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depolymerisation to monomer

Jarret P. MacDonald® and Michael P. Shaver®

The ring-opening polymerisation of 2,3-dihydro-5H-1,4-benzodioxepin-5-one (2,3-DHB) with aluminium salen oi

organocatalysts gives polyester homopolymers and copolymers with L-lactide or rac-B-butyrolactone that contain bott

aromatic and aliphatic linkages, the first polymers with an aromatic ring in the backbone prepared by this key method. The

same Al salen catalyst catalyses a remarkably selective depolymerisation to monomer under modified reaction conditions.

The process may be cycled to repeatedly recycle polymer to monomer and maintain the polymer’s low dispersity.

Introduction

The exceptional growth in both fundamental research and
industrial importance of (bio)degradable polymers stems from
the controlled ring-opening polymerisation (ROP) of e-
caprolactone (e-CL), lactide (LA) and B-butyrolactone (|3—BL).1
Challenges remain as the resultant polyesters (i.e. poly(lactic
acid),
hydrolytic degradation and industrial enzymatic composting to

PLA) often have non-ideal thermal properties, slow

degrade to lactic acid rather than the original cyclic ester.

Many elegant strategies exist to both expand scope and tune

polymer properties >3

6-11

including control of microstructure,

macrostructure and composition.lz'22 This includes mimicry
the ROP of

macrolactones that introduce long polyolefin-like segments

of petroleum-derived polymers such as

into polyester

23-29
structures

repeat units to prepare polyethylene-like
high
using

including molecular weight

polymacrolactones aluminium  salen

30,31

prepared
catalysts.

Pioneering work extended mimicry in monomer design to

the incorporation of aromatic substituents®” ** when Baker
5

polymerised phenyllactide34 and mandelide®® to introduce

pendant phenyl rings and produce polymers akin to

polystyrene. Poly(mandelic acid) was later prepared via the
ROP of 5-phenyl-1,3-dioxolane-2,4-dione with concomitant
36
loss of CO,,
stereoregular polymers using organocatalysts.37

which was extended to high molecular weight

I ntroduction of aromatic functionalities within the polymer
than
exceptional. While a copolymerisation of styrene oxide with

backbone rather pendant to the chain is more

phthalic anhydride has been published,38 there have been no
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reports of polymers prepared via cyclic ester ROP that
incorporate phenyl moieties into the polymer backbone. This is
surprising as many aromatic polyesters such as poly(ethylene
terephthalate) (PET), are important commodity plastics. This
work has been extended to include other epoxides,39 as well as
replacing phthalic anhydride with an ester, dihydrocoumarin.40

The of PET and

polyesters has been achieved through rop.*

synthesis similar aromatic/aliphatic
This method
involved first synthesising cyclic oligomers from monomers,
which are then used in ROP. While this allowed for synthesis of
a wide range of alkylene phthalate polymers, reactions
required high temperatures and resulted in broad dispersities.
Recent advances in this field have investigated catalyst choice,
broadening monomer scope and copolymerisation.“'55 Despite
the typically

uncontrolled and required synthesis of oligomers with varying

such  advances, polymerisations  were

size before polymerisation.

Previous work: Aryl ring pendant to backbone

%\i * Sn oct), j{}m [cat] O
- CO, O o
[Ref 8, 9]
[Ref10 1]

n =1, phenyllactide n =0, mandelide

( Our work: Aryl ring integrated into backbone
0]

3

n J [cat], ROH S
SN Q

O o

2,3-DHB poly(2-(2-hydroxyethoxy)benzoate)
P2HEB
[cat]:
> :/ Sn : < f)\/j do | Ob
Bu Bu
Sn(oct), TBD MeAl[salen]

Scheme 1. Polymerisation of phenyllactide, mandelide, dioxolanedione and, in
this work, benzodioxipinone monomers to prepare polyesters with pendant
poly(phenyllactic acid), poly(mandelic acid)) and backbone-incorporated
poly(2-2-hydroxyethoxybenzoate) phenyl substituents using organo- and metal
based cataylsts
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We thus targeted the production of polyesters that
contained an aromatic and aliphatic linkage in the polymer
backbone that could be readily synthesised from a well-
defined monomer, identifying the benzodioxepinones as a
class of aromatic cyclic esters that may serve as monomers
for ROP. In particular, 2,3-dihydro-5H-1,4-benzodioxepin-5-

