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Controlling thiyl radical polymerizations is highly desirable for synthesizing polymers with precisely con-
trolled main-chain structures, yet it remains challenging due to the difficulty of reversibly controlling pro-
pagating thiyl radicals with existing methods. Here, we present a new strategy in which the propagating
thiyl radical undergoes desulfurization with trivalent phosphorus, generating a stabilized carbon radical for
reversible control. This approach enables the radical ring-opening polymerization of macrocyclic allylic
sulfides to be effectively regulated by reversible addition—fragmentation chain transfer (RAFT) agents,
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resulting in polymers with well-defined architectures, which was exemplified by the successful incorpor-
ation of sequence-defined segments into the polymer backbone, along with diblock copolymerization of
macrocyclic allylic sulfides. This work will further advance thiyl radical polymerizations toward polymers
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Introduction

Thiyl radical polymerizations represent a class of chain-growth
polymerization reactions that propagate via thiyl radicals and
have attracted growing attention in recent years because of
their potential applications in synthesizing polymers with
extended main-chain structural motifs compared with carbon
radical polymerizations."™* Despite this promising prospect,
thiyl radical polymerizations are challenging to regulate by tra-
ditional reversible-deactivation radical polymerization (RDRP)
techniques.”>" Consequently, these polymerizations often
encounter poor control over the molecular weight and disper-
sity of the resulting polymers, thereby limiting their ability to
produce materials with precisely defined structures. To
address this challenge, we recently proposed a strategy that
in situ converts the propagating thiyl radical into a stabilized
carbon radical capable of reversible control, thereby enabling
thiyl radical polymerizations to be regulated by reversible
addition-fragmentation chain transfer (RAFT) agents
(Fig. 1A).>* Although this strategy is highly efficient, desulfuri-
zation agents are still limited to isocyanides, which are both
costly and emit an unpleasant odor, thus diminishing the
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with controlled main-chain functionalities.

practicality of this approach. Therefore, expanding the scope
of desulfurization agents is necessary to apply this approach
more universally.

Trivalent phosphorus compounds are among the most
important classes of reagents in organic synthesis.**>® They
are readily accessible and well-known as significant ligands in
transition metal-catalyzed reactions, while their extensive use
as mediators in radical reactions is less known.>**' These
advancements can be traced back to the 1950s, when
Walling®** and Hoffman®® made a significant discovery by
demonstrating that alkyl thiyl radicals could be efficiently
trapped by trivalent phosphorus, resulting in the cleavage of
the C-S bond and the generation of carbon radicals.
Subsequently, various bond transformations through radical
desulfurization have been successively reported over the past
decades, further demonstrating the high efficiency of this
strategy.**** However, to our knowledge, the applications of
this strategy in regulating thiyl radical polymerizations remain
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Fig. 1 Approaches for controlling thiyl radical polymerizations.
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largely unexplored. On the basis of our new findings and pre-
vious studies on phosphorus-mediated radical desulfurization,
we envisaged that trivalent phosphorus could also serve as an
effective desulfurization agent for the in situ generation of
carbon radicals during thiyl radical polymerizations (Fig. 1B).

Herein, we realize this goal and employ trivalent phos-
phorus as a desulfurization agent to convert thiyl radicals into
carbon radicals during the polymerization process, thereby
enabling the radical ring-opening polymerization of macro-
cyclic allylic sulfides to be controlled by RAFT agents.
Systematic optimization of reaction conditions allowed
effective control over the molecular weight and dispersity of
the resulting polymers. The versatility of this approach was
further demonstrated through the successful incorporation of
various functional groups into the polymer backbone, along
with the radical diblock copolymerization of macrocyclic
monomers. Density functional theory (DFT) calculations indi-
cated that the capture of thiyl radicals by trivalent phosphorus
occurs through a kinetically and thermodynamically favorable
concerted mechanism.

Experimental
Materials

Unless otherwise noted, organic solvents such as dimethyl
sulfoxide (DMSO), N,N-dimethylformamide (DMF), tetrahydro-
furan (THF), toluene, and dioxane were of analytical purity
grade and used as received. Azobis(isobutyronitrile) (AIBN) was
recrystallized from methanol before use. Other commercially
available reagents were used without further purification. Thin
layer chromatography (TLC) was performed using Huanghai
TLC silica gel plates (SHGF254) and visualized using UV light.

Characterization

'H and ®C NMR spectra were recorded using a Bruker AV400
FT-NMR spectrometer with CDCl; as the solvent at room temp-
erature, and the chemical shifts were given in ppm. The
residual solvent signals were used as references (CDCls: 6y =
7.26 ppm and §¢ = 77.16 ppm). Size exclusion chromatography
(SEC) measurements were performed using a Shimadzu high-
performance SEC system HLC-8320SEC with an LC-20AD
pump at 40 °C and a flow rate of 0.6 mL min~'. HPLC grade
tetrahydrofuran (THF) was used as the eluent. Polystyrene stan-
dards (Shodex, SM-105) were used to determine the molecular
weight and molecular weight distribution of polymers. The
polymers were dissolved in the THF solution and filtered
through a 0.45 pm PTFE filter before being injected into the
SEC system. Matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry was performed
using a Bruker UltrafleXtreme mass spectrometer.

