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Introduction

Ring-opening polymerization of f3-thiobutyrolactone
catalyzed by phosphazenes¥

Hui Li, Sophie M. Guillaume ' * and Jean-Francois Carpentier = *

Thiolactones that give access to polythioesters (PTEs) upon ring-opening polymerization (ROP) have
recently attracted increasing attention especially due to their biocompatibility and improved degradability
among other properties. We report herein on the ROP of the simplest four-membered ring thiolactone,
namely racemic p-thiobutyrolactone (rac-TBL), mediated by commercially available phosphazene bases,
affording the corresponding poly(3-thiobutyrolactone) (P3TB). The reactions proceeded at room temp-
erature, in toluene or in THF, with the apparent reactivity increasing monotonously with the basicity and
steric hindrance of the phosphazene (BEMP ~ tBu-P; < tBu-P, < tBu-P,4). This trend suggests that initiation
of the ROP proceeds, at least to some extent, by abstraction of one acidic methylene hydrogen from the
monomer, to generate eventually a phosphazenium-—thiocarboxylate ion-pair species that next acts as
the initiating/chain-propagating species. ROP performed in THF was kinetically controlled affording
P3TBs with defined molar mass and fair dispersity, some features of a living ROP. Detailed *H, *C, 3!P and
DOSY NMR spectroscopic, MALDI-ToF/ESI mass spectrometric and TGA studies conducted on the poly-
mers produced using tBu-P,; supported the concomitant formation of {[tBu-P4H}* and essentially
a-thiocrotonate,w-[thiocarboxylate]™ end-capped linear P3TBs; yet, the presence of cyclic P3TBs could
not be excluded. The molar mass values, as determined by NMR analysis from this thiocrotonate end-
group (M, nmr), increased linearly with the monomer conversion, yet with a nonzero intercept, suggesting
slow initiation vs. propagation. The molar mass of the recovered P3TBs was moderately controlled (M, sec
= 75-185 kg mol™, M,nmr = 5.2-22.4 kg mol™), displaying relatively narrow dispersities (P =
1.39-1.52 in THF). This work provides the second example of chemical synthesis of P3TB.

their high ring strain. Mechanisms at play were demonstrated
to depend drastically on the nature of the catalyst/initiator

The replacement of metal-based catalysts with small organic
molecules has emerged as an appealing polymerization
approach, in particular in the context of polymer materials
designed for microelectronics, or pharmaceutical and bio-
medical applications." Organocatalysts are of interest due to
their high chemical stability, relatively low cost, ease of hand-
ling and, for some of them, relative non-toxicity towards living
organisms. A wide range of commercially available simple
organic molecules is available for the ring-opening polymeriz-
ation (ROP) of heterocyclic monomers, such as sulfonic and
phosphoric acids, N-heterocyclic carbenes (NHCs), amines,
amidines, guanidines, phosphines, and phosphazene bases.>”®

A variety of organocatalysts have been investigated in the
ROP of four-membered f-lactones, a class of challenging
monomers because of their reluctance to ring open, despite
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system as dictated by its basic, nucleophilic or dual behavior,
and also quite importantly, on the chemical nature of the
monomer itself and on the reaction conditions. Early attempts
using the simple B-butyrolactone (BL) were conducted by the
groups of Hedrick and Waymouth with guanidines and amidines,
yet at a too low temperature (50 °C) to enable polymerization.’
Our group later demonstrated that 2-tert-butylimino-2-diethyl-
amino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP)
can act as a nucleophilic initiator in the ROP of BL'® or benzyl
B-malolactonate (MLAP"),"" at 60 °C under bulk (neat)
conditions. These reactions gave the corresponding
a-phosphazene,o-crotonate telechelic polyesters (Scheme 1), as
supported by NMR and MALDI-ToF MS analyses, and were pro-
posed to proceed via the formation of a 1:1 organobase-N-acyl-
crotonate intermediate,'® followed by propagation through
monomer O-acyl bond cleavage. On the other hand, in the ROP
of 4-alkoxymethylene-B-propiolactones (BPL°F, R = Me, Bn,
SiMe,tBu) initiated by BEMP, the latter organocatalyst acts as a
basic pre-initiator. It was proposed that BEMP abstracts one of
the methylene hydrogen at the a-position of the carbonyl of the
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Scheme 1 Ring-opening polymerization of p-butyrolactone (BL) and functional p-propiolactone derivatives mediated by BEMP in bulk.1°~*2

rac-BPL°® monomer, thereby leading to the formation of an
o,f-unsaturated carboxylate species as the “real” initiator, which
next propagates via monomer O-alkyl bond cleavage, forming ion-
pair active {o-crotonate,a-COO} {[BEMPJH}" PBL°® chains that
eventually return o-crotonate,w-COOH telechelic PBL°® upon
acidic workup (Scheme 1)."?