(2,3-DHB)
56-58

one is commercially available and facile to
Additionally, a
synthesis of substituted 2,3-DHBs suggested a potentially
%80 we hypothesised that 2,3-DHB
would undergo ROP (Scheme 1) in a manner similar to other
e-CL) whose ROP

readily controlled to high conversion by
61-67

synthesise. highly enantioselective

5
broad monomer scope.

seven-membered cyclic esters (i.e.
reactions are

judicious choice of catalyst.

Results and discussion
Homopolymerisation of 2,3-DHB

Polymerisation of 2,3-DHB using Sn(oct), gave no or low
monomer conversion to poly(2-(2-hydroxyethoxy)benzoate),
P2HEB, at 70-120 °C (Table S1). Longer reaction times did not
significantly increase conversion but did promote a loss of
control. Higher polymer dispersities (D = 1.44) suggested trans-
esterification dominated after polymer-monomer equilibrium
was established. The relatively low solubility of P2HEB in THF
means that dn/dc values would be inaccurate. We thus report
molecular weights calculated by relative integration of benzylic
end-group resonances to polymer resonances.

Aluminium salen complexes are excellent catalysts for ROP
and exhibit a lower tendency towards transesterification than

tin catalysts.sg’ &

Switching to an aluminium salen complex,
MeAl[salen], gave much improved 2,3-DHB polymerisation
(Figure S2, Table S2) after optimisation. Bulk and solution
polymerisations conducted at 120°C were uncontrolled (b >
1.6) and reached a maximum conversion of 66%. Furthermore,
2,3-DHB
concentration ([2,3-DHB]y); no productive polymerisation was

solution polymerisations required a high initial
observed under dilute conditions. Interestingly, decreasing the
polymerisation temperature to 70°C solved these challenges.
Neat polymerisation at 70°C for one hour yielded P2HEB with
64% conversion, low D (1.13) and predictable molecular
weights. Performing the reaction in toluene for one hour
resulted in a modest increase in conversion (75%) with only a
slight increase in D (1.16). Extending the polymerisation time
to three hours under identical conditions yielded no significant
change in polymer characteristics. Decreasing the temperature
minimised transesterification side reactions. Building on this
promising result, the Al-mediated ROP was explored (Table 1).
Polymerisations were exceptionally well controlled while
reaching higher conversion when T < 60°C, even permitting
room temperature ROP. Higher molecular weight P2HEB was
also synthesised by increasing [2,3-DHB]g:[Al]o:[BNOH]y to
200:1:1 and 500:1:1 without sacrificing polymerisation control.

2 | J. Name., 2012, 00, 1-3

Table 1. Polymerisation of 2,3-DHB with an aluminum salen complex.[a]
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T(C) Time [ML/[Al, Conv.” M, ! M, p
(%)
60 4 100 92 15270 13000 1.08
60 6 100 92 15270 13500 1.09
50 6 100 91 15060 15220 1.07
50 24 200 88 28870 25210 1.10
50 24 500 78 63740 52050 1.11
22 6 50 80 6690 6790 1.13
22 6 200 46 15350 14210 1.12
22 24 200 85 27910 27010 1.11

2 3-pHB polymerisation conducted in toluene (1:1 m/m). ] petermined by 'y
NMR spectroscopy. (el Mt = ([2,3-DHB]o/:[BnOH]o) x % conversion x MW, 3.ppg.
@ betermined by gel permeation chromatography (details in Sl).

Monomer equilibrium and P2HEB depolymerisation

The odd observation of higher conversions at lower
temperatures can be explained by the monomer-polymer

equilibrium. That is, the relative rate of transesterification
(ka)
productive transesterification polymerisation (k,) increases
when T = 70°C, shifting the equilibrium towards higher [2,3-

DHB], the importance of which was noted in a recent paper on

leading to depolymerisation compared to rate of

the ROP of morpholinones.70 In our study, we verified this
equilibrium by performing a variable temperature NMR scale
polymerisation (see Supporting Information). Polymerisation
of 50 eq. of 2,3-DHB at room temperature gave an NMF
conversion of 88%. Subsequent heating of the sample for 10
hours at 90°C resulted in a decrease in conversion (70%) with
an increase in monomer signals, indicating depolymerisation
had occurred with no apparent degradation.

