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Selective or living organopolymerization of a
six-five bicyclic lactone to produce fully
recyclable polyesters†

Robin M. Cywar, Jian-Bo Zhu and Eugene Y.-X. Chen *

Organocatalyzed ring-opening polymerization (O-ROP) of a six-five bicyclic lactone, 4,5-trans-cyclo-

hexyl-fused γ-butyrolactone (4,5-T6GBL), can be topologically selective or living at room temperature,

depending on catalyst structure. A screening of (thio)urea [(T)U] and organic base pairs revealed unique

trends in reactivity for this monomer as well as the most active catalyst pairs, which were employed as

received commercially to produce relatively high molecular weight (Mn up to 106 kDa), low dispersity

(Đ = 1.04) linear poly(4,5-T6GBL) in a living fashion. The ROP using a hybrid organic/inorganic pair of

TU/KOMe in neat conditions led to poly(4,5-T6GBL) with even higher molecular weight (Mn = 215 kDa,

Đ = 1.04). In comparison to the metal-catalyzed system, (T)U-base pairs exhibited competitive kinetics

and reached higher monomer conversions, and their reactions can be performed in air. In addition, the

resulting polymers required less purification to produce materials with higher onset decomposition tem-

perature. (T)U-base pairs were selective towards linear polymerization only, whereas triazabicyclodecene

can catalyze both polymerization and (quantitative) depolymerization processes, depending on reaction

conditions. Cyclic polymers with Mn = 41–72 kDa were selectively formed via N-heterocyclic carbene-

mediated zwitterionic O-ROP.

1. Introduction

Organocatalysis for small molecule and polymer synthesis has
evolved steadily over the past two decades, notably in the field
of ring-opening polymerization (ROP) of heterocyclic
monomers.1–20 The use of organic catalysts has demonstrated
certain advantages spanning convenience, economics, environ-
mental concerns, and materials applications.1,4–6,9 Not only
are organocatalysts considered a sustainable alternative to
organometallic complexes1 for both polymerization and depo-
lymerization,21 but their use can also enable polymer appli-
cations where metal residues are undesired, such as in bio-
medical, electronic, and food packaging fields.4–6,9

(Thio)urea [(T)U] species have proved to be highly effective
catalysts for organocatalyzed ROP (O-ROP), touting similar or
better performance than metal-based catalysts towards the
ROP of classical strained rings (e.g. lactones and lactide) in
terms of kinetics and selectivity.8,14–16 (T)U species catalyze
living polymerizations with remarkable selectivity towards
polymerization over transesterification (chain transfer), and
the mechanism can be modulated by balancing the acidity of
the (T)U and the basicity of a co-catalyst.16 A base that is too
weak to deprotonate the (T)U will promote a neutral, ‘coopera-
tive’ mechanism while a stronger organic or alkoxide base will
generate a catalytic (T)U anion (Scheme 1). This mechanistic
handle, created by the tunable acidity of the (T)U and selection
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of commercially available bases, provides a framework for the
rational catalyst design employed in recent works as well as
this study. New advancements in (T)U catalysis include the
bulk polymerization of γ-butyrolactone (GBL) to relatively high
molecular weights and the synthesis of stereoregular poly-
esters, achieved through clever catalyst design to minimize
competitive epimerization pathways.22–25 While (T)U-based cat-
alysts are selective towards the formation of linear polymers,
the ability to selectively form cyclic polymers is also desir-
able.26 In this context, N-heterocyclic carbenes (NHCs)
produce macrocyclic polyesters free of linear chains via zwitter-
ionic ring-opening polymerization (ZROP).26–28 In the absence
of initiator, NHCs behave as strong nucleophiles towards lac-
tones, but poor leaving groups in the resulting tetrahedral
intermediate. These characteristics, coupled with fast propa-
gation relative to initiation and cyclization, allow relatively
high molecular weight cyclic polymers to form regardless of
the monomer-to-initiator ratio ([M]/[I]).26

The need to combat the plastic waste issues that threaten
the environment and cause enormous materials value loss to
the economy has opened many new avenues in polymer syn-
thesis and degradation research.19,21,29–40 While viable strat-
egies are being developed to degrade or upcycle pollutant com-
modity plastics, the transition to a circular plastics economy
calls for the innovative design of new materials with ‘built-in’
recyclability.41,42 The non-strained GBL is intrinsically depoly-
merizable (i.e., chemically recyclable) due to a low ceiling
temperature (Tc), but consequently its polymer, P(GBL), can
only be produced at sub-zero temperatures and possesses
limited thermostability.19,33 Recent developments in GBL-
derivatives have allowed polymerization at room temperature,
in addition to enhanced materials properties.35,36 Fusion of an
additional ring to the GBL core increases the ring strain, effec-
tively driving the ROP process forward while maintaining com-
plete chemical recyclability of the resulting polymer. When a
trans-cyclohexane ring is fused at the β,γ (4,5) carbons of GBL,
the ring strain energy ðΔH°

PÞ increases significantly from
−5.4 kJ mol−1 (GBL) to −18 kJ mol−1 (4,5-T6GBL).43 As a result,
Tc is also drastically raised. With this shift, ambient tempera-
ture is now far below the Tc and polymerization can proceed
smoothly to high conversions at 25 °C.