We herein report on our preliminary studies related to the
extension of this organocatalyzed chemistry to the ROP of
pB-thiobutyrolactone (TBL), the thio analogue of BL (Fig. 2). The lit-
erature showcases that poly(3-thiobutyrate) (P3TB), the resulting
polythioester (PTE), was first isolated by a fermentation approach
using E. coli cultured with thioalkanoic acids, thereby generating
pure isotactic P3TB (presumably linear) exhibiting a high molar
mass (M, = ca. 175000 g mol™, Py = 1.9)."* Recently, we
described the first chemical synthesis of P3TB by ROP of rac-TBL
using yttrium-based catalysts, which provides access to cyclic
P3TB with either high isoselectivity or high syndiotactic bias,
depending on the nature of the achiral ancillary ligand used."* A
few examples of the ROP of p-thiolactones towards PTEs have
been reported.’> The ROP of (S)-ap-toluenesulfonamido-
B-propiothiolactone, initiated by water or benzyl thioalcohol, or

(0] Phosphazene base
[1-4 mol%]

r.t., THF or Toluene

L3,
n
rac-TBL

Phosphazene bases (pK,)

even thermally without any initiator, was briefly reported in the
1960s.'® The ROP of a cysteine-derived f-thiolactone proceeded in
the presence of a thiol as the initiator which attacks the carbonyl
to open the monomer ring by C(=0)-S bond cleavage.'” In both
the latter examples, the resulting P3TEs have relatively low molar
mass and broad dispersity, most likely as the result of extensive
transthioesterification side-reactions. More recently, the ROP of a
gem-dimethyl-substituted p-thiolactone catalyzed by DBU (1,8-dia-
zabicyclo[5.4.0Jundec-7-ene) in the presence of benzyl mercaptan
(BnSH) as the initiator returned the corresponding P3TE with a
high molar mass (M,, = 162 600 g mol™*, Py, = 1.53), while also
demonstrating the propensity to degrade back to the original
monomer."® Also, more generally, PTEs prepared by ROP of cyclic
thiolactones are currently attracting renewed attention given their
inherent valuable properties in homopolymers as well as in copo-
lymers, especially in relation to their degradation ability.'>**>*

In the present work, we focused our attention on the ROP
of rac-TBL mediated by several ubiquitous phosphazene
organocatalysts, namely BEMP, tBu-P;, tBu-P,, and tBu-P,
(Scheme 2). Due to their high basicity, non-nucleophilic
nature and good solubility in various organic solvents, phos-
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Scheme 2 Common phosphazene bases (and their pK, values measured in MeCN)?*24 used in this study in the ROP of rac-TBL.
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phazenes have been widely investigated for the ROP and ring-
opening copolymerization of different types of monomers,
including lactones but also epoxides, and cyclic
carbonates.”®** The performance of phosphazenes highly
depends on their basicity: higher basicity usually improves the
polymerization rate, yet often at the expense of side-reactions,
such as chain transfer, especially inter- and intra-molecular
transesterification reactions, which in turn broaden the disper-
sity of the resulting polymers.”>** Also, similarly to many
other basic organocatalysts, phosphazenes often convert
exogenous protic reagents/co-initiators, such as alcohols and
thiols, into nucleophilic initiators through deprotonation.
Hence, judicious choice of a phosphazene with a suitable basi-
city matching the target monomer, possibly combined with a
co-initiator, is critical for the achievement of a controlled
polymerization.

Experimental section
General considerations

All polymerizations were carried out in Schlenk-type glassware on
a vacuum dual-manifold line or in a glove box operating under
argon (<5 ppm H,0, O,). rac-Thiobutyrolactone (rac-TBL) was syn-
thesized according to the previously reported procedure.'* HPLC-
grade organic solvents were first purged extensively with nitrogen
during filling 20 L solvent reservoirs, and then, for toluene, dried
by passage through Q-5 supported copper catalyst stainless steel
columns. Tetrahydrofuran and toluene were degassed and dried
over sodium/benzophenone followed by distillation under argon.
Benzyl alcohol (BnOH) and benzyl mercaptan (BnSH) were purified
by distillation from CaH,. 2-tert-Butylimino-2-diethylamino-1,3-di-
methylperhydro-1,3,2-diazaphosphorine (BEMP, 1.0 M in hexanes),
tert-butylimino-tri( pyrrolidino)phosphorane  (tBu-P,), 1-tert-butyl-
2,2,4,4,4-pentakis(dimethylamino)-2A> 41>-catenadi( phosphazene)
(tBu-P,, 2.0 M in THF) and 1-tert-butyl-4,4,4-tris(dimethylamino)-
2,2-bistris(dimethylamino)phosphoranylidenamino}-2)°,4A>-cate-
nadi(phosphazene) (tBu-P,, 0.8 M in hexanes) were purchased
from Aldrich and the solvents were removed under vacuum prior
to use.

