig. S61). No heating or any appreciable timeframe
was required to see complete conversion of PA, showing the
facile nature of anhydride opening compared to that of
epoxide.

Following the addition of two more equivalents of CHO, the
reaction mixture was analysed by electrospray ionisation mass
spectrometry (ESI-MS), with ring-opened products initiated by

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 lons detected by ESI-MS in both positive (L) and negative mode

(R)ina 1:2:4:2 reaction of [Cp,ZrCl,]: DMAP : CHO : PA conducted in
CDCls.

DMAP apparent in positive mode (Fig. 2, full spectra shown in
Fig. S8 and S97). A chloride-initiated CHO-PA unit was seen in
negative mode spectrum, alongside an unsaturated fragment
of m/z = 245.09 Da, presumably forming within the mass
spectrometer after a loss of HCI.

A summary of the proposed initiation modes is shown in
Scheme 3, which details how both DMAP and chloride
initiated chains can arise, with the prevalence of both types of
initiation consistent with both the stoichiometric reactions
and MALDI-TOF spectra of the polymers.

Mechanistic studies: density functional theory calculations

Further understanding of the propagation mechanism of the
metallocene-mediated polymerisation was obtained using DFT
calculations (Scheme 4). Previous calculations performed by

R e R2
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UN—
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Cramer, Coates, Tolman and co-workers have demonstrated a
feasible propagation cycle for an aluminium Salph catalyst;
our experimental observations are consistent with this pre-
viously reported mechanism, which was therefore used as the
starting point for our calculations, examining [Cp,Ti(OAc),] as
an on-cycle catalyst for the copolymerisation of ethylene oxide
(EO) and succinic anhydride (SA).>" Since experimentally, the
rate-limiting step is epoxide opening (affording an alkoxide)
and anhydride addition (affording a carboxylate) is fast, the
resting state of the catalyst is expected to contain two carboxy-
late-terminated polymer chains, which we model as acetate.
The initiation steps (i.e. reaction of chloride pre-catalysts)
examined by stoichiometric reactions were not studied here.
EO and SA were chosen as substrates both for computational
simplicity and to eliminate a large volume of conformational
ambiguity leading to difficulty in isolating true minima for
each intermediate. Therefore, the energies are expected be
attenuated by the steric and electronic parameters of the
experimental substrates, as well as changeable ring strain.

The proximity of the labile sites in the [Cp,Ti] intermediates
allows for two different routes for anhydride opening: (a) inser-
tion of a metal-alkoxide into a non-coordinating anhydride (as
described by Cramer, Coates and Tolman) along with spon-
taneous ring-opening, or (b) migratory insertion of a metal-alk-
oxide into a pre-coordinated anhydride, similar to a route often
invoked in the ring-opening polymerisation (ROP) of
lactones.*>”>’® However, no minima corresponding to anhy-
dride pre-coordination could be found for this system, and so
the energetically feasible propagation cycle displayed in
Scheme 4 features the initial insertion without pre-coordination
to the metal, and is followed by a distinct ring-opening step.

There is a choice of pathways to Intlb, the precursor to
epoxide opening. Either association of ethylene oxide (though

. C.<W§;

SO = @GY@

Scheme 3 Proposed initiation routes to generate both chloride initiated polymer chains (observed in stoichiometric studies) and DMAP initiated
polymer chains (observed in stoichiometric studies and MALDI-ToF of polymers) for the ROCOP of a generic epoxide and PA. For reaction with the
first chloride of the pre-catalyst, X = Cl. For reaction of the second chloride, X = carboxylate. Note that DMAP initiated chains are zwitterionic and so
X may represent the carboxylate terminus of the same or different polymer chain, as well as chloride. Y = chain terminus.

This journal is © The Royal Society of Chemistry 2022

Polym. Chem., 2022,13, 3315-3324 | 3319


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00335j

Open Access Article. Published on 16 May 2022. Downloaded on 6/9/2026 11:03:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Polymer Chemistry
\
N_
o 7 .AG=+18.3
AcO (< \ Int1-DMAP: ° ~ T
c ®T'/ o)
p2Ti
oac LA
Intih:AC = ¥28.5
/ "AH = +24.6
AG = +24.6 o
: o)
~ Intla: o9y A\ AcO ® O/-\ @>_
© @ cpTi O Ts1: AC =303
= | AcO” @ o Co,Ti o) o) AH = +28.0
N 21 NG
Sy CpTi »— o O)\
o J\
7 o
7
5 o o)
Y /\ o (8] O—<
.AG=0.0 Cp,Ti(OAc), =—= _/<
B e g R (OAc), i Ti/ CoTic— intg: AG =117
I "o P2 "AH=-19.2
A 1
OAc
CpTi o 0)\
N AG =-3.5
o) Int1c:‘AH s
w0222 O
' Int4: 2C =01 B o
AH =-18.0 o
i 0 RQ - LU - Int3; AC =139
/Oﬂo OAC AH =-25.1
.AG=+10.8 O.. Cp2Ti_ / o
TS3: A OAc
AH=-2.6 Cp,Ti<.. 4/ OR
@ % R
OAc oo
OAc
_AG=+28.2
T2 \H=+100