Recently, we polymerized 4,5-T6GBL by metal-catalyzed
coordination ROP, which produced amorphous P(4,5-T6GBL)

with Mn up to 89 kDa and a glass-transition temperature (Tg)
of 75 °C, intriguingly similar to that of poly(ethylene tere-
phthalate) (PET).36 The constitutional isomer 3,4-T6GBL can
be polymerized to a polymer with Mn exceeding 1 × 106 Da by a
yttrium complex, but the presence of an acidic proton α to the
carbonyl at the fusion point of the GBL ring hinders O-ROP by
basic catalysts due to rapid isomerization to the non-polymer-
izable cis isomer.35 Here, we report the O-ROP of 4,5-T6GBL, a
new monomer in the O-ROP space, to linear and cyclic poly-
mers selectively, as well as the quantitative depolymerization
with an organic catalyst. Although both metal and organocata-
lyzed systems are of a living nature and produce polymers of
similar Mn and narrow dispersity on a similar timescale, the
organic system reported herein demonstrated several advan-
tages including: (1) higher monomer conversions, (2) reduced
polymer purification requirements, (3) increased onset
decomposition temperature (Td), and (4) air stability.

2. Results and discussion
2.1. Synthesis of linear P(4,5-T6GBL) via O-ROP

2.1.1 Initial organocatalyst screening. Monomer 4,5-
T6GBL, although polymerizable even at room temperature, is
still significantly less strained (by more than 4 kJ mol−1) than
classical 6 and 7-membered lactones and lactide (see
Table S1† for ΔH°

P values). The ROP of 4,5-T6GBL by classic
anionic initiators produced low molecular weight oligomers
with Mn up to only 6.2 kDa (by gel-permeation chromato-
graphy, GPC) or 2.6 kDa (by NMR).43 Considering a myriad of
organocatalysts available for ROP,2 we began our O-ROP study
by probing some of the most effective catalyst families for
activity and selectivity towards 4,5-T6GBL, which requires
powerful catalysts/initiators to render its effective polymeriz-
ation. We hypothesized that activation of an alcohol initiator
alone (by a base) may not be sufficient to afford higher Mn

polymers. Likewise, monomer activation alone (by protic acids)
may not be sufficient, but dual activation could provide the
necessary electron deficiency at the monomer carbonyl
coupled with increased nucleophilicity of an activated alcohol
initiator.2 This hypothesis appeared to be correct, as only the
bifunctional TU and triazabicyclodecene (TBD) catalysts
showed promising preliminary results (Table 1). For example,
TBD/BnOH mediated well-controlled polymerization, affording
a polymer with Mn = 9.14 kDa, initiation efficiency (I*) = 99%,
and Đ = 1.11 (run 7). However, because this equilibrium
polymerization is limited to high monomer concentration con-
ditions44 and TBD does not offer tunability, we extended the
investigation by exploring (T)U catalysis. Inspired by
Waymouth’s recent study,16 we screened a matrix of three TU
catalysts and three U catalysts (structures shown in Fig. 1A)
with three different bases (1,8-diazabicyclo[5.4.0]undec-7-ene,
DBU; 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-
1,3,2-diazaphosphorine, BEMP; and 1,3-dimesitylimidazol-2-
ylidene, IMes). The combination of each (T)U with each base
provides different mechanistic scenarios where there is a mis-

Scheme 1 Proposed (T)U modes of action in ROP of 4,5-T6GBL.
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match in each direction (pKa (T)U > BH+, cooperative mecha-
nism; pKa (T)U < BH+, anionic mechanism, Scheme 1) in
addition to a matched acidity case. The well-matched pairs
were predicted to have the highest activity,17 likely due to
effective buffering of the highly basic alkoxide chain end.16,22

For this initial (T)U/base screening, the monomer conver-
sion was measured at the gel point, but the reaction was
allowed to continue for 24 h (or longer for slower systems) to
reach maximum conversion. The results in Fig. 1 (tabulated
results can be found in Table S2†) revealed trends consistent
with previous findings regarding (T)U activity14–16 as well as
unique trends in activity for this monomer. Generally, the
matched pKa cases had the highest activity, higher pKa (T)U’s
were most active, and ureas were more active than thioureas
with similar pKa’s (Fig. 1). Ureas were also more active than
TU’s with the same substituents: the TU analog of U-1 (pKa

8.5) resulted in only 10% conversion after 120 h when deproto-
nated with IMes, while U-1/IMes reached 65% conversion in
72 h. Two catalyst pairs, TU-3/IMes and U-3/IMes, gelled in
just one min and led to the highest conversions, thus standing
out as the optimal catalyst pairs to employ for subsequent
higher degree of polymerization (DP) runs. These structures

were the weakest acids and therefore their anionic, conjugate
base forms are the strongest bases; this trend is also consistent
with the requirement of high-pKa (T)U anions for GBL
polymerization.22,24 TU-3/IMes was also robust enough to cata-
lyze the polymerization in air with equal performance as that
performed under nitrogen (Table S2†). In fact, the dispersities
of duplicate in-air runs were closer to 1.00 and the measured
Mn values even closer to the theoretical Mn than for the run
performed inside the glovebox (I* = 92 or 98 vs. 108%),
although likely due to quenching the reaction at 6.5 h rather
than 24. While (T)U catalysts are selective towards monomer
addition over chain transfer,14,15 transesterification could be
exacerbated in the gel phase due to limited monomer mobility
and close proximity of open-chain ester bonds. As conversion
increased, the phase was observed to progress from a viscous
fluid to a glassy, impenetrable solid.