Computational methods

Unless otherwise noted, all quantum chemical calculations
were carried out with the Gaussian 16 computer program.*?
The geometry optimization and frequency calculations were
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performed at the MO06-2X/def2-SVP level with the solvation
model based on density (SMD) in DMSO.***” All computed fre-
quencies are real except the transition state structures, which
have one imaginary frequency. The connectivity between each
transition state and its two neighboring stationary points was
confirmed by intrinsic reaction coordinate (IRC) calculations.
Single-point energies were calculated at the PWPB95-D3(BJ)/
def2-TZVPP level with the SMD in DMSO,**7° and the calcu-
lations were carried out using the ORCA 5.0.4 computer
program.”™* Thermal corrections were implemented with
Shermo software® using a scale factor of 0.9762°* and
Grimme’s quasi-harmonic oscillator approximation® at a
temperature of 343.15 K and a concentration of 1 mol L.

General procedure for controlled radical polymerization

All polymerization reactions were performed under a nitrogen
atmosphere using a standard Schlenk technique. A stock solu-
tion of 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic
acid (CTA1) and a stock solution of AIBN were prepared in
degassed DMSO at 0.04 M and 0.04 M, respectively. A typical
procedure for the preparation of P1 is given below as an
example. A 10 mL Schlenk vial equipped with a stir bar was
charged with macrocyclic monomer 1 (0.1 mmol), followed by
the stock solution of CTA1 (0.04 M, 125 pL), AIBN (0.04 M,
125 pL), triethyl phosphite (0.12 mmol) and DMSO (750 pL).
The vial was then sealed. The solution was deoxygenated via
three freeze-pump-thaw cycles, backfilled with nitrogen, and
then heated at 70 °C for a given time. After the reaction, the
vial was cooled in an ice bath and opened to air to stop the
polymerization. The reaction mixture was diluted with a
minimum amount of DCM and precipitated in diethyl ether.
The obtained solid was re-dissolved in a minimum amount of
DCM for further precipitation, yielding the polymer that was
then characterized using SEC and NMR.

Results and discussion

We commenced our investigation by exploring the feasibility
of the polymerization with the use of monomer 1 as the model
substrate. Notably, multigram quantities of monomer 1 were
readily obtained using saccharin as the starting material
(Schemes S1 and S2t). Building on the conditions established
in our previous work,”> we then examined the radical ring-
opening polymerization of monomer 1 under various reaction
conditions, with representative results summarized in Table 1
(see the ESIf for more details). The polymerization was initially
carried out at 70 °C in the presence of AIBN and triethyl phos-
phite in DMSO under a nitrogen atmosphere, successfully
yielding polymer P1 with a number-average molecular weight
(M,) of 10.2 kDa and a dispersity (P) of 2.05 (Table 1, entry 1).
Introducing the RAFT agent CTA1 into the reaction reduced
the dispersity to 1.42, indicating that the polymerization has
been controlled by CTA1 (Table 1, entry 2). Note that whether
the polymerization was truly controlled still requires further
investigation through kinetic studies,”® which will be
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Table 1 Experimental conditions and results of the polymerization
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Entry” Monomer [M]/[CTA]/[AIBN] PR, RAFT agent Solvent Time Conversion? M Theo M, src d p?
1 1 20/0/1 P(OEt); — DMSO 48 h 80% — 10200 2.05
2 1 20/1/1 P(OEt); CTA1 DMSO 25h 80% 8400 7900 1.42
3 1 20/1/1 P(OEt); CTA2 DMSO 25h 80% 8300 6700 1.38
4 1 20/1/1 P(OEt); CTA3 DMSO 25h 81% 8300 6600 1.42
5 1 20/1/1 P(OEt); CTA4 DMSO 25h 81% 8400 6700 1.39
6 1 20/1/1 PPh, CTA1 DMSO 25h 82% 8600 6300 1.43
7 1 20/1/1 PPh,Pr CTA1 DMSO 25h 78% 8200 6800 1.44
8 1 20/1/1 PPhMe, CTA1 DMSO 25h 67% 7100 6500 1.36
9 1 20/1/1 P(OEt); CTA1 DMSO 12h 79% 8300 7800 1.41
10 1 20/1/1 P(OEt); CTA1 DMF 12h 62% 6600 6000 1.40
11 1 20/1/1 P(OEt); CTA1 Dioxane 12h 68% 7200 7900 1.40
12 1 20/1/1 P(OEt); CTA1 THF 12 h 57% 6100 5900 1.33
13 1 20/1/1 P(OEt); CTA1 Toluene 12h <5% — — —
14 1 10/1/0.3 P(OEt); CTA1 DMSO 12 h 69% 3800 6100 1.22
15 1 20/1/0.3 P(OEt); CTA1 DMSO 12h 50% 5400 8100 1.27
16 1 50/1/0.3 P(OEt); CTA1 DMSO 24 h 46% 11 900 9900 1.40
17 1 100/1/0.5 P(OEt); CTA1 DMSO 24h 41% 21500 13500 1.54
18 2 10/1/0.3 P(OEt); CTA1 DMSO 12 h 65% 4000 8000 1.26
19 2 20/1/0.3 P(OEt); CTA1 DMSO 12h 55% 6500 10 400 1.33
20 2 50/1/0.3 P(OEt); CTA1 DMSO 12 h 32% 9300 13 600 1.38
21 2 100/1/0.3 P(OEt); CTA1 DMSO 12h 23% 13200 14700 1.48
22 3 10/1/0.3 P(OEt); CTA1 DMSO 12h 77% 5600 11200 1.30
23 3 20/1/0.3 P(OEt); CTA1 DMSO 12h 61% 8600 14 300 1.39
24 3 50/1/0.3 P(OEt); CTA1 DMSO 12 h 49% 16 800 17 900 1.42
25 3 100/1/0.5 P(OEt); CTA1 DMSO 12h 42% 28 600 18300 1.49