'H (500 MHz), “>C{'H} (125 MHz), *'P{'H} (202 MHz) and
2D DOSY (500 MHz) NMR spectra were recorded on Bruker
Avance III HD 500, Av-III 400 or Av-III 300 spectrometers at
25 °C, fitted with a direct broadband 5 mm probe head (BBO).
3C NMR spectra were typically acquired using the Bruker stan-
dard zgpg30 sequence, with an acquisition time of 1.05 s and a
relaxation delay of 5.00 s.

Monomer conversions were calculated from 'H NMR
spectra of the crude polymer samples in CDCl; using the inte-
gration ratio of the methine hydrogens of P3TB (§ 3.90 ppm)
and the methine hydrogen of the TBL monomer (§ 3.73 ppm).
The molar mass of P3TB samples was also determined by 'H
NMR analysis in CDCl; from the relative intensities of the
signals of the P3TB repeating unit methine hydrogen (&
3.90 ppm) and the signals of the thiocrotonate chain-end (§

This journal is © The Royal Society of Chemistry 2023
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(ppm): 1.84 (CH,); 6.03 (CO-CH=CH(CH,)); 6.86 (CO-
CH=CH(CHz))).

Number- and weight-average molar mass (M,sec and
M,,sec) and dispersity (Py = M,,/M,) values of the polymers
were determined by size-exclusion chromatography (SEC) in
THF at 30 °C (flow rate = 1.0 mL min™') on Polymer
Laboratories PL50 apparatus equipped with a refractive index
detector and a set of two ResiPore PLgel 3 pm MIXED-D 300 x
7.5 mm columns. The polymer samples were dissolved in THF
(2 mg mL™"). All elution curves were calibrated with poly-
styrene standards (M, range = 580-126 000 g mol'); the
M,, skc values of the P3TB reported in all tables are uncorrected
for the possible difference in the hydrodynamic radius vs. that
of polystyrene.

The onset decomposition temperatures (T4, defined as the
temperature for 5% weight loss) of the polymers were
measured by Thermogravimetric Analysis (TGA) on Mettler-
Toledo TGA-DSC-1 apparatus under dry nitrogen flow. Polymer
samples were heated from ambient temperature to 500 °C at a
rate of 10 °C min™".

Recording of high-resolution Matrix Assisted Laser
Desorption Ionization-Time of Flight (MALDI-ToF) mass spec-
trometry analyses was attempted using an ULTRAFLEX III
TOF/TOF spectrometer (Bruker Daltonik Gmbh, Bremen,
Germany) in positive ion mode at CRMPO (ScanMAT UAR 2025
CNRS, Université de Rennes). Spectra were recorded using
reflectron mode and an accelerating voltage of 25 kV or higher.
A mixture of a freshly prepared solution of the polymer in
CH,Cl, (HPLC grade) and DCTB (trans-2-(3-(4-tert-butylphe-
nyl)-2-methyl-2-propenylidene)-malononitrile) in ~ CH,Cl,
(HPLC grade, 10 mg mL '), and a MeOH or CH,Cl,/CH;CN
(50:50 v/v) solution of the cationizing agent (Nal, 10 mg
mL™") were prepared. The solutions were combined in a
1:1:1 (v/v/v) ratio of matrix-to-sample-to-cationizing agent.
The resulting solution (0.25-0.5 pL) was deposited onto the
sample target (Prespotted AnchorChip PAC II 384/96 HCCA)
and air or vacuum dried. High-resolution ElectroSpray-
Ionization (ESI) mass spectra were recorded in positive ion
mode in methanol suspensions (ca. 10 pg mL™") with a MeOH
solution of the cationizing agent (Nal, 10 mg mL '), with
direct infusion (10 pL min™"), using a maXis 4G instrument
(Bruker Daltonik Gmbh, Bremen, Germany) at CRMPO
(ScanMAT UAR 2025 CNRS, Université de Rennes).

General polymerization procedures

Polymerizations were performed either in a glass vial (5 mL)
inside the glovebox for room temperature runs, or in a Schlenk
flask (100 mL) interfaced to the dual-manifold Schlenk line for
runs using a heating bath. The vial/flask was charged in the
glovebox with a predetermined amount of phosphazene base,
with or without an added co-initiator, and solvent. For experi-
ments performed at room temperature, polymerization was
initiated by rapid addition, in the glovebox, to the reaction
vessel, of a pre-weighted amount of TBL using a syringe. For
runs using an external heating bath, the flask containing the
phosphazene and the solvent was closed, taken out of the glo-

Polym. Chem., 2023, 14, 3851-3861 | 3853
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vebox, connected to the dual-manifold Schlenk line and then
immersed in the bath at the desired temperature. After equili-
bration at the targeted reaction temperature, the polymeriz-
ation was in this case initiated by the rapid addition of a pre-
determined amount of the monomer using a gastight syringe.
After the desired period, the polymerization was quenched by
addition of ‘wet/undried’ commercial-grade hexanes (0.5 mL).
An aliquot (0.1 mL) was taken from the reaction mixture and
used to determine the monomer conversion by "H NMR ana-
lysis. The crude mixture was next added dropwise into “wet”
commercial-grade hexanes (100 mL, used as received) (for
some reactions, it was pre-quenched by adding a few drops of
a 5wt% benzoic acid solution in CHCl;) and the viscous
polymer precipitated. Following the removal of the super-
natant solution, the thus recovered polymer was dissolved in
CH,Cl, and precipitated once more to ensure the removal of
all of the unreacted monomer, and finally dried in a vacuum
oven at room temperature until a constant weight was
achieved.