Data from this initial screening provided additional
insights to the nature of this monomer system. Distinct sensi-
tivities to base strength were observed among the 6 (T)U cata-
lysts when conversion vs. time was plotted for all aliquots
taken during the screening runs (Fig. 1B). The urea species dis-
played much less base sensitivity, generally leading to at least

Fig. 1 General results and trends obtained from (T)U/organic base screening: maximum conversion, Mn, and Đ in a matrix presentation (A) and
kinetic profiles in time-conversion plots (B).

Table 1 Initial screening of organocatalyst families

Run Cat. I [M]/[Cat.]/[I] Solvent Time (h) Conv. (%)

1 DPP Ph2CHCH2OH 50/1/1 Neat 24 2
2 tBu-P4 Ph2CHCH2OH 50/1/1 Neat 24 5
3 TfOH BnOH 100/1/1 Neat 24 0
4 TU-2 NaOMe 100/3/1 Neat 12 53
5 TU-2 NaOMe 100/3/1 THF(5 M) 36 26
6 TBD Ph2CHCH2OH 50/1/1 Neat 16 50
7 TBD BnOH 100/2.5/1 Neat 48 64
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70% conversion even if slow, while only two TU species
reached over 70% conversion. TU-1 and U-1 showed completely
opposite activities despite their similar pKa, and U-2 (pKa 16.1)
still led to 68% conversion after 48 h even when paired with
DBU (pKa 13.9), whereas TU-2 (pKa 16.8) with DBU largely
failed (13% conversion after 96 h). These distinctions can be
explained by neutral urea species acting as stronger H-bond
donors than TU’s (even if their pKa values are equal),45 and by
urea anions acting as stronger bases than TU anions. A neutral
TU may be a less effective hydrogen bond donor than a neutral
urea with the same substituents or pKa due to overlap with the
large electron cloud of the sulfur atom but is an apparent
stronger acid due to increased conjugate base stability. In the
anionic form, the large sulfur atom can better stabilize the
negative charge, therefore electron density on the basic nitro-
gen is diminished as compared to a urea anion. U-2 could par-
ticipate in a cooperative mechanism with DBU because the
H-bonding provided by the neutral urea was sufficient to acti-
vate the monomer, whereas TU-2 was unsuccessful in this
mode. In the case of TU-1 vs. U-1 (pKa 13.4 and 13.8, respect-
ively) where at least 50% (T)U anion should have been present
with each base, TU-1 was unable to drive polymerization in
any scenario while U-1 could, signifying the TU was ineffective
in both the neutral and anionic forms. For both TU-3 and U-3,
a matched or stronger base was effective for the polymeriz-
ation, but DBU was not. Being such weak acids (pKa > 18), elec-
trophilic activation of the monomer coupled with the weakest
base to activate the alcohol in a cooperative mechanism was
not feasible. While neither was successful, U-3 still reached
20% conversion as compared to only 6% for TU-3, once again
highlighting urea species’ greater H-bond donating ability. It
is worth noting here that all mechanistic scenarios can suc-
cessfully ring-open polymerize more strained monomers such
as lactide (LA) and δ-valerolactone (δ-VL) if given enough time
to reach completion.16

2.1.2 Preparation of higher Mn polymers with TU-3/IMes.
With the two fastest catalyst pairs [(T)U-3/IMes] in hand, the

target DP was raised to 200. Trials with U-3/IMes appeared to
suffer a lack of control upon increasing the [M]/[I] ratio, and
the resulting polymer Mn values were much lower than
expected from the [M]/[I] (Table S4†). The I* values were corre-
spondingly high: 180–223% for a [M]/[I] ratio of 200 and 267%
for a [M]/[I] ratio of 500. The U-3/IMes pair was thus aban-
doned, and higher [M]/[I] ratio trials were continued with
TU-3/IMes as this pair displayed greater control over the
polymerization with Mn values more closely matched to that
predicted by the [M]/[I] ratio (Table 2).

