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Zwitterionic Lewis pair (LP) catalysis is potent towards the polymerization of lactone monomers to form
cyclic polymers. In pursuit of faster polymerization kinetics, the use of weaker Lewis acids, such as di-
ethylzinc (ZnEty), has hitherto been suggested. However, the strong Brensted base character of ZnEt,
brings the question of the actual initiation mechanism. Here, the ZnEt,-1,8-diazabicyclo[5.4.0]Jundec-7-
(DBU) the
w-pentadecalactone (PDL), e-caprolactone, §-valerolactone, and y-butyrolactone. Collective MALDI-ToF

ene LP was studied as catalyst for initiation and polymerization reactions of

MS, NMR, FT-IR, and Ubbelhode viscometry studies revealed a polymerization mechanism proceeding

through deprotonation of the a-protons on the lactone and not zwitterionic ring-opening, yielding an
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anionic propagation mechanism and linear polymers. The polymerization kinetics display an initiation
period that correlates to ethyl decomposition on ZnEt, and the initiation period is shortened by increasing
the reaction temperature, Lewis base equivalents, and the lactones, e.g. e-caprolactone, §-valerolactone,

rsc.li/polymers and y-butyrolactone in the system.
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Introduction

Lewis pair (LP) polymerization combines the respective and
unique properties of Lewis acids and Lewis bases to achieve
advantages over standard metal, acid or basic catalysts, such
as readily available catalysts, a wide assortment of polymeriz-
able monomers, defined polymer topology, sequence architec-
ture, and good control over molecular weight and dispersity.">
An interesting aspect of LP catalysis of lactones, is the ability
to perform ring-opening zwitterionically to yield -cyclic
polymers.>* Zwitterionic ring-opening polymerization of lac-
tones by LPs, is achieved through a Lewis base bound to the
ester carbonyl group and is stabilized by a Lewis acid at the
alkoxide propagating chain end.*"* Due to the differences in
interacting nature between a LP and the monomer, LPs exhibit
large variations in activity, where some LPs show high activity
for some monomers, but at the same time are unable to
achieve any conversion of others.">*®
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An example of a monomer considered ‘challenging to poly-
merize’ is the macrolactone o-pentadecalactone (PDL), as it
has low ring strain and the polymerization thermodynamics
are entropy driven.’®>! Yet, PDL is of high commercial and
scientific  interest, since the properties of poly
(w-pentadecalactone) PPDL resemble those of low density poly-
ethylene (LDPE).>>** The polymerization of PDL has found
great benefit from the fast reaction kinetics associated LP
polymerization.®*?* Nevertheless, polymerization of PDL gen-
erally requires high reaction temperatures and long reaction
times to achieve high conversions,* decreasing the environ-
mental benefit of its use.

In pursuit of faster LP polymerization kinetics, several
Lewis acids have been evaluated and an increased reactivity is
found with decreasing Lewis acidity from ZnEt, > Zn(C¢Hs), >
Zn(CeFs), in combination with 4-(dimethylamino)pyridine
(DMAP) towards the zwitterionic ring-opening polymerization
of e-caprolactone (eCL) and lactide.” This observation was
attributed to an enhanced initiation rate, since low Lewis
acidity promotes dissociation and activation of the LP.” This
makes zwitterionic Lewis pair polymerization kinetically very
similar to anionic polymerization, where the initiation by the
Lewis base and the strength of the Lewis acid (counter ion)
mainly dictates the rate and control over the polymerization.’

Although a weaker ZnEt, Lewis acid accelerates the reaction
rate, ZnEt, is inherently more prone to side reactions due to a
higher basicity of the ethyl anions compared to e.g. the penta-
fluoro benzene anion. Furthermore, self-initiated polymeriz-
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Scheme 1 Polymerization of lactones PDL and eCL catalyzed by
organo zinc-based Lewis pairs.

ation of eCL by Zn(CeFs), or Al(Ce¢Fs); have been reported to
yield low number average molecular weight polymers attribu-
ted to uncontrolled side reactions.>®” It should be noted that
ZnEt, has very diverse chemical features and has been used for
the addition of alcohols to carbodiimides,?® reductions of
imines,”” reduction and nucleophilic addition of and to
ketones and aldehydes,*®*' reduction of acylsilanes,** and
deprotonation of p-keto esters,*® clearly testifying to its high
and diverse reactivity. In addition, when we tried to employ
ZnEt, to synthesise cyclic poly(eCL), ZnEt, was found profi-
cient in the self-initiated ring-opening polymerization of ¢CL
without requiring any additional initiator (Table S1,} entries 1
and 2) which is in agreement with literature.**