As
under dilute conditions resulted in no conversion; successful

mentioned previously, performing polymerisations
polymerisations mediated by MeAl[salen] were conducted at
[2,3-DHB]y of 4-5 M. We noted that it was possible to
polymerise at lower concentrations using organocatalysts
(Table S3). While basic or 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and diphenyl phosphate

acidic organocatalysts
(DPP) respectively, did not yield any polymer, the bifunctional
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) catalysed a very wel,
controlled polymerisation at relatively rapid rates (Table S4'
even under much lower concentrations. Polymerisations at
2.4M reached 87% after just 30 minutes. Decreasing [2,3-
DHB], further to 1.3 and 0.5M decreased polymer conversion
to 80 and 51%,
favoured

respectively as the polymer-monomer

equilibrium depolymerisation at lower
concentrations.

Beyond the novelty of the first aromatic backbone
components accessed through cyclic ester monomer ROP,
these two observations led us to the most interesting feature
of this polymerisation system: a clean, reversible and cyclable
While

polyesters is observed in other systems, it is not typically
65, 71, 72

depolymerisation. depoylemerisation of aliphatic

selective. As a result, oligomers are typically produced.

This journal is © The Royal Society of Chemistry 20xx
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The synthesis of lactide from PLA can be achieved through
ring-closing depolymerisation (Scheme 2), though a high
degree of depolymerisation is driven by the removal of
monomer by distillation.”® For the MeAl[salen] catalyst we
observed both a temperature dependent and concentration
dependent monomer/polymer equilibrium (vide supra). When
we exploit only concentration, depolymerisation occurs
selectively to monomer with no oligomers observed. To
demonstrate this, P2ZHEB homopolymer was synthesised and
purified to remove any residual monomer. P2HEB was then
added to MeAl[salen] in toluene at 60°C for six hours. Two
methods were used to establish the equilibrium monomer
concentration of P2HEB. First, this was done by polymerisation
of 2,3-DHB (Table S9). In a glovebox, 2,3-DHB polymerisation
was set up as described previously at three different [2,3-
DHB]o. The polymerisations were continued for six hours at
60°C. After six hours, 'H NMR spectroscopy was used to
calculate relative [2,3-DHB]:[P2HEB] and consequently [2,3-
DHB]Jeq. Longer times did not change conversion. It was also
calculated by depolymerisation (Table S10). Solutions of
MeAl[salen] (1.4 mol%) and three different [P2HEB] in Cg¢Dg
were heated to 60°C for 12 hours and analysed by '"H NMR
spectroscopy. Using relative integration of [P2HEB]:[2,3-DHB]
and initial concentration, [2,3-DHB]., was calculated. By both
methods, [P2HEB].q was 0.36M at 60°C in toluene.

(see Supporting Information), we established a 0.17M
[P2HEB], and selectively converted to 2,3-DHB (> 90%) in <12
hours (Figure S2, Table S6). Importantly, this behaviour is
unique to this new polymer and does not occur with poly(lactic
acid)s under similar conditions with this catalyst system. The
MeAl[salen] catalyst is also essential as subjecting P2HEB to
similar conditions in the presence of TBD did not yield
significant 2,3-DHB (< 5%) after 12 hours at 60°C, instead
leading to transesterified polymer products.

We envisage this control being beneficial in the life cycle of
the polymer as monomer can be recovered directly, bypassing
hydroxyacids as intermediates in energy-intensive monomer
synthesis. In the case of Al, the same catalyst can be used for
polymerisation and depolymerisation (Scheme 2).