Results and discussion

Our first exploratory experiments on the ROP of TBL were per-
formed using BEMP (Scheme 2) with a [rac-TBL]y/[BEMP], feed
ratio of 50 : 1 (mol mol™") at 60 °C under bulk conditions (neat
monomer), based on our previous work on the ROP of
B-lactones (Scheme 1).'°'> Under these conditions, the conver-
sion of TBL reached 99% in less than 3 h (Table 1, entry 1);
this is an apparent reactivity similar to that observed with rac-
BL, but higher than with rac-BPL°®s (at 60 °C, bulk) with TOF
values (mol(monomer) mol(BEMP)™* h™) of TBL = 87, BL =

Table 1 ROP of rac-TBL promoted by phosphazene bases?
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79,"° BPL°" = 13, and BPL°®" = 15 '*. Conducting the reac-
tion at room temperature at a loading ratio of 50: 1 in toluene
enabled achieving 52% monomer conversion after 7 h (entry
2); this is remarkable as the ROP of BL and BPL°"s does not
proceed under these much milder conditions. In both bulk or
solution polymerization, the molar masses of the P3TBs
measured by SEC (uncorrected values) were much higher than
the ones calculated from the (converted) monomer-to-BEMP
ratio, and the dispersity was relatively broad (Dy; = 1.51 and
1.79, respectively); this possibly denotes distinct hydrodynamic
ratios of P3TBs vs. polystyrene used as SEC standards, but the
M, values determined by NMR based on thiocrotonate end-
groups (M, nmr; Vide infra) were also significantly higher than
the calculated ones. Hence, this discrepancy is rather indica-
tive of poor, slow initiation efficiency of BEMP, and/or undesir-
able side-reactions.

The ROP of TBL was next investigated under the same con-
ditions (i.e., 50 equiv. of TBL, 1.0 M in toluene, room tempera-
ture) with ¢Bu-P,, and the superbases ¢Bu-P, and tBu-P,. After
7 h of reaction, the conversion of TBL reached 59%, 66% and
90%, respectively (Table 1, entries 3-5). Hence, the apparent
reactivity increased monotonously with the basicity of the
phosphazene in the order of BEMP ~ ¢Bu-P; < ¢tBu-P, < tBu-P,.
At the same time, the steric hindrance of phosphazenes
should also be taken into account: the sterically bulkier the
phosphazene (BEMP < ¢Bu-P; ~ ¢tBu-P, < tBu-P,), the looser the
ion-pair active species formed, which should favorably
enhance the chain propagation rate. This observed reactivity
trend suggests that initiation of the ROP may proceed, at least
to some extent, by abstraction of one of the relatively acidic
a-carbonyl methylene hydrogens from the monomer, to gene-
rate eventually a phosphazenium-thiocarboxylate ion-pair

Or%anic base [TBL]o/[P]o/ Reaction time ~ TBL Conv.! M, .’ M me” My sec®
Entry  (P) ROH* [ROH], Solvent (h) (%) (kgmol™)  (kgmol™)  (kgmol™) By
1" BEMP — 50:1:0 Bulk 0.5 87 4.4 13.51_ 16.4 1.54
2 BEMP — 50:1:0 Toluene 7 52 2.6 18.0° 8.7 1.79
3 tBu-P, — 50:1:0 Toluene 7 59 3.0 9.0 9.2 1.68
4 tBu-P, — 50:1:0 Toluene 7 66 3.4 6.8 7.5 1.88
5 tBu-P, — 50:1:0 Toluene 7 90 4.6 9.5 8.2 1.60
6 tBu-P, — 100:1:0 Toluene 17.5 94 9.6 22.4 12.4 1.64
7 tBu-P, — 25:1:0 THF 4 93 2.4 5.2 11.7 1.52
8 tBu-P, — 50:1:0 THF 8 81 4.1 10.7 15.5 1.39
9 tBu-P, — 100:1:0 THF 17 94 9.6 16.4 17.2 1.47
10 tBu-P, — 200:1:0 THF 42 82 16.7 17.7 18.5 1.42
11 tBu-P, BnOH 100:1:1 THF 19 87 8.9 13.8 15.4 1.43
12 tBu-P, BnOH 100:1:2 THF 19 86 4.4j‘ 13.2 14.6 1.47
13 tBu-P, BnOH 100:1:5 THF 19 88 1.8/ 15.5 15.6 1.45
14 tBuP, BnSH 50:1:1 Toluene 7 73 3.8 5.0 8.2 1.58
15 tBuP, BnSH 100:1:1 Toluene 17.5 73 7.5 6.7 13.2 1.31
16 tBuP, BnSH 50:1:1 THF 7.6 83 4.3 23.2 10.7 1.38