During anionic polymerization, side reactions between the
initiator and the lactone monomer may occur to yield a depro-
tonated monomer functioning as an initiator.>**®* Moreover,
the well-known class of Claisen condensation coupling reac-
tions may employ strong Brensted bases (e.g. alkyl-O-K/Na or
NaH) to form f-keto esters from two esters through a deproto-
nation mechanism.?* We hypothesize that these observations
explain the self-initiation ability of some organo-metal Lewis
acids including ZnEt, towards eCL. This would suggest that LP
polymerization with basic metal ligands carry more anionic
character than they are credited for.

The importance of understanding the underlying mecha-
nism of LP polymerization with respect to previously reported
literature, prompted us to investigate the polymer structure
and initiation reaction of y-butyrolactone  (yBL),
d-valerolactone (8VL), eCL, and PDL as model monomers for
the ZnEt,-DBU catalytic LP polymerization. Special attention is
put on demystify the non-linearity in conversion during the
initial polymerization stage. Our results show that under the
conditions investigated, initiation occurred via o-proton
abstraction (Scheme 1), generating linear polymers via an
anionic propagation mechanism.

Results and discussion

The polymerization of lactones using ZnEt, as Lewis acid in LP
polymerization is intriguing, due to the high activity and non-
linearity of the polymerization rate. However, these features
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also bring questions about the actual initiation mechanism
during LP polymerization with ZnEt,. This work addresses the
mechanism in the ZnEt,-DBU LP catalyzed polymerization of
PDL in detail, by investigating the polymer topology, initiation
mode, and polymerization kinetics.

Initiation reaction mechanism

As eCL can be polymerized by ZnEt, alone, the first step was to
evaluate if a LP was necessary to polymerize PDL or if a Lewis
acid or base alone was sufficient. Hence, DBU or ZnEt, were
evaluated as catalysts to polymerize PDL. At 120 °C with
toluene as solvent, no reaction of PDL proceeds solely with
ZnEt, nor DBU within 4 hours (Table S1,} entries 3 and 5).
This suggests that DBU either acts as;

(i) an initiator to generate a zwitterionic structure through
an acyl transfer of the carbonyl to DBU.

(ii) a ligand coordinating to the zinc centre and that
initiation occurs by ZnEt, deprotonating the a-CH, to the PDL
ester.

At present, scenario (i) is accepted as the general route for
most Lewis acids,®™" and is capable of yielding cyclic poly-
mers.? However, if scenario (ii) is correct cyclic polymers will
not be achieved and an initiation mechanism resembling that
of Claisen condensation will occur.

To get insights into the polymeric structure formed, we
used matrix assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-ToF MS) analysis (Fig. 1a) of PPDL
synthesized by ZnEt,-DBU catalyzed polymerization ([PDL] = 1
M in toluene at 90 °C). The results showed that the formed
PPDL consists only of one molecular weight population with
different number of replications of the PDL repeating units (m/
z = 240.21 x n + 23). Although this could be interpreted as
proof of cyclic polymer formation, we need to keep in mind
that linear polymers generated by the deprotonation of and
subsequent initiation from PDL would generate the same
number average molecular weight (Fig. 1b). MALDI-ToF MS is
therefore not a reliable technique to determine the polymer
topology. In this context, it should also be highlighted that
end-groups of high number average molecular weight poly-
mers are difficult to detect in "H or "*C NMR (Fig. S17), and
the absence of end groups in NMR can be interpreted as proof
of the formation of cyclic polymers. Based on these obser-
vations, ZnEt, has been proposed as a part of a catalyst system
to generate cyclic polymers.” Yet contrary, eCL can efficiently
be polymerized in the sole presence of ZnEt, (Table S1,f
entries 1 and 2) to yield a MALDI-ToF MS spectra based only
on the molecular weight of only eCL repeating units (Fig. S27),
in parallel to what is observed for PDL. This contradicts the
concept that zwitterionic structures derived from LP
cooperation, scenario (i), are responsible for cyclic polymers
and suggests that initiation is reliant on the ZnEt, and not
DBU.