PLA life cycle

ROP
-4 [ A [A]
Pl {tow ) high [M]

P2HEB life cycle

transesterification
& distillation

lactide
[0} (0] '
o b
RO’@K{ T Ro%()?\H: : Q
m on 1o
o ~ i RO oo
oligomeric PLA poly(lactic acid) : : n
atic
condensation o f/diZ;Zr{:;atilon

oligomerizarion H
oy

lactic acid

Scheme 2. Idealized life cycles of poly(lactic acid) and poly(2-(2-
hydroxyethoxy)benzoate) moving from four energy intensive steps in PLA

This journal is © The Royal Society of Chemistry 20xx
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recycling to simple ring-opening polymerization and

depolymerization steps for P2HEB.

ring closing

To exemplify reversibility, a one-pot reaction was run with
an initial monomer concentration of 4.1M. After 6h at 60°C,
conversion to P2HEB was 82% (Entry 1, Table 2). Addition oi
toluene gave an apparent [2,3-DHB], of 0.2M and resulted in a
depolymerisation with 2,3-DHB:P2HEB = 94:6 (Entry 2, Table
2). Reconcentration of the reaction in vacuo to give an
apparent [2,3-DHB]y of 4.1M resulted in 84% conversion to
P2HEB after heating to 60°C for 6h. The polymerisation is
nearly fully reversible and that the depolymerisation yields
monomer with a surprisingly high degree of purity.
Importantly, no degradation products are produced, allowing
for clean repolymerisation with exceptional levels of control

over dispersity and molecular weight.

Table 2. Concentration dependent reversibility of 2,3-DHB polymerization @l

Entry Concentration™ 2,3- P2HEB” M, wm/[  pM
(M) DHB™ (%)
(%)
1 4.1 18 82 13600 12200 1.08
2 0.2 94 06 1100 1090 1.09
3 4.1 16 84 13850 13720 1.07

f=] One-pot polymerization-depolymerization of 2,3-DHB/P2HEB by varying
concentration with [2,3-DHB]o:[Al]o:[BnOH], = 100:1:1. ' Concentration =
[2,3-DHB]o/volume  toluene. €l Determined by gel permeation
chromatography. d Mt = ([2,3-DHB]o/:[BnOH]o) x % conversion x MW, 3.ppg.
) Determined by 'H NMR spectroscopy.

Excellent retention of control upon repolymerisation is also
exemplified by gel permeation chromatography (GPC) of the
crude samples (Figure 1). The trace corresponding to entry Z
shows that polymer has been converted near quantitatively to
monomer (94%).

Il P2HEB

I carrier solvent

Refractive index

1

16 18 20 22
Retention volume (mL)

Figure 1 GPC traces of crude samples from entries 1,2 and 3.

Copolymers with P2HEB

J. Name., 2013, 00, 1-3 | 3
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Finally, we wanted to extend the utility of this new
monomer and the livingness of the ROP by incorporating 2,3-
DHB into copolymers. AB diblock and ABA triblock copolymers
addition.
Polymerisation of 2,3-DHB was followed by addition of L-LA

are readily prepared by sequential monomer
and an increase in reaction temperature to incorporate the
more inert lactide monomer. The copolymerisation reactions
were high yielding and well controlled (Tables S5, S6). '"H NMR
spectroscopy of the P(L.-LA) methine region suggested that the
copolymers had undergone some scrambling (Figure S1)
indicating the AB copolymers were likely gradient copolymers
instead of true block copolymers. AB block copolymers were
prepared using a monofunctional alcohol initiator (BnOH)
while ABA block copolymers were synthesised using a
P2HEB mid-block

followed by growth of the two PLA A blocks. Sequential

propanediol core to build the central
addition of 2,3-DHB to growing poly(3-hydroxybutyrate),
P3HB, resulted in the AB block copolymer P(3HB-b-2HEB).
Scrambling was unlikely in this copolymer as the P2HEB block
is grown onto the P3HB block.