“ polymerization conditions unless otherwise stated: [rac-TBL], = 1.0 M, room temperature. ” P = phosphazene base. ROH = alcohol added to
catalyst P. “ Conversion of TBL as determined by 'H NMR analysis of the crude polymerization mixture (refer to the experimental section).
“Molar mass calculated according to My, caic = [TBL]o/[P]y % Comv.rg;, X Mgy, With Myg;, = 204 g mol ™. “Molar mass determined from 'H NMR
based on the thiocrotonate end-group signal (refer to the experimental section). # Number-average molar mass (M, sgc) and dispersity (Dy) as
determined by SEC analysis in THF at 30 °C using polystyrene standards (uncorrected values). ’fPolymerization performed at 60 °C. ‘All P3TB
chains may not be linear and/or end-capped by a thiocrotonate moiety; refer to the discussion.’Molar mass calculated considering that added
BnOH or BnSH would act as an initiator/transfer agent.

3854 | Polym. Chem., 2023, 14, 3851-3861 This journal is © The Royal Society of Chemistry 2023
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active species, the latter acting as the initiating/chain-propagat-
ing species (vide infra). While the molar mass values as deter-
mined by SEC were similar to those calculated from 'H NMR
analysis (vide infra), and increased proportionally to the
monomer loading (compare entries 5 vs. 6), they were still
higher than the values calculated from the monomer-to-phos-
phazene ratio while all featuring a rather broad dispersity (P
= 1.68-1.88). The latter dispersity values are broader than
those of polyesters prepared with BEMP from rac-BL and rac-
BPL°%s (Py = 1.05-1.23 and 1.09-1.53, respectively).'®'? This
is likely due, at least to some extent, to transthioesterification
reactions that occur more easily with PTEs as compared to
their PHA oxo-analogues, since thioester bonds are more reac-
tive than similar oxoester bonds."?

The ROP of rac-TBL mediated by ¢tBu-P,, next investigated in
THF, a more polar solvent (¢ = 7.39 vs. 2.38 for toluene),
returned similar results (Table 1, entries 7-10). The reactions
proceeded apparently at about the same rate (compare e.g.
entries 5 vs. 8 and 6 vs. 9). The molar mass of the resulting
P3TBs, as determined by both NMR and SEC analyses,
increased monotonously with the [TBL]/[tBu-P,], feed ratio in
the range 25-100, but apparently saturated at a higher
monomer loading of 200 (M,nmr = 17700 g mol™, M, skc
(uncorrected) = 18 500 g mol™"; entry 10). Again, these experi-
mental molar masses were higher than those calculated from
the monomer-to-phosphazene ratio. The dispersity values were
somehow lower than those of the P3TBs prepared in toluene
(Dy = 1.42-1.52 vs. 1.54-1.88, respectively), yet in the same
range as the cyclic P3TBs we recently reported (Dy =
1.21-1.68)."* This possibly arises from the more polar solvent
which better stabilizes the ion-pair active species (vide infra).
On the other hand, the presence of cyclic P3TB within the
polymer samples may also rationalize that NMR molar mass
values are larger than expected and that the dispersity is
broadened, due to easy transthioesterification reactions, as
aforementioned.

Addition of 1-5 equiv. of benzyl alcohol (BnOH vs. tBu-P,)
did not change the polymerization rate or the characteristics

0t (a)

80 | =
__ 70}
2
= 60 s
o P
® 50 "
3
> *
c 40 - *
o *
© 30 *

20 L *

&
10 ¥
0 1 1 1 1
0 10 20 30 40 50
Time (h)

View Article Online

Paper

of the recovered P3TBs (compare entries 11-13 vs. 10). Also,
the ROP reactions conducted in the presence of one equiv. of
BnSH proceeded slightly more slowly in toluene or with
similar rates to that in THF, as compared to those conducted
in the presence of tBu-P, without a co-initiator, as judged by
monomer conversions (compare entries 5, 6 vs. 14, 15 and
entries 8 vs. 16, respectively). The experimental M, sxc values
of the corresponding P3TBs determined by SEC were also very
similar, no matter BnSH was added or not (compare also
entries 5, 6 vs. 14, 15 and entries 8 vs. 16, respectively). The
M, nvr Values determined by NMR analysis from the thiocro-
tonate end-groups are quite close to the theoretical values for
the P3TBs prepared in the presence of BnSH in toluene
(entries 14 and 15), but revealed much higher for the one pre-
pared in THF (entry 16). In all cases, no signals assignable to a
BnS end-group/initiating group could be identified in the
NMR spectra of the P3TBs (Fig. S9-S12t). This suggests that
such protic compounds, BnOH and BnSH, do not act as chain-
transfer agents, and that they are not involved in the initiation
process of these phosphazene-mediated ROPs of TBL. We pre-
viously made similar observations in the ROP of BL mediated
by BEMP, with no apparent effect of added ROH."" This con-
trasts with the ROP of the gem-dimethyl-substituted
p-thiolactone catalyzed by DBU where the presence of benzyl
mercaptan as an initiator is mandatory.'®