In an attempt to clarify the polymerization mechanism and
to determine which of the scenarios (i) or (ii) is most probable,
the initiation was investigated in detail. A solution of [PDL]/
[ZnEt,]/[DBU] = 1/1/2 in toluene was heated to 120 °C and 'H

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Analysis of low number average molecular weight PPDL synthesized by [PDL]/[ZnEt,]/[DBU] = 20/1/2 at 90 °C in toluene (M, sec = 22.6 kg
mol™%, B = 1.85) (a) MALDI-ToF MS analysis and (b) description of the molecular weights of that would be found for linear and cyclic PPDL. (c) *H NMR
of [PDL]p = 0.29 M in toluene with [PDL]/[DBU]/[ZnEt,] = 1/2/1 at different heating times. Spectra was recorded in inert atmosphere in non-deuterated
toluene containing a capillary with CDClz as shown in Fig. S3.7 (d) ZnEt, concentration overtime derived from integration of (c) (PDL), S4 (8VL),T S5
(yBL),+ and S6 (¢CL).t (e) FT-IR spectra of PDL, DBU, and reaction product of PDL treated as [PDL]/[DBU]/[ZnEt,] = 1/1/1 at 120 °C for 2 hours in bulk.
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NMR spectra of the crude solutions were recorded over time
(Fig. 1¢). The most notable observations are the splitting of the
signals belonging to the ZnEt,, at CH;CH, = 1.69 ppm and
CH;CH, = 0.52 ppm, as well as splitting of the PDL »-CH,
(4.10 ppm) signal. This experiment was repeated for 3VL
(Fig. S4t), yBL (Fig. S51), and eCL (Fig. S6t), at room tempera-
ture for these strained lactones. When a solution of PDL,
ZnEt,, and DBU in toluene was set at room temperature, no
reaction was observed (Table S1T). Room temperature In situ
"H NMR revealed that the formation of new peaks and
decomposition of ZnEt, for dVL and yBL occurred in an
almost identical way as for PDL with ZnEt,-DBU. eCL showed
only minor reaction with ZnEt,-DBU, which is likely the results
of a competitive polymerization reaction that consumed all
monomeric eCL before it could react with the LP, which was
feasible due to the high -ceiling temperature of this
monomer.*”*" On that note, VL and yBL both have low
thermodynamic ceiling temperatures, which prevents competi-
tive monomer consumption through polymerization
reaction.’™** For all runs, a signal formed at ~0.85 ppm with
increased intensity as a function of time, which was inter-
preted as ZnEt, decomposition products in the form of
ethane, as the shift matches with literature values of ethane
dissolved in toluene.*’ Comparing the integration of the ethyl
peaks on the ZnEt, to the DBU peaks for yBL, 8VL, eCL, and
PDL in their reaction with the ZnEt,-DBU LP, revealed a
decrease in the amount of ZnEt, over time (Fig. 1d), suggesting
that the ethyl groups are involved in the reaction generating
ethane gas by deprotonation of acidic protons. FT-IR analysis
suggests that deprotonation of the a-CH, (to the carbonyl) is
the most likely reaction, as demonstrated by the shift to a
lower wavenumber, caused by an increase in electron density
of the carbonyl group of PDL that has been treated with ZnEt,-
DBU in the same manner (Fig. 1e and Fig. S7at). The addition
of anhydrous HCI to the ZnEt, treated PDL (Scheme 2), gener-
ated two carbonyl peaks at lower wavenumbers, showing peaks
which would be expected for p-keto ester structures, strongly
suggesting a deprotonation mechanism (Fig. 1e and Fig. S7b¥).
These findings combined suggest that scenario (ii), the
deprotonation of PDL, is correct and hence that DBU does not
initiate polymerization of PDL to generate a zwitterionic propa-
gating structure to yield cyclic polymers. "H NMR spectroscopy
of DBU added to a solution containing ZnEt, also supports
this conclusion. An upfield shift of the peaks originating from
DBU and a downfield shift of the peaks originating form ZnEt,
is observed, suggesting that DBU coordinates to ZnEt, forming
a classical Lewis pair adduct (Fig. S8t). Such adducts are com-
9 ZnEt,-DBU
@O -