Because (T)U-catalyzed ROPs are known to follow first-order
kinetics in both monomer and catalyst concentrations,14–16 we
kept the catalyst concentration at approximately 1 mol% for
neat runs and 2 mol% when solvent was used. However, runs
with 0.5 mol% or less were still successful on a reasonable
timescale (6–24 h, Table 2, runs 4 and 9). Using an excess of
TU to IMes did not appear to affect the polymerization appreci-
ably (Table 2, run 4 vs. run 1), with both conditions producing
P(4,5-T6GBL) with essentially quantitative I* (101–104%) and
extremely low Đ (1.02) values. When tetrahydrofuran (THF) or
toluene (Tol) were used at the 200 ratio, the equilibrium was
reached in 3–5 h, however, at the expense of lower conversion
and thus Mn values. At this ratio, THF led to a relatively broad
dispersity of 1.13, and stirring for 24 h led to a more severe
broadening to a Đ of 1.21 and reduced I* (70%). Even a high
monomer concentration of 5.0 M limited maximum conver-
sion at room temperature due to the proportional relationship
of the polymerization Tc and [M].44 For example, when an equi-
librated reaction (200/5/5/1, 5.0 M Tol) was moved to a −30 °C
environment, the equilibrium conversion increased from 62 to
86%. Overall, the use of solvent had no appreciably positive
effect on the polymerization (Table 2, runs 2, 3, 7, and 8).

Above target DP500, the I* value departed from unity
(Table 2, runs 5–11), but the polymerization remained well
controlled (I* < 150%, Đ ≤ 1.06) through target DP1000. This
phenomenon was also observed in the metal-catalyzed ROP of
4,5-T6GBL, but this organocatalyzed system consistently

Table 2 Selected results of polymerization catalyzed by TU-3/IMes

Run [M]/[TU-3]/[IMes]/[I] Solvent Time (h) Conv.a (%) Mn, GPC
b (kg mol−1) Mn, theor.

c (kg mol−1) I* d (%) Đb (Mw/Mn)

1 200/2.5/2.5/1 Neat 24 79 21.1 22.0 104 1.02
2 200/5/5/1 Tol 5M 4 61 18.1 17.2 96 1.05
3 200/5/5/1 THF 5M 3 47 13.7 13.7 100 1.13
4e 250/3/1/1 Neat 6 74 26.4 26.5 101 1.02
5 500/5/5/1 Neat 24 76 39.5 53.1 134 1.03
6 500/10/10/1 Neat 6 74 37.4 52.2 140 1.04
7 500/10/10/1 Tol 5 M 10 58 28.6 41.0 143 1.04
8 500/10/10/1 THF 5 M 10 45 23.8 32.7 137 1.06
9e 1000/5/5/1 Neat 18 69 72.6 98.8 136 1.02
10e 1000/10/10/1 Neat 7 69 71.8 98.4 137 1.04
11e 2000/20/20/1 Neat 16.5 72 106 200 189 1.04

All polymerizations performed in N2-filled glovebox at ambient temperature with 2 mmol 4,5-T6GBL unless otherwise noted; I = BnOH.
aMonomer conversion determined by 1H NMR in CDCl3.

bNumber-average molecular weight (Mn) and dispersity index (Đ = Mw/Mn) determined
by gel-permeation chromatography (GPC) at 40 °C in CHCl3 coupled with a DAWN HELEOS II multi (18)-angle light scattering detector and an
Optilab TrEX dRI detector for absolute molecular weights. c Calculated based on: ([M]0/[I]0) × Conv.% × (molecular weight of 4,5-T6GBL) + (mole-
cular weight of I), using exact equivalents of monomer measured. d I* = (Mn, theor/Mn, GPC) × 100. e Runs 4 and 10 used 3 mmol 4,5-T6GBL, run 9
used 4 mmol, and run 11 used 11.5 mmol (1.6 g).
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reached higher conversions.36 Although chain-transfer is likely
responsible for obtaining Mn values less than theoretical, a
concurrent broadening of dispersity was not observed. We
hypothesize that the resulting trans-esterified chains remained
as active, or ‘alive’, as those initiated by BnOH and continued
to add monomer units from the bulk solution at comparable
rates. If higher Mn polymers are desired in a shorter time-
frame, the catalyst loading can be increased (Table 2, run 5–6
and 9–11). Although the target DP2000 run gave an I* value of
189%, it still produced a polymer with Mn = 106 kDa and Đ =
1.04 (Table 2, run 11), highlighting the robust nature of this
system. In comparison, the metal-catalyzed system employing
the [M]/[I] of 2000 afforded a polymer with Mn = 89 kDa
(I* = 173%, Đ = 1.02), albeit with a lower catalyst loading
(0.05 mol%).36 Thus, metal catalysts are still superior in terms
of potency towards ROP of this monomer.

2.1.3 Further evidence for living polymerization behavior.
The results described above and shown in Table 2 and
Table S2† indicated the polymerization of 4,5-T6GBL by the (T)
U/base systems is of a living nature, consistent with the (T)U-
catalyzed ROP of typical monomers.8,14–16 The O-ROP of parent
monomer GBL is not living, however, due to an additional
mode of initiation stemming from an enolized GBL, rather
than ring-opening of the first monomer via nucleophilic attack
by initiator.19,24

Besides reaching Mn values close to those expected from
[M]/[I] ratios, coupled with low Đ values, here we provide three
additional lines of evidence to support the characterization of
a living polymerization. First, the Mn of the growing chains
tracked linearly with monomer conversion as shown in Fig. 2A.
A slower catalyst pair, U-2/BEMP, was employed to monitor
conversion in a wider timeframe than with TU-3/IMes, which
gelled quickly. Plots of conversion vs. time and ln([M]0/[M]) vs.
time (Fig. 2B and C) displayed typical first-order decay and
linear trends, respectively, confirming first-order monomer
kinetics.