For these different reasons, the polymerizations were not
further investigated in the presence of BnSH (or BnOH) as a
possible co-initiator and we focused on ROP experiments con-
ducted solely with tBu-P,. NMR monitoring of the kinetics of
the ROP of TBL promoted by ¢Bu-P, in THF-dg indicated a first-
order reaction (Fig. 1) with the formation of thiocrotonate
groups (vide infia) at the very early stage of the polymerization.
This is consistent with the aforementioned initiation process
proceeding via the abstraction of one acidic methylene hydro-
gen by the phosphazene base. The plot of the molar mass
values calculated by NMR (M, nmr) against the monomer con-
version is almost perfectly linear, with the slope at the theore-
tical value (i.e., My, of TBL) of 204 ¢ mol™, yet with a non-zero

20
(b)
16
Kapp = (38.46 £0.31) x 10° h”!
12 R?=0.999

In([rac-TBL]/[rac-TBL],)
o
®

14
IS
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Time (h)

Fig. 1 Detailed kinetics of the ROP of rac-TBL by tBu-P,4 (without co-initiator) in THF-d5s at a feed ratio of 200 :1 at room temperature (Table 1,
entry 10); (a) (left): conversion of rac-TBL as a function of reaction time; (b) (right): semi-logarithmic first-order plot as a function of reaction time.
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intercept (Fig. 2). This first highlighted some features of a
“living” ROP. These observations are reminiscent of those
described by Waymouth and coworkers in the zwitterionic
ROP of lactide mediated by N-heterocyclic carbene organo-
catalysts.”® In this earlier work, linear plots of M, values
against monomer conversion with a nonzero intercept, com-
bined with narrow dispersities (Py < 1.3), were interpreted, as
supported by modeling of the kinetics, in terms of a living
polymerization with a slower initiation rate (k;) than the propa-
gation rate (kp); the initiation period, corresponding to the for-
mation of zwitterions, hence resulted, at low conversions, in
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Fig. 2 Molar mass values as calculated by NMR based on the thiocroto-
nate end-group obtained from the ROP of rac-TBL mediated by tBu-P,4
(without a co-initiator) in THF-dg at a feed ratio of 200 : 1 at room temp-
erature (Table 1, entry 10) as a function of rac-TBL conversion.
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higher molar mass than those predicted simply on the basis of
the monomer-to-initiator ratio and conversion.

The microstructure of the P3TBs was then investigated by
NMR spectroscopy. The 'H and “C{"H} NMR spectra of all
polymers, regardless of the solvent used (Fig. 3 and 4; see also
the ESI}) clearly displayed the signals characteristic of the TBL
repeating units, consistent with those of atactic P3TBs, as pre-
pared in our previous work.' In addition, a terminal thiocro-
tonate moiety was unambiguously observed in all cases: e.g.
the "H NMR spectra all featured the characteristic resonances
at § 6.86 ppm (CH;CH=CHC(=O0)S), 6.04 ppm (CH;CH=CHC
(=0)S) and 1.85 ppm (CH;CH=CHC(=O0)S). A DOSY NMR
analysis (Fig. 5) conducted on a P3TB prepared with ¢Bu-P, in
toluene revealed that the TBL repeating units and the thiocro-
tonate group correspond to the same diffusion coefficient,
hence supporting that the thiocrotonate moiety is an end-
group associated with the P3TB chains. Also, the DOSY spec-
trum confirmed the presence of {[¢tBu-P,]JH}" that distinctively
showcased a different and greater diffusion coefficient.
Altogether, these observations suggest that ROP of TBL pro-
ceeds through deprotonation of the acidic hydrogen of TBL by
tBu-P4, and more generally by phosphazene organocatalysts, to
generate eventually a phosphazenium-thiocarboxylate initiat-
ing/chain-propagating ion-pair active species (vide infra).
Alternatively, elimination of small molecules from the main-
chain of polyhydroxyalkanoates such as P3HB involving the
acidic hydrogen o to the carbonyl group is a quite common
phenomenon that generates polymer chains with crotonate
end-groups; a similar process may also be considered in P3TB
and would eventually lead to thiocrotonate end-groups.
Although the latter hypothesis seems less likely than the
initial deprotonation of TBL by the phosphazene, as hinted by