The scrambling of P2HEB/PLA in copolymers made
depolymerisation of P2HEB/PLA difficult as
depolymerisation was halted once a lactic acid unit was

copolymers

encountered. However, P(3HB-b-2HEB) copolymers readily
depolymerised the P2HEB block (>90%) leaving only P3HB
This the
depolymerisable monomer within a larger macromolecular

chains (Figure 2). exemplified utility of a
structure. The thermal properties of the polymers were also
studied (Table S7). Pure P2HEB stability was tuned by the
copolymer composition where the onset of decomposition
(T4 onset) Was increased from 219°C to 279°C in changing from
homo to ABA copolymer, with 95% sample decomposition at
262°C and 319°C respectively (Figure S4). Other thermal
properties were unexceptional (Table S7) and the tuning of
these in homo and copolymers is a current target of our

research group.

Depolymerization

Intensity

[ P(3HB-b-2HEB)

H P(3HB)

17 19 21
Retention volume (mL)

Figure 2 GPC traces of P(3HB) and P(2HEB) copolymers and depolymerisation.

Conclusions

the
aromatic/aliphatic monomer, 2,3-DHB, was achieved using an

In  conclusion, polymerisation of a novel

aluminium based catalyst or an organocatalyst allowed for the

4| J. Name., 2012, 00, 1-3

synthesis of very well controlled aromatic/aliphatic polyester
from a well defined monomer. Copolymers with lactide and (3-
butyrolactone were synthesised with similarly high levels of
control. Importantly, when the MeAl[salen] catalyst is used the
polymers are easily ring-closed back to monomer at lower
concentrations, providing a clean and selective route to recycle
the polymer back to monomer. The concentration of the
reaction could be manipulated in situ to achieve a fully
reversible polymerisation and repolymerisation without a loss
of control. We continue to work beyond the scope of this
report, exploring benzodioxepinone monomers as components
build better
polymer degradation strategies and expand the monomer

to tune thermal properties in copolymers,

scope to substituted DHBs.

Experimental
General considerations

All experiments involving moisture- and air-sensitive
compounds were performed under a nitrogen atmosphere
using an MBraun LABmaster sp glovebox system or a Vigor
glovebox equipped with a =35 °C freezer and [H,0] and [O,]
analysers or standard Schlenk Gel

permeation chromatography (GPC) was used to determine

using techniques.
polymer dispersities and was carried out in THF at a flow rate
of 1 mL min~" on a Malvern Instruments Viscotek 270 GPC Max
triple detection system with 2 x mixed bed styrene/DVB
columns (300 x 7.5 mm). GPC analysis was performed using
OmniSEC 5.0 software.
calculated by 'H NMR spectroscopy by relative integration of

Polymer molecular weights were
benzylic end-group resonances to polymer resonances. ' and
3¢ NMR spectra were recorded at 298 K with Bruker Avance
spectrometers (400 or 500 MHz) in CDCl; or CgDg. TGA samples
were heated at 10°C min™ to 150°C and held for 10 minutes tc
remove residual solvent and cooled to room temperature at
10°C min™ until decomposition was observed.

Materials

MeAl[salen] literature

9, 7

was  synthesised via modified

procedures.6 4 Benzyl alcohol was dried by refluxing over
calcium hydride for 24 hours, distilled under inert atmosphere
and degassed by three freeze—pump— thaw cycles prior to use.
1,3-Propanediol was distilled under vacuum and stored undel
inert atmosphere prior to use. Toluene was obtained from an
Innovative Technologies solvent purification system, consisting
of columns of alumina and copper catalyst and was degassed
by three freeze—pump—thaw cycles prior to use. CgDg was
refluxed over potassium for 72 hours, distilled under inert
atmosphere and degassed by three freeze-pump-thaw cycles
prior to use. L-Lactide was purified by three vacuum
sublimations and dried under reduced pressure for 18 hours
prior to use. 2,3-dihydro-5H-1,4-benzodioxepin-5-one (2,3
DHB) was purchased from AEchem Scientific Corporation and
recrystallised EtOAC:hexanes (50:50)

followed by drying under vacuum at 60°C for 18hours prior tc

three times from

use.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 7



Page 5 of 7

Representative homopolymerization of 2,3-DHB

In a glovebox, 2,3-DHB (116 mg, 0.71 mmol), MeAl[salen]
(3.8 mg, 0.01 mmol), BhOH (0.7 pL, 0.01 mmol) and toluene
(150 mg) were added to an ampoule. The ampoule was sealed,
removed from the glovebox and placed in a preheated oil bath
at 60°C for six hours. After six hours, 0.5 mL of a 10% MeOH in
CHCl,
polymerisation. The solution was then added dropwise to cold

solution was added to the ampoule to quench

MeOH to leave a white solid. Precipitation was repeated twice
to remove residual 2,3-DHB.