11

Zn----0
+
JDBUH
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petitive with the ability of DBU as Lewis base to initiate the
reaction by a nucleophilic attack.” Thus, the polymerization is
likely initiated by deprotonation, either directly by the ZnEt, or
by the DBU or through a combination of both. The pK, of the
a-CH, to the esters is generally too high (ethyl acetate; pK,
25.6; water)** to be deprotonated by DBU directly (pKay
11.5-11.9; water).*>*® However, when the ester of a lactone is
coordinated to a Lewis acid, the electron density is withdrawn,
decreasing the pK, of the a-CH,, which in turn could enable
DBU to initiate the reaction by deprotonation (Fig. S9,T route
1). Alternatively and more probable, ZnEt,, exchanges one DBU
ligand with a PDL molecule and initiates the reaction by
deprotonation of the a-CH, to the ester, by one of the anionic
ethyl ligands (ethane, pK, = 50.6; water)*” (Fig. S9,} route 2).
After initiation, the propagating mechanism is entirely anionic
and not similar to a zwitterionic LP mechanism. In this
context it should be noted that a bifunctional initiation by one
ZnEt, is unlikely, since the reaction of isopropanol or water
with ZnEt, only yields the substitution of one ethyl group, and
not two, even at excess stoichiometry of isopropanol.*®

Polymer topology and end groups

To further study the polymer structure and compare this to the
suggested initiation mechanism, low number average mole-
cular weight PPDL samples (My, sgc = 22.6 kg mol™', D = 1.85)
were synthesized by the ZnEt,-DBU LP in toluene at 120 °C
and analyzed using 'H and *C NMR spectroscopy (Fig. 2a, b,
and S107). The synthesized polymers were compared to PPDL
synthesized by an anionic initiator (‘BuOLi), which produces
strictly linear polymers (Fig. 2b). The presence of end-groups,
CH,OH group at 3.64 ppm in "H NMR (Fig. 2b), and a ketone
at 205.5 ppm in "*C NMR (Fig. 2a), supports that ZnEt,-DBU
initiated the polymerization from the a-position on PDL to
form linear polymers. Two ketones of different shifts were
observed by *C NMR, suggesting the formation of two stereoi-
somers during PDL initiation. Assignments of the proton and
carbon groups are motivated by HSQC, HMBC and COSY NMR
spectroscopic methods (Fig. S11-S13t). Moreover, ZnEt, self-
initiated polymerization of eCL displayed end groups in a
similar fashion, indicating the deprotonation mechanisms in
the absence of DBU holds true (Fig. S147).

A mechanistic detail to consider, is that the nucleophilic
attack of the a-CH,, to the carbonyl, to ring-open another
lactone, yields a p-keto ester structure. Similar structures com-
monly have pK, values below 10.65 (water).*® This would mean
that the p-keto ester structure can be deprotonated much more
prevalently by DBU (pK,y = 11.5-11.9; water)*>*® to form a

11 (0]
ﬁ:@ el
—— > HO
0.0 7 0 1 11
0~ 0

Scheme 2 Hypothesized mechanism of deprotonation of PDL by ZnEt,-DBU and subsequent protonation using anhydrous HCL.

2488 | Polym. Chem., 2023, 14, 2485-2493

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00310h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 April 2023. Downloaded on 12/6/2025 6:56:15 AM.

(cc)

View Article Online

Polymer Chemistry Paper
5
a) I3
o o C d
IR
y s
f
T T T T T
206 205 g ¢
ppm 1
h
f
T T T T T T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
ppm
b) _ bl C)o.ls-
Linear PPDL A 7nFt,-DBU ™
0109 m  Linear PPDL
10 C
_0.05-
14.13 e 14.35 “: 0.00 1
ZnEt,-DBU sythesized PPDL bl E
b a =-0.05
n 10 O éﬂ
-0.104 R
R*=0.972
d 0154 y=0.457x-1.926
0.23 15.62 1.00 0.26 0.8916.12 0.20
434139 373533 31 29 27 25 23 38 39 40 41 42 43 44 45 46
Log(Mn) (kg mol™)
) EiZn. | ao o)
0] N
e
EtZn 0
C c b
a
T T T T T T T T T T T T T T
200 150 100 50 0 200 150 100 50 0
ppm ppm
Fig. 2 Analysis of low number average molecular weight PPDL (a) synthesized by ZnEt,-DBU LP at 120 °C (M, sec = 22.6 kg mol™, B = 1.85) and