Second, the matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF MS) chain-end
analysis of P(4,5-T6GBL) confirmed the BnO/H moieties
remained on the initiating and terminating ends, and thus a
linear polymer architecture. The MALDI-TOF MS spectrum of a

low Mn polymer prepared by TU-3/BEMP shows the molecular
ion peaks are separated by the mass of one monomer unit
(140.18 g mol−1), as indicated by the slope (140.19) of the line
created by plotting m/z (y) vs. number of repeat monomer
units (x) (Fig. 3). The y-intercept corresponds to the mass of
the chain ends plus a sodium cation (108.1 + 23.0 g mol−1),
and close agreement of the plot value (131.9) to the actual
value (131.1) suggests the chain-end fidelity typically associ-
ated with living polymerizations. Minor peaks visible in the
low molecular weight region represent P(4,5-T6GBL) + H+, still
carrying BnO/H chain ends.

Third, a chain-extension experiment was performed to
produce a block copolymer. L-Lactide (L-LA) was selected as the
second block due to its significantly higher activity in the ROP
with a catalyst pair of similar basicity;16 this condition is
required to avoid further conversion of 4,5-T6GBL after the
second monomer is added and perturbs the equilibrium
monomer concentration.36 A ratio of 4,5-T6GBL/TU-3/IMes/
BnOH = 200/5/5/1 was employed for the first block, with 5.0 M
THF conditions to avoid complete gelling but allow equili-
brium to be reached before the addition of L-LA. After 4 h and
48% conversion, a 3.88 M THF solution of L-LA was added and
quenched after 10 min. The conversion of L-LA was quantitat-

Fig. 3 MALDI-TOF MS spectrum and chain-end analysis of a linear
polymer produced by TU-3/BEMP.

Fig. 2 Kinetic data of P(4,5-T6GBL) synthesis with [M]/[U-2]/[BEMP]/[BnOH] = 100/2.5/2.5/1 at 25 °C.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2019 Polym. Chem., 2019, 10, 3097–3106 | 3101



ive while that of 4,5-T6GBL increased by 2%, as opposed to 6%
for a trial with ε-caprolactone which is less active towards a
similar catalyst pair.16 Although the block copolymer structure
was not perfect, the characterization data still showed behav-
iour consistent with an AB block copolymer (the 2% conver-
sion increase corresponds to only four additional 4,5-T6GBL
units incorporated into the PLA block). Additionally, no
decrease in P(4,5-T6GBL) conversion after further dilution by
the L-LA solution is supportive of the capping of this block by
PLA. Fig. S8† shows the GPC elution profiles of the first block
and final block copolymer, P(4,5-T6GBL)-b-PLA, with differen-
tiated retention times. Differential scanning calorimetry (DSC)
analysis (Fig. S12†) displayed two Tg values corresponding to
each block: 56 °C for the PLA block and 71 °C for the P(4,5-
T6GBL) block. The thermogravimetric (TGA) analysis
(Fig. S11†) revealed a single step decomposition (Td = 277 °C,
defined by the temperature of 5% weight loss; Tmax = 364 °C,
defined by the peak maximum from a derivative (wt%/°C) vs.
temperature (°C) plot); a step-wise decomposition of the indi-
vidual blocks was not observed due to similar Td values of the
respective homopolymers.

The behaviour of this polymerization suggests that the
mechanism is in parallel to that of the (T)U catalyzed ROP of
typical lactone monomers, which has been studied extensively
through kinetic and NMR experiments in addition to compu-
tation with density functional theory.14,15 Still, there is more to
be learned about these intriguing systems, especially in the
roles of the cation and reversible chain end protonation.
Scheme 2 depicts the proposed mechanism of the ROP cata-
lyzed by TU-3 and IMes, however it should be noted that all
possible resonance structures and proton transfers are not
shown. There exist many possibilities of proton exchange and

hydrogen bonding among the TU anion, organic cation, and
chain end, in addition to resonance within the TU anion.
Reversible chain-end protonation has been proposed as a
buffering mechanism to reduce the basicity of the alkoxide,
which could otherwise be a promiscuous species. When the
pKa of the TU is closely matched with the base, there is an
even greater opportunity for this dynamic proton exchange
throughout the polymerization.

The mechanism presented in Scheme 2 begins with the
deprotonation of TU-3 by IMes to form the TU-3 anion and
large imidazolium cation. This ion pair (I) was typically gener-
ated in the presence of monomer and was completely solubil-
ized within 5 min (no reaction ensued until addition of
initiator R’OH). Next, the TU-3 anion acts as a bifunctional
activator toward both the initiator and monomer, shown in
intermediate II. Hydrogen bonding of TU-3− to the alcohol and
hydrogen bond donation to the monomer carbonyl, simul-
taneously increase the nucleophilicity and electrophilicity,
respectively. The bifunctional nature of the catalyst also draws
the two activated species close together, facilitating attack on
the carbonyl to form tetrahedral intermediate III and the
subsequent proton transfer to give ring opening product IV.
Propagation via transition state V continues with the resulting
hydroxy chain end becoming activated for further monomer
addition. Because the chain end is nearly always engaged in a
hydrogen bond with the TU-anion, its basicity is reduced.
Zhang et al. suggest this can prevent backbiting in the polymer-
ization of GBL, which could also apply to this system.22