'H NMR (500 MHz, CDCls): 6 7.72 (m, 1H, ArH), 7.36 (m, 1H
ArH), 6.94 — 6.88 (m, 2H, ArH), 4.55 (t, J = 5.0 Hz, 2H,
C(0)OCH,CH,0), 4.25 (t, J = 5.0 Hz, 2H, C(0)OCH,CH,0). *C
NMR (126 MHz, CDCl3) 6 166.00 (C(O)OR), 158.31, 133.70,
131.90, 121.00, 120.85, 114.40 (Ar), 67.40 (C(O)OCH,CH,0),
63.05 (C(O)OCH,CH,0).

Representative AB block copolymerization of 2,3-DHB/L-lactide

In a glovebox, 2,3-DHB (164 mg, 1.00 mmol), MeAl[salen]
(5.4 mg, 0.01 mmol), 1,3-propanediol (1.0 pL, 0.01 mmol) and
toluene (265 mg) were added to an ampoule. The ampoule
was sealed, removed from the glovebox and placed in a
preheated oil bath at 60°C for six hours. After six hours, 0.5 mL
of a 10% MeOH in CHCI; solution was added to the ampoule to
quench polymerisation. The solution was then added dropwise
to cold MeOH to leave a white solid. Precipitation was
repeated twice to remove residual 2,3-DHB. The isolated
polymer was then dried under vacuum for 18 hours. To P2HEB
(0.005 mmol) was added L-lactide (36 mg, 0.25 mmol) in
toluene (0.3 mL) at 70°C. The reaction was stirred for three
hours followed by addition on 0.5 mL of a 10% MeOH in CHCl,
solution was added to the ampoule to quench polymerisation.
The solution was then added dropwise to cold MeOH to leave
the desired copolymer.

Representative ABA block copolymerization of 2,3-DHB/L-lactide

In a glovebox, 2,3-DHB (323 mg, 2.00 mmol), MeAl[salen]
(10.8 mg, 0.02 mmol), 1,3-propanediol (0.7 mg, 0.01 mmol)
and toluene (265 mg) were added to an ampoule. The
ampoule was sealed, removed from the glovebox and placed
in a preheated oil bath at 60°C for six hours. After six hours,
0.5 mL of a 10% MeOH in CHCI, solution was added to the
ampoule to quench polymerisation. The solution was then
added dropwise to cold MeOH to
Precipitation was repeated twice to remove residual 2,3-DHB.

leave a white solid.

The isolated polymer was then dried under vacuum for 18h. To
P2HEB (0.01 mmol) was added L-lactide (72 mg, 0.5 mmol) in
toluene (0.3 mL) at 70°C. The reaction was stirred for three
hours followed by addition on 0.5 mL of a 10% MeOH in CHCl,
solution was added to the ampoule to quench polymerization.
The solution was then added dropwise to cold MeOH to give
the desired copolymer.

Representative AB block copolymerization of 2,3-DHB/rac-B-
butyrolactone

This journal is © The Royal Society of Chemistry 20xx
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In a glovebox, rac-B-butyrolactone (100 mg, 1.31 mmol),
MeAl[salen] (14.4 mg, 0.01 mmol), BnOH (2.7 uL, 0.01 mmol)
and toluene (250 mg) were added to an ampoule. The
ampoule was sealed, removed from the glovebox and placed
in a preheated oil bath at 85°C for two hours. After two hours,
the ampoule was degassed three times and returned to ¢
glovebox, where 2,3-DHB (215 mg, 1.31 mmol) was added. The
ampoule was then sealed, removed from the glovebox and
placed in preheated oil bath at 60°C for two hours, followed by
addition of 0.5mL of a 10% MeOH in CH,Cl, to the ampoule to
quench polymerisation. The solution was then added dropwise
to cold MeOH and filtered to give the desired copolymer.
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