analyzed using *C NMR (298 K, 101 MHz, CDCls) and (b) synthesized by ZnEt,-DBU or ‘BuOLi at 120 °C analyzed and by *H NMR (298 K, 400 MHz,
CDCly). (c) by viscometry (Ubbelohde, 0.009582 mm? s72, 0.1 g mL™* CHCls) analysis. M,, was derived from respective *H NMR integration of CH,OH
end group and repeating polymer units. (d) In situ **C NMR analysis of the reaction product of VL with ZnEt,-DBU LP for [8VL]/[ZnEt,]/[DBU] = 1/1/2
in toluene at room temperature after 48 hours. (e) In situ *>*C NMR analysis of the reaction product of yBL with ZnEt,-DBU LP for [yBL]/[ZnEt,]/[DBU]
= 1/1/2 in toluene at room temperature after 48 hours.
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Scheme 3 Deprotonation of the generated p-keto ester during the polymerization of PDL by the ZnEt,-DBU Lewis pair.

new anionic specie (Scheme 3). Important to note, that it is the
use of 2 equivalents of DBU to ZnEt,, that enables the presence
of free DBU to deprotonate the f-keto ester. It is probable that
deprotonation of the p-keto ester significantly affects the struc-
ture of the propagating end group through coordination of the
zinc by both carbonyls in the f-keto ester. Moreover, it is
hypothesized that the deprotonation reaction generates a reso-
nance structure that inhibits the ring opening of the initial
lactone at high conversions (Scheme 4).

As a further proof of the linear PPDL structure generated by
the ZnEt,-DBU catalyzed polymerization of PDL, Ubbelhode
viscometry was employed. Polymers of different topologies
possess vastly different viscosities in solution. Cyclic polymers
of polystyrene, for example, possess lower intrinsic viscosity to
their linear counterparts, due to the difference in hydrodyn-
amic volume.’®? Therefore, a series of PPDL of different
number average molecular weights synthesized by ZnEt,-DBU
were dissolved in CHCl; (0.1 ¢ mL™") and their viscosity ana-
lyzed and compared to a linear PPDL sample synthesized
using an ‘BuOLi anionic initiator in toluene at 120 °C
(Table S21). A linear correlation between 'H NMR derived
number average molecular weight and viscosity for all
samples, strongly suggests that neither cyclic nor branched
polymers are present (Fig. 2c). The same linear correlation per-
sists with the "H NMR and SEC derived number average mole-
cular weight and viscosity (Fig. S15a and S15bt). Moreover, the
'H and SEC derived number average molecular weight are
linear with each other, clearly testifying to presence of only
linear polymers (Fig. S15ct).

In situ ">C NMR analysis of 8VL and yBL treated with stoi-
chiometric ZnEt, and two equivalences of DBU at room tempera-
ture in toluene, revealed the formation of two shifts at ~190 ppm
and ~85 ppm over time (Fig. $16 and S177), to yield *C NMR
signals reminiscent of a p-keto ester (Fig. 2d and e), which are
commonly seen in Claisen condensation products.’>*>* Moreover,
isolated P(8VL) synthesized by reaction with ZnEt,-DBU at room
temperature in toluene (Fig. S18-S2071) displayed near identical
"H NMR end group signal as PPDL (Fig. S107). This demonstrates

O O DBUH"

the adaptability of ZnEt,-DBU and suggests that possibly many
other lactones could be polymerized to form f-keto ester end
groups via the deprotonation reaction.

Polymerization kinetics

One fascinating aspect of ZnEt,-DBU catalyzed polymerization
of PDL are the associated polymerization kinetics and their
non-linear behavior. To study the effects of temperature, [PDL]
=2 M in toluene was polymerized by ZnEt,-DBU at 60, 90, 105
and 120 °C (Fig. 3a). A long initiation period is most notable at
all polymerization temperatures, followed by an exponential
like rate increase to yield relatively fast propagation rates. At
60 °C, nearly no conversion of PDL was achieved within
5 hours. When the reaction temperature was increased from
90 °C to 105 °C the initiation period was shortened almost
five-fold, and when the polymerization temperature was
increased from 105 °C to 120 °C the initiation period was
again halved, suggesting that initiation period decreases, near
logarithmic, with temperature. At the same time, no drastic
difference is observed in the propagation rate. Initiation
periods are common in LP catalysis,*>”"'® where the polymer-
ization temperature has been employed to shorten the
initiation period.*” Our interpretation of the correlation with
temperature, is the increased energy required to overcome the
energy barrier of abstraction.