1
2233 6
NAY2
S
r T T NI T T
188 184 180

\ N 1 N /
NR=N—P—N=P-N
\ u /
A
7 /N\ 8
{tBu-P,H")
3 2 1 J\L
an R s i T X
o o~ o
- o *© S w i -
< b = s & g
= ] (o] oo (o] A
>0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -0

Fig. 3
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*H NMR spectrum (500 MHz, CDCls, 25 °C) of a P3TB prepared with tBu-P, in toluene (Table 1, entry 6).
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Fig. 5 DOSY NMR spectrum (500 MHz, CDCl3, 25 °C) of a P3TB prepared with tBu-P,4 in toluene (Table 1, entry 6); the bottom-left and upper-left

insers correspond to zoomed regions of the thiocrotonate hydrogens.

the formation of thiocrotonate groups observed from the very
early stage of the ROP (vide supra, Fig. 1 and 2), it cannot be
ruled out.

This journal is © The Royal Society of Chemistry 2023

To gain further insights, we monitored the stoichiometric
reaction between ¢Bu-P, and TBL in C¢Dg at room temperature
by *'P NMR spectroscopy (Fig. S281). This analysis revealed the
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near-quantitative formation of the phosphazenium cation
{[tBu-P,JH}* (5(*'P) 13.20 and —23.52 ppm; §('H) 2.64 ppm
(Me,N-P), 1.25 ppm (tBu-N=P)) within a few minutes. This
observation is in line with the reported findings on the ROP of
y-butyrolactone promoted by ¢Bu-P, in the absence of a co-
initiator, who also evidenced the quantitative formation of the
phosphazenium cation {[tBu-P,JH}*.*® The corresponding 'H
NMR spectrum is not very informative (Fig. S297): it features
broadened signals with the most intense ones at § values of ca.
1.56, 2.55 and 2.95 ppm assignable to the {[fBu-P,JH}" cation;
a weak, broad signal is observed at § ca. 7.5 ppm which may
correspond to the NH" in this cation. In addition, a very broad
signal is observed at § 3-4 ppm but no distinct signals assign-
able to a putative thiocrotonate species of the type
CH;CH=CHC(=O0)S™ could be observed (in particular no
signals were observed in the region § 6-7 ppm). This contrasts
with the aforementioned work which reported, in addition to
the signals for the {[¢tBu-P,JH}" cation, a set of sharp signals in
the region § ca. 3.0-4.25 ppm that were assigned to an anionic
y-butyrolactone dimer which can exist in either the ring-reten-
tion or ring-opening form, the ratio of which can be varied
with the reaction conditions (substrate ratio and reaction
time).”® Hence, the NMR analysis did not provide any hint on
the nature of the anionic species that pairs with the {[tBu-P,]
H}' cation resulting from the reaction of tBu-P, and TBL.

As evidenced by DOSY NMR analysis, the ROP of rac-TBL
promoted by ¢Bu-P, in toluene at room temperature
gives a single population of macromolecules, that is
a-thiocrotonate,w-[thiocarboxylate-phosphazenium] end-
capped linear P3TB. Based on the relative intensity of the thio-
crotonate and TBL repeating unit signals, the molar mass of
the resulting P3TBs can thus be, in principle, easily deter-
mined by "H NMR. For example, the ROP of rac-TBL promoted
by tBu-P, at a [TBL]o/[tBu-P,], feed ratio of 50:1 in toluene
gave the corresponding P3TB with M, xvr = 9500 g mol .
While this value is, to some extent, close to the (uncorrected)
value measured by SEC (M, sgc = 8200 g mol "), it is twice the
expected value based on a fast, fully efficient initiation (M, caic
= 4600 g mol™'; Table 1, entry 5) (vide infra). Note that,
however, as shown in Table 1 and as aforementioned, M, xmr
values do not necessarily match those determined by SEC.
These discrepancies between the expected and experimental
molar mass values may suggest the possible presence of cyclic
P3TB along with linear macromolecular chains. The formation
of some cyclic PTEs, which cannot be fully assessed by NMR
spectroscopic analyses, would be further consistent with a
ROP of the thiolactone mediated by ion-pair active species.
Indeed, organocatalytic zwitterionic polymerization of cyclic
esters is known to promote the formation of cyclic
polymers.>”*®

The prepared P3TBs were also analyzed by mass spec-
trometry (MS). MALDI-ToF- MS using trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB),
which revealed an effective matrix for such MS analyses of
P3TBs produced by yttrium catalysts,"* proved ineffective in
the present work: for all P3TB samples prepared from organo-