2.1.4 Polymerizations by TU-3/KOMe and TU-3/KH/MeOH.
Besides the completely organic system, we also investigated
the reactivity of TU-3/KOMe systems toward the ROP of 4,5-
T6GBL. In these systems, the initiator and base are con-
veniently packaged into one reagent: methoxide first deproto-
nates the TU, and the resulting methanol initiator engages in
a hydrogen bond with the TU−/K+ ion pair. An excess of (T)U is
typically used to improve the solubility of the complex, while
greater excesses can inhibit the polymerization.15 A nuance of
this system with this monomer is that the initiating complex
must be formed and completely solubilized before addition of
monomer.

Table 3 summarizes selected polymerization results with
TU-3/KOMe, which was only successful up to the target DP250.
Solution polymerizations exhibited decent control, with Đ =
1.07 to 1.16 and I* = 91% to 130% (Table 3, runs 1, 3, and 5),
but the use of solvent limited monomer conversion and there-
fore polymer Mn. For run 1, equilibrium was reached in under
10 min, and further stirring of the reaction up to 1 h resulted in
no further monomer conversion but a broadening of Đ to 1.30
accompanied with an increase of Mn to 10.8 kDa. A control with
only KOMe for the ROP of 4,5-T6GBL was attempted, but pre-
vented by insufficient solubility in THF, toluene, and dichloro-
methane; in another study, common anionic initiators such as
tBuOK afforded only low Mn oligomers.43

To conduct TU-3/KOMe runs in neat conditions, the
complex was first formed in THF and an aliquot was trans-
ferred to the reaction vial. After complete removal of solvent

Scheme 2 Proposed mechanism for the ROP of 4,5-T6GBL by the
optimal catalyst pair.
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in vacuo, the reactor was charged with monomer. Runs 2 and
6–8 in Table 3 present some surprising results of the neat poly-
merizations. The polymers obtained from these runs had Mn

values much higher than expected, >70 kDa for a [M]/[I] of 250,
corresponding to low I* values (12–29%). After monomer
addition, the dried-down complexes were observed to dissolve
slowly, for example, run 6 took 7 min to become homo-
geneous, and gelled in about one h. For run 7, which was per-
formed with the same stoichiometry but larger scale, gelling
occurred around the same time as homogeneity (25 min) and
the resulting Mn was increased to 137 kDa; further scale-up
resulted in a polymer of Mn = 215 kDa (run 7). The delay in sol-
vation of the catalyst-initiator complex led us to hypothesize
that differential initiation was responsible for the unexpectedly
high Mn’s. Only a fraction of initiator was introduced to bulk
monomer at a given time, leading to a higher effective [M]/[I]
in solution. It is also possible that the overall [I] was also
reduced during solvent evacuation by evaporation of methanol.
Despite this lack of control, Đ values were still relatively narrow
(Đ = 1.04–1.21). To test our hypotheses, we performed a
control experiment in which the TU anion was solvated by
deprotonating with KH in bulk monomer (Table 3, run 4). This
solution was homogeneous within 5 min and a sample was
taken for 1H NMR analysis to ensure no monomer conversion
occurred. No reaction took place until methanol was added to
initiate the polymerization, which afforded a polymer of the
expected Mn (28.0 kDa, I* = 98%) and extremely low dispersity
of Đ = 1.01, thus supporting the differential initiation and
evaporation hypotheses, which are likely both contributing
factors to a higher effective [M]/[I], and which appeared to
increase further with scale ([M]). Increased broadness in com-
parison to the KH control and the TU-3/IMes system could be
due to the introduction of more initiator to an active polymer-
ization, in which it acts as a chain transfer agent or initiates
new chains with limited growth.

Overall, the results presented in Tables 2 and 3 demon-
strated four main strategies to obtain P(4,5-T6GBL). First, the
TU-3/IMes pair offers an entirely metal-free, living polymeriz-
ation to obtain relatively high Mn polymers in a reasonable
timeframe. Second, the organic/inorganic TU/KOMe system is
also effective and is more economical than the use of IMes.
Equilibrium is reached quickly, but the requirement to

perform the ROP in solution limits the monomer conversion
and polymer Mn. Third, the TU/KH/MeOH system allowed the
well-controlled bulk ROP, achieving relatively high monomer
conversion of 78% and producing P(4,5-T6GBL) with essen-
tially quantitative efficiency (I* = 98%) and near unity disper-
sity (Đ = 1.01). Fourth, the neat KOMe method offers a con-
venient and economical way to obtain high Mn polymers,
however the resulting Mn cannot be predicted by [M]/[I] ratios.
Advantages of the TU-3/IMes system include better catalyst/
initiator solubility and the ability to modulate the concen-
tration of active TU anion relative to initiator. In the TU-3/
KOMe system, the concentration of TU anion is always equi-
valent to the alkoxide initiator. Additionally, the use of potass-
ium could be undesired for certain polymer applications.