A significant impact on the initiation period of PDL poly-
merized at 90 °C by the number of equivalences of DBU to
ZnEt, was also observed (Fig. 3b). An increase in ratio of DBU
to ZnEt, shortens the initiation period, whilst the propagating
rate is not affected. This holds true for all ratios, except when
equimolar amounts of DBU to ZnEt, are used, where the both
initiation and propagating rates were much slower. It has pre-
viously been suggested that at stoichiometries of 1:1 for
DMAP: ZnR,, 50% 2:1 DMAP:ZnR, forms and while 50% of
ZnR, (R = Et, C¢H;, or CgFs) is essentially free and inactive
towards ring-opening polymerization of lactide, which could
explain the low propagation rate even after the induction
period for the equimolar LP run.” Our study also evaluated an

DBUH" O O

= O\ (6]
W ZnEt @« 3 w
10 10
10 10

Scheme 4 Resonance structures of deprotonated (-keto ester.

2490 | Polym. Chem., 2023, 14, 2485-2493

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00310h

Open Access Article. Published on 26 April 2023. Downloaded on 12/6/2025 6:56:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

View Article Online

Paper

4.0 . )
a) ~e-120°c b [PDL]/[ZnEt,]/[DBU]
o-o —m-105°C 100+ -
3.51 ‘ -® 50/1/10 - -
/ —A—-90°C » vy
10l o G -e 5014 W A ,
. o 801—4 50173 7 ;2 y
£2.5- Iy & l-w s0n2 7 , // /
1 = — /
= i of A Sl o K 2 )
= 2.0 / / 7 / /
= / 5 / / *
= / / / E / / */ / /
= 151 ®o / / S 40 o 0 v %
;! A/ o / / // == /
i =8 /
1.0 / ./ 7 // // A v ,
/ /’ P Ve 20 I a z - 7
0.54 /././ L _A/ l z S - /V' _e _ &
0opafsyh-v—-y- v- V- -V . 0 =5 -0~ ; . .
0 100 200 300 400 0 50 100 150 200 250 300
Time (min) Time (min)
4.0 [PDL]/[ZnEt,]/[DBU]
C) [yBL)/[8VL]/[¢CL] d) 3.0 # P
354 o K,,;=0.0346 min
m, 100/1/2/5/0/0 i
™ o ® 100/1/2/0/5/0 259 w
A 100/1/2/0/0/5 / o
=251 " v 100/12/0/0/0 | =501 -
z v E ' / k =0.0044 min™ .
== == Sapp . 7
=2.0 o A = L o -
S = 15 R>=0.997 @
= o | | = . -
= 1.5 i = n Y
o 1.09 1 g
1.0 - v - o
[ A Initiation 054! o m $VL
0.5 v a-proton abstraction + T 7~ ® CL
ot AVw A B-keto ester formation .,".
0.0 T T T T ) 0.08= T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Time (min) Time (min)

Fig. 3 Polymerization of [PDL]o = 2 M in toluene for (a) [PDL]/[ZnEt,]/[DBU] = 100/1/2 at temperatures of 90, 105 and 120 °C, (b) [PDLI/[ZnEt,] =
50/1 at 90 °C with ZnEt, equivalences to DBU ranging 1:1 to 1: 10, and (c) ROP at 90 °C with or without five equivalences strained lactone to PDL.
(d) polymerization of VL and CL by [monomer]/[ZnEt,]/[DBU] = 50/1/2 with [monomer]y = 2 M in toluene at room temperature.

2-fold excess of ZnEt, to DBU, but this did not yield any con-
version within 4 hours at 90 °C with [PDL] = 2 M in toluene,
supporting the notion that ZnEt, needs to be stabilized/
assisted by DBU before initiation can occur. The equivalences
of DBU to ZnEt, do not affect the number average molecular
weights achieved and show a linear behavior between conver-
sion and number average molecular weight (Fig. S217), further
strengthening the notion of an anionic mechanism and
initiator behavior of ZnEt,. These results strongly indicate that
DBU plays a prominent role in the activation mechanism, but
the propagation mechanism is independent of excess DBU. It
should be noted that LP catalyzed polymerization rates can be
favored both by an excess of Lewis base to Lewis acid,*”*> or
an excess Lewis acid to Lewis base.>'®'”? 1t is likely that the
ability of the LP to form adducts dictates whether excess Lewis
acid is beneficial or not.