Scheme 4 Energetically feasible propagation cycle for the polymerisation of ethylene oxide and succinic anhydride with a [Cp,Ti(OAc),] on-cycle
catalyst. Calculated with Gaussian 09 at the M06/def2-TZVP level of theory (implicit toluene solvent).”*”#77=7° Free energies and enthalpies are
quoted in kcal mol™, and have been temperature corrected (70 °C) and concentration corrected using the Sackur—Tetrode equation, applied via the

GoodVibes software package.®°

not coordination, no such minima could be found) to [Cp,Ti
(OAc),] to give Intlc, or the formation of an ion pair resulting
from the dissociation of one acetate ligand (Int1a). In addition
to its role as a nucleophilic cocatalyst (as indicated by
MALDI-ToF and stoichiometric reactions), it is possible to
imagine a role for DMAP in the propagation cycle; as a strong
donor one may expect coordination to the metal centre,
helping to facilitate the de-coordination of polymer chains
necessary for the binding and reaction of addition substrate.
Although Int1-DMAP is energetically accessible (+18.3 kcal
mol ™), attempts to observe metal-DMAP complexes by 'H
NMR spectroscopy proved fruitless, although this does not
necessarily preclude a potentially transient existence.

The subsequent epoxide opening transition state (TS1) is sig-
nificantly higher in energy than anhydride insertion (36.3 kcal
mol ™" vs. 28.2 kcal mol™"), which corroborates experimental

3320 | Polym. Chem., 2022, 13, 3315-3324

findings that epoxide opening is the rate limiting step. The
product of this opening, Int2, is significantly lower in energy
than Intlb. As with ethylene oxide, no minima corresponding
to Int2 with an additional coordinated anhydride could be
found, and the equivalent complex with a decoordinated
acetate was found to be significantly (x40 kcal mol™") higher in
free energy than Int3. Quantum Theory of Atoms in Molecules
(QTAIM) (Fig. S321) and Natural Bonding Orbital (NBO) analyses
highlighted weak interactions between the anhydride protons
and acetate oxygens, as well as a bond critical point between
the alkoxide oxygen and the C—=O bond of the anhydride.
Although weak, this interaction may be significant, as it mirrors
the reaction coordinate in TS2 for anhydride insertion. Finally,
the ring-opening of the anhydride is completed with the rela-
tively low energy TS3, remaking a bis(carboxylate) complex ana-
logous to the starting point [Cp,TiOAc,].

This journal is © The Royal Society of Chemistry 2022
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As previously discussed in the context of the MALDI-ToF
spectra of synthesised polymers, many of these carboxylate-ter-
minated polymer chains will be DMAP initiated, and thereby
zwitterionic. In this sense, DMAP may perform a role analo-
gous to that described for [PPN]" counterions in previous com-
putational studies.*

Overall, the cycle is both exothermic (AH < 0) and spon-
taneous (AG < 0), whilst the lower energy barriers to anhydride
insertion/opening compared to epoxide opening are consistent
with the lack of heating required for anhydride consumption
in the stoichiometric reactions described previously.

Copolymerisation of limonene oxide

A key advantage of ROCOP is the wide variety of available sub-
strates, meaning unsaturated natural products such as pinene
or limonene can be epoxidised and used to produce partially
renewable polyesters. Therefore, we decided to extend our
investigations to (+)-limonene-1,2-epoxide (mixture of cis/trans
isomers) (LO), which required harsher conditions to
polymerise given the increased level of substitution about the
epoxide functionality. The results of its copolymerisation with
PA at 100 °C with all three Group 4 metallocenes are detailed
in Table 3 where, similarly to the results for TCPA above, both
[Cp,ZrCl,] and [Cp,HfCl,] (entries 2 and 3) led to the largest
increases in conversion in comparison to control reactions
(entry 4).