2.2. Synthesis of cyclic P(4,5-T6GBL) by NHC catalysts

Next, we turned our attention to the selective synthesis of poly-
mers with a cyclic topology via NHC catalysis. NHC-mediated
ZROP has proven to be a powerful method to synthesize cyclic
polymers from strained lactones, showing its effectiveness
towards 4,5-T6GBL as well. Table 4 summarizes the selected
results of polymerizations catalyzed by three NHCs of varying
nucleophilicity. IMes is the least nucleophilic of the series and
did not initiate the polymerization, whereas 1,3-di-tert-butyl-
imidazol-2-ylidene (ItBu) and 1,3-diisopropylimidazol-2-ylidene
(IiPr) were effective catalysts. IiPr is more nucleophilic than
ItBu, which could account for the markedly higher conversion
provided by IiPr (74 vs. 56%). The NHC nucleophilicity did not
appear to affect the resulting Mn, however (Table 4, run 3 vs. 4).

Table 3 Selected results of polymerization catalyzed by TU-3/KOMe and TU-3/KH/MeOH

Run [M]/[TU-3]/[KOMe] Solvent Time (h) Conv. (%) Mn, GPC (kg mol−1) Mn, theor. (kg mol−1) I* (%) Đ (Mw/Mn)

1 100/3/1 THF 5M 10 min 58 8.82 7.99 91 1.16
2 250/3/1 Neat 24 61 73.7 21.7 29 1.10
3 250/3/1 THF 5M 2.5 61 16.4 21.4 130 1.07
4a 250/3/1 (KH) Neat 6 78 28.0 27.4 98 1.01
5 250/6/1 THF 5M 4.5 53 17.8 18.6 105 1.07
6 250/6/1 Neat 6 58 92.9 20.4 22 1.07
7b 250/6/1 Neat 6 72 137 25.2 18 1.21
8c 250/6/1 Neat 8.5 76 215 26.6 12 1.04

a This run used KH to form TU anion followed addition of MeOH initiator; 1.3 g 4,5-T6GBL used. b This run used 1.5 g (11 mmol) 4,5-T6GBL.
c This run used 2.5 g (18 mmol) 4,5-T6GBL. See footnotes of Table 2 for explanations and definitions for abbreviations.

Table 4 Selected results of NHC catalyzed ZROP

Run NHC [M]/[NHC]
Time
(h)

Conv.
(%)

Mn, GPC
(kg mol−1) Đ (Mw/Mn)

1 IMes 100/1 24 0 — —
2 ItBu 50/1 24 68 45.9 1.30
3 ItBu 100/1 24 56 40.6 1.21
4 IiPr 100/1 24 74 42.2 1.38
5 IiPr 500/1 50 64 72.1 1.28

Run 4 used 3 mmol 4,5-T6GBL and run 5 used 10 mmol. See footnotes
of Table 2 for explanations and definitions for abbreviations.
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As expected, polymer Mn values could not be predicted or
controlled, but appeared to cyclize after a certain DP (∼300)
had been reached; this lack of control also led to broader dis-
persity (Đ > 1.2). On the other hand, a higher than average DP
of ∼510 (Mn = 72.1 kDa) was obtained by using a significantly
higher [M]/[NHC] ratio of 500 on a larger scale (Table 4,
run 5 vs. 4).

The obtained polymers were confirmed to be cyclic by the
absence of end groups in the NMR spectra (Fig. S13 and 14†),
and chain-end analysis of the MALDI-TOF MS spectrum
(Fig. S18†) gave a y-intercept (23.7) corresponding to the mass
of only a sodium ion and slope of 140.4, indicating the polymer
with no end groups. Additionally, cyclic and linear polymers of
similar Mn (42.2 and 39.5 kDa, respectively) had a difference of
almost two min in the start of elution off the GPC column. The
mechanism for the ZROP of 4,5-T6GBL is proposed to be analo-
gous to that of lactone/lactide monomers (Scheme 3), in which
slow initiation and cyclization relative to propagation allows the
formation of the macrocyclic polyester.11,26

2.3. Polymer thermal properties

Thermal stability of linear and cyclic P(4,5-T6GBL) was com-
pared by TGA, using samples of similar Mn (∼40 kDa). An
additional sample of linear polymer (∼20 kDa) was prepared
using Ph2CHCH2OH as the initiator to make a direct compari-
son to the polymers prepared by metal catalysts and analyzed
in a previous study,36 which used this initiator and Mn. Cyclic
P(4,5-T6GBL) showed a Td nearly 20 °C higher than the linear
polymer in the case of metal-catalyzed ROP (Td = 323 and
304 °C, respectively).36 On the other hand, the cyclic and
linear P(4,5-T6GBL) samples of ∼40 kDa Mn by the current
O-ROP method exhibited the same Td of 317 °C (Fig. 4). The Td
of the linear P(4,5-T6GBL) prepared with Ph2CHCH2OH
initiator and Mn ∼ 20 kDa for direct comparison was 13 °C
higher than that of the polymer prepared with a metal catalyst
(317 vs. 304 °C). The increased thermal stability of the sample
prepared by O-ROP highlights another advantage of organocata-
lysis. This sample was also precipitated only one additional
time after the initial precipitation of the crude polymerization,
in contrast to three additional precipitations to remove any
metal-based species when metal catalysts were used.36 In this
study, we also observed high polymer purity (no monomer or

catalyst peaks in NMR spectra) with only one total precipitation
and copious washing of the polymer with cold methanol.