An unique observation, was the overall reduction in
polymerization time needed to achieve full conversion of PDL
when 5 equivalences of either 8VL, eCL or yBL were added to a

This journal is © The Royal Society of Chemistry 2023

solution of PDL containing the ZnEt,-DBU at 90 °C (Fig. 3c).
With the addition of even a small amount of strained lactone,
the initiation period was halved for eCL and vanished almost
completely for 8VL and yBL, while the final propagation rate
was not affected. Strained lactones possess a pK, value much
lower than that of unstrained/linear esters (pK, = 13.5
y-valerolactone; pK, = 25.6 EtOAc; gas-phase).>”

eCL is a well-studied example of enthalpy-driven ROP, as
eCL encompasses a large release of ring strain during polymer-
ization, driving the reaction, whilst the entropy of polymeriz-
ation is negative.’>*' With the exception of Novozyme-435
enzyme catalyzed reactions,’® studies on the copolymerization
of PDL with eCL report that eCL is fully consumed within a
fraction of the time that it takes for the PDL.>>*”"%" The
increased reactivity and acidity of 8VL, eCL, and yBL likely
promote the deprotonation and subsequent f-keto ester for-
mation to accelerate the formation of the anionic initiating
specie, yielding an overall shorter reaction time, with propa-
gation rates remaining the same. To confirm that the strained

Polym. Chem., 2023, 14, 2485-2493 | 2491
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lactone accelerated polymerization of PDL did occur via a
Claisen condensation by deprotonation of and initiation from
the strained lactone, low molecular weight PPDL was syn-
thesized using a ZnEt,/DBU/yBL = 1/2/3 initiation system and
purified by double precipitation in MeOH (Fig. S22t). The
addition of yBL clearly impacts the end groups, but the overall
character of f-keto ester end group remains. This indeed
strongly advocates that the strained lactones are deprotonated
preferably and transformed to initiators to be present as end
groups on the isolated polymer.

The ability of the ZnEt,-DBU LP to polymerize strained lac-
tones 8VL, eCL and yBL at room temperature was also evalu-
ated (Fig. 3d). yBL showed <1% conversion, which is not sur-
prising considering its low thermodynamic ceiling tempera-
ture and stable monomer structure.**°* §VL and eCL on the
other hand, displayed fast linear kinetics at room temperature.
1t is likely that the relatively low pK, values of these lactones in
addition to their ease of ring opening, severely accelerate
B-keto ester formation, mitigating any initiation period as was
observed for PDL. SEC analysis suggests that initiation
efficiency for eCL was significantly lower (M, = 26.7 kg mol ™,
D = 2.64) (Fig. S2371) than for 8VL (M, = 16.8 kg mol™", P =
1.72) (Fig. S19%), as 8VL displayed a lower number average
molecular weight. This indicates that dVL is deprotonated
more efficiently than eCL, which may be supported by free
energies of deprotonation observed by gas phase Fourier trans-
form ion cyclotron resonance mass spectrometry, which
measured SVL to be more acidic than eCL.%*

Conclusions

Our results show that the Lewis-pair (LP) polymerization of
VL, eCL and PDL with ZnEt,-DBU proceeded by an anionic
propagation mechanism, starting from the acidic a-protons on
the lactone and not via initiation through acyl transfer to gene-
rate a zwitterionic structure. In situ "H NMR analysis revealed
that the ethyl groups in ZnEt, decompose during the polymer-
ization, and FT-IR showed that the PDL carbonyl gains elec-
tron density by the shift to lower wavenumbers. In situ '*C
NMR analysis showed signals which resemble f-keto ester
structures and the analysis of isolated PPDL by *C NMR sup-
ported this notion by revealing the formation of a ketone. 'H
NMR of isolated PPDL, P(8VL), and yBL-PPDL-OH showed
signals that resemble a p-keto ester. Despite the variety in reac-
tion conditions, all obtained polymers were linear. The reac-
tion kinetics revealed an initiation period for PDL that could
be shortened drastically by temperature, the equivalence of
base, and the presence of lactones with more acidic a-protons
to the carbonyl, such as yBL, 8VL or €CL, evident of increased
rate for the a-proton abstraction. The polymerization kinetics
of 8VL or eCL were linear at room temperature. Hence, ZnEt,-
DBU catalyzed ring-opening polymerization of (macro)lactones
proceeds rapidly and leads to the formation of unique end
groups for post-functionalization. The more considerable con-
sequence is that specific LP systems suggested bringing cyclic

2492 | Polym. Chem., 2023, 14, 2485-2493
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polymers might, in fact, instead, be linear with a Claisen type
condensation as initiation from the monomer.
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