Again, this could be attributed to the greater ionic radii of
zirconium and hafnium facilitating reaction with a sterically
demanding monomer. Indeed, the slow rate of reaction with
LO has in turn greatly reduced the rate of epoxide homopoly-
merisation, as seen through the complete absence of ether lin-
kages detected in any of the polymers. Unsurprisingly, mole-
cular weights are relatively high when only DMAP is used, and
in general molecular weights are decreased compared to copo-
lymers of CHO and VCHO with PA (Table 1). In conjunction
with this are the observed increases in P (aside from CHO-PA

Table 3 Small scale copolymerisation of LO with PA?

g BY

Cp,MCl,
M =Ti, Zr, Hf
Toluene, 100 °C
29 hours

2eq. — ;

Entry Cp,MCl, Conversion PA’/%  Ester/% M,%/kDa D%*
1 Ti 58 >95 6.4 1.51
2 7r 75 >95 5.8 1.52
3 Hf 78 >95 5.1 1.59
4 None 34 >95 14.6 1.27

“ Average of at least three runs. Conditions: 1 eq. = 6.4 pmol (1 eq.)
metallocene (unless otherwise stated), 2 eq. DMAP, 400 eq. PA, 400 eq.
epoxide, 1 mL toluene, 80 °C for 29 hours. b Determined from 'H NMR
spectra of the reaction mixtures. “ Determined from 'H NMR spectra of
the resultant polymers. ? Determined by GPC (viscometry detection
against polystyrene standards). D = M,/M,,.
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[Cp,HICl,], entry 3 Table 1, which does not significantly
change when moving from CHO or VCHO to LO), suggesting
that chain transfer is far more favourable with LO at higher
reaction temperatures.

Although comparisons to previously reported catalytic
systems are tentative given significant differences in both reac-
tion conditions and catalyst loading, the performance of
[Cp,ZrCl,] is somewhat comparable to known examples. For
example, [(salophan)Al-Cl] and [(salophan)Cr-Cl] pre-catalysts
have produced 24 and 28% conversion after 5 hours in toluene
respectively at a higher catalyst loading and elevated tempera-
ture (110 °C),** whilst an aminotriphenolate iron complex gave
46% conversion (84% in THF) in 24 hours at a higher concen-
tration but far reduced temperature (65 °C) with [PPN]CI as a
co-catalyst."”

In contrast to the high ether selectivity seen in the absence
of DMAP for CHO and VCHO, polymerisations performed
using [Cp,ZrCl,] and LO-PA produced oligomers (M, = 950 Da,
PDI = 1.5, ca. 3-4 LO-PA units) with no discernible ether lin-
kages in the "H NMR spectrum. Although these reactions
occurred with far lower activity (52% conversion of PA in 72 h)
than those conducted employing DMAP as a cocatalyst, there
is clearly potential for further catalyst development to produce
a metallocene-like pre-catalyst which is both highly active and
selective without the need for a co-catalyst.

Despite extensive research in the field, epoxide-anhydride
ROCOP is in its infancy as a technology, and as such there are
few examples of multi-gram scale polymer syntheses using
ROCOP. The ability to tolerate scale-up is clearly an important
factor in process development, whilst also bridging the gap
between catalytic chemistry and materials science. Therefore,
given its favourable characteristics, a large-scale synthesis
(identical monomer feed ratios and temperature used, see
Experimental section for full details) of the LO-PA copolymer
was performed with [Cp,ZrCl,], yielding 218 g (57%) of per-
fectly alternating polyester when run to 81% anhydride conver-
sion. On this scale, distilling epoxides from CaH, and sublim-
ing anhydrides becomes impractical, and so a special con-
sideration to whether the catalyst system is still effective under
necessarily less stringently controlled reaction conditions is
required. The observed drop in M, from 5.8 to 4.1 kg mol™*
without using these techniques is unsurprising since trace
amounts of water/diacid can facilitate chain transfer.
Pleasingly however, the D of the large-scale polymer decreased
to 1.36 (vs. 1.52 on the small scale), meaning the reaction
remains well controlled even without extensive purification of
the monomers. This clearly demonstrates the utility of ROCOP
in producing larger quantities of polymer, and investigations
into the material properties of these polymers are ongoing in
our laboratory.

Conclusions

In summary, we have demonstrated the use of simple, com-
mercially available metallocene complexes of the Group

Polym. Chem., 2022,13, 3315-3324 | 3321
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4 metals in the ROCOP of several epoxides and cyclic anhy-
drides, including the bio-derived limonene oxide. This was
extended to a large scale synthesis, demonstrating the reaction
is robust enough to be successful without extensive drying and
degassing techniques typically used to purify epoxides.
Mechanistic insights were also gained from stoichiometric
reactions and DFT calculations.

The polymerisation performance was somewhat modest
in comparison to using DMAP alone with CHO or VCHO,
yet for more challenging substrates there is more a value to
be had in their usage. The catalysts probed in this study
have not been optimised through traditional ligand screen-
ing, yet open the gateway to a whole plethora of com-
plexes based upon the metallocene ligand framework for
use in ROCOP. This includes ansa and half metallocenes
including so-called “constrained geometry catalysts”, all of
which have all been widely investigated for olefin poly-
merisation and have approached commercialisation in

several cases.’'™®3
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