Polymer samples were also characterized by DSC analysis to
locate the Tg for linear and cyclic polymers (Fig. S7 and S17†).
The observed Tg’s of 74 and 75 °C for linear and cyclic samples,
respectively, are in close agreement with the established values
for P(4,5-T6GBL) (75 and 72 °C).36 As expected, no melting tran-
sition was observed for these amorphous polymers. In addition,
13C NMR spectrum of the linear polymer (Fig. S3†) exhibited
multiple peaks for the carbonyl and stereogenic (β and γ)
carbons, also indicative of an atactic polymer microstructure.

2.4. Organocatalyzed depolymerization

With the overarching goal of establishing a circular lifecycle
for the P(4,5-T6GBL) material produced by the O-ROP method
in mind, we investigated the organocatalyzed depolymerization
of P(4,5-T6GBL). The TU-3/IMes pair, which was highly
efficient in catalyzing the forward polymerization reaction, was
not effective for the depolymerization. Only 8% conversion to
monomer was observed after 24 h at 120 °C (0.4 M in tol), but
once again the selective nature of (T)U catalysts is highlighted.
ItBu was also found to be ineffective for depolymerization
under the same conditions. TBD has been shown to catalyze
the depolymerization of polyesters including P(GBL) and
PET,21,32,33 and proved to be successful for the quantitative
and selective depolymerization of P(4,5-T6GBL) at 120 °C
(Fig. 5). Realizing both the forward and reverse reactions were
possible with TBD, we performed a full circle experiment with
100/5/1 [M]/[TBD]/[BnOH]. GPC analysis of an aliquot taken
after equilibrium was reached showed the formation of the
polymer with Mn = 7.62 kDa and Đ = 1.06. The reaction
mixture at that point contained 57% polymer, 43% monomer,
and unquenched catalyst; this mixture was subsequently
heated to 120 °C and the depolymerization was 98% complete
in just 2.5 h. We initially used high dilution conditions to
drive the reaction, but the above findings show potential for a
solvent-free reactive (vacuum) distillation setup to enable a
continuous depolymerization operation.35

Scheme 3 Proposed mechanism of NHC-catalyzed polymerization to
cyclic P(4,5-T6GBL).

Fig. 4 TGA curves of linear and cyclic P(4,5-T6GBL) with Mn ∼ 40 kDa
produced by the current O-ROP.
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The mechanism of TBD-catalyzed depolymerization is pro-
posed in Scheme 4, which is essentially a hydrogen bonding
mediated cascade of backbiting reactions down the polymer
chain, although some random chain scission may occur. First,
the alcohol chain end must become activated through coordi-
nation to the basic nitrogen on TBD while the carbonyl of the
same monomer unit is electrophilically activated by the acidic
site, similar to the standard initiation mechanism of TBD.2,21

Next, the dual activation facilitates backbiting and subsequent for-
mation of the thermodynamically stable GBL core of the
monomer in a trans configuration. No formation of the less
strained, more thermodynamically stable cis isomer was
observed,43 which occurs when P(4,5-T6GBL) undergoes thermoly-
sis at 300 °C.36 Upon formation of the lactone carbonyl bond, the
formed monomer unit is released, and the catalyst regenerated.

3. Conclusions

In summary, we have established a convenient and effective
method for the organocatalytic polymerization and depolymer-

ization of six-five bicyclic lactone 4,5-T6GBL. Linear poly-
mers with Mn up to 106 kDa and low dispersity Đ of 1.04
can be selectively prepared using the optimal catalyst pair:
1,3-diisopropylthiourea (TU-3) and IMes, which are commer-
cial reagents and were used with no further purification.
The TU catalyzed polymerization exhibited living character-
istics, as shown by predictable polymer Mn, low dispersity,
kinetic profiling, NMR and MALDI-TOF chain end analysis,
as well as the block copolymerization chain extension
experiment. TU-3 combined with KOMe also catalyzed the
polymerization and, under neat conditions, produced a
polymer of Mn = 137 kDa in 6 h. TU-3 can also be com-
bined with KH and MeOH, and this combination allowed
the well-controlled bulk ROP to achieve high monomer con-
version and produce P(4,5-T6GBL) with I* = 98% and Đ =
1.01. Linear polymers prepared by the organic systems dis-
played less purification requirements and higher onset
decomposition temperatures (>13 °C) as compared to those
prepared with metal catalysts. Cyclic P(4,5-T6GBL) of Mn >
40 kDa can also be produced selectively by nucleophilic
NHC catalysts. Guanidine base TBD was found to be
effective in catalysing both polymerization and depolymeriza-
tion of P(4,5-T6GBL). Depolymerization was both quantitat-
ive and selective in monomer recovery, with no isomeriza-
tion to the cis-fused isomer.
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