3858 | Polym. Chem., 2023, 14, 3851-3861
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catalysts tBu-P,, tBu-P, and BEMP, prepared either in toluene
or in THF, no signal but the one attributed to the protonated
phosphazene base was observed, even upon increasing the
laser power to very high levels. Only in the case of a P3TB
sample prepared with ¢Bu-P;, the MALDI-ToF mass spectrum
recorded at very high laser power returned signals for several
populations of macromolecules, among which cyclic P3TB or
linear a-thiocrotonate,o-[thiocarboxylic] end-capped P3TB was
unambiguously identified (Table 1, entry 3 and Fig. S30, S317);
note, indeed, that both cyclic P3TB and
a-thiocrotonate,w-[thiocarboxylic] end-capped P3TB have the
same molecular formula and hence cannot be differentiated
by MS. In a control experiment, a cyclic P3TB sample prepared
by yttrium catalysis,'* was mixed with a small amount (ca.
1 wt%) of BEMP, and the resulting sample was subjected to
MALDI-ToF MS analysis. Again, the MS signal of PTE macro-
molecules completely vanished. Unfortunately, phosphazene
bases obviously, even if present in a small amount, for a yet
obscure reason, are highly detrimental to obtaining
MALDI-ToF mass spectra of such P3TB samples.

Informative results could be further gained by performing
ESI-MS analysis (in the positive mode) of a relatively low molar
mass P3TB prepared with ¢tBu-P, in THF (Table 1, entry 7)
(Fig. 6). In addition to the very intense signal for the {[tBu-P,]
H}' cation (m/z = 634.4352), several series of macromolecular
ions could be observed, three of which were unambiguously
assigned to (i) (as the most intense one)
a-thiocrotonate,w-thiocarboxylic end-capped linear P3TB or
cyclic P3TB (i.e., both have the same molecular weight), (ii)
a-thiocrotonate,m-carboxylic end-capped linear P3TB and (iii)
a-thiocrotonate,m-methoxycarbonyl end-capped linear P3TB
(see Fig. S32-S347 for details of the ESI-MS spectra). Note that
the former two populations are also observed in the
MALDI-ToF mass spectrum. The observation of the latter two
populations in the ESI mass spectrum can be accounted for,
by hydrolysis and esterification by methanol (used as an ESI
matrix) of the former population, respectively, although it
cannot be deciphered whether it is linear or cyclic.

To possibly gain further insight into the macromolecular
topology and possibly evaluate the presence of linear and/or
cyclic P3TB in the isolated samples, TGA experiments were
conducted on four different, representative P3TBs (Table 1,
entries 2, 3, 9 and 10; Fig. S35-S387). The polymers prepared
with BEMP and tBu-P; (M, sgc = 8700 and 9200 g mol ") fea-
tured decomposition temperatures (T4, defined as the temp-
erature for 5% weight loss) of 192 and 196 °C, respectively;
these values are somewhat lower than that of a ‘pure’ cyclic
P3TB with similar molar mass prepared by yttrium catalysis
(T4 = 205 °C, M, gec = 7800 g mol™")."* On the other hand,
these values are significantly higher than those of the poly-
mers prepared using tBu-P, (Tq = 168-170 °C), even though
these polymers have a higher apparent molar mass (M, sgc =
17 200-18 500 g mol™"). The latter T4 values are much lower
than any of those observed for P3TBs prepared by yttrium cata-
lysis or with NaOMe (T4 = 186-230 °C)."* Cyclic P3TBs are
anticipated to feature higher thermal stability as compared to

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 Putative initiating steps at play in the ROP of TBL promoted by different phosphazenes.

their linear counterparts, as reported for other polyesters.”®
Hence, overall, the above observations suggest that the P3TBs
prepared using BEMP and ¢Bu-P; may be mixtures of cyclic
and linear macromolecules, while those prepared using ¢tBu-P,
could be enriched in linear topology.

Conclusion

The results of our preliminary studies on the ROP of TBL
mediated by different phosphazenes, namely BEMP, ¢Bu-P,, tBu-
P,, and ¢Bu-P,, are documented herein, emphasizing mechanis-
tic insights. NMR spectroscopic analyses conducted on P3TBs
produced wusing ¢Bu-P, do support the formation of
a-thiocrotonate,w-[thiocarboxylate-phosphazenium] end-capped

This journal is © The Royal Society of Chemistry 2023

linear P3TBs through a ROP mediated by ion-pair active species
along with S-alkyl bond cleavage. This suggests that such bulky
superbases behave essentially as basic, non-nucleophilic
initiators, although the exact nature of the putative anionic initi-
ating species generated in the very early-stage remains unclear
(Scheme 3). On the other hand, regarding the P3TBs produced
with less basic and less sterically hindered phosphazenes such
as BEMP and tBu-P,, we suggest that the latter ones may trigger
the ROP of this thiolactone also through nucleophilic attack at
the carbonyl group of rac-TBL with S-acyl bond cleavage, ulti-
mately  affording  {a-[BEMP/tBu-P;]",0-SH}P3TB  chains
(Scheme 3). Both mechanisms may likely compete and take
place at the same time, accounting in part for the uncontrolled
molar mass of the resulting polymers. ROP of TBL performed in
THF proceeds, to some extent, with some “living” features
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affording P3TB with a molar mass of up to M, xmr = 17.7 kg
mol™ and Py, = 1.42.
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