“Experimental conditions: [M] =

0.1 M at 70 °C under a nitrogen atmosphere unless otherwise noted. ? Monomer conversion was determined by

'H NMR spectroscopy. ° Calculated following the equation: My, teo = [M]o/[CTA], x MW™ x conversion + MW ™, where [M],, [CTA],, MW™, and
MW ™ correspond to the initial monomer concentration, CTA concentration, average molar mass of the monomer and desulfurization unit, and
molar mass of CTA, respectively. ¢ Molecular weight and dlspers1ty were determlned by size-exclusion chromatography (SEC) analysis calibrated

to polystyrene standards.

addressed in Fig. 2. The polymerization could also be effec-
tively regulated using other RAFT agents, such as CTA2-CTA4,
demonstrating the broad applicability of RAFT agents in con-
trolling this polymerization (Table 1, entries 3-5). Among the
trivalent phosphorus compounds tested, triethyl phosphite
was identified as the optimal choice due to its polymerization
efficiency and commercial availability (Table 1, entries 6-8).
Further screening of solvents revealed that the polymerization
also proceeded well in DMF, THF, and dioxane, while no
polymerization occurred in toluene due to the low solubility of
monomers and polymers in this solvent (Table 1, entries
9-13). Consistent with controlled polymerization, we were able
to regulate the molecular weight of P1 by adjusting the

176 | Polym. Chem., 2025, 16, 174-180

monomer/CTA ratios (Table 1, entries 14-17). Notably, com-
pared to the isocyanides employed in our previous research,”?
trivalent phosphorus is not only commercially accessible but
also exhibits high efficiency for radical desulfurization, facili-
tating the production of polymers with relatively high mole-
cular weights.

With suitable polymerization conditions identified, we next
explored the scope and versatility of the polymerization. One
of the key advantages of this method is its ability to polymerize
macrocyclic monomers with less ring strain, as the efficiency
of polymerization relies on the effectiveness of the ring-
opening trigger. We hypothesized that even larger ring-sized
monomers could be efficiently polymerized under these

This journal is © The Royal Society of Chemistry 2025
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(A) The plot of In([M]o/[MI];) versus reaction time for the polymerization of monomer 1. (B) Plots of M, (red) and P (blue) versus monomer

conversion for the polymerization of monomer 1. (C) SEC traces for the kinetic study. (D) SEC traces for the diblock copolymerization.

conditions. Indeed, we found that macrocyclic monomer 2,
with a 20-membered ring, successfully polymerized to produce
polymer P2 (M,, = 8.0 kDa and D = 1.26), and a higher mole-
cular weight (M,, = 14.7 kDa and P = 1.48) was achieved at a
monomer/CTA ratio of 100/1 (Table 1, entries 18-21). Another
unique aspect of this polymerization is its ability to control
the functionality within the polymer backbone. To test this, we
designed and synthesized macrocyclic monomer 3, which
includes the ring-opening trigger along with 3-aminopropanol,
succinic acid, and butane-1,4-diol units, resulting in an ABCD
sequence within the polymer backbone after polymerization.
As expected, this monomer polymerized efficiently under the
established conditions, yielding sequence-defined polymers P3
with good control over molecular weights (Table 1, entries
22-25). These polymers, which are difficult to obtain using tra-
ditional radical ring-opening polymerizations, demonstrate
the potential of our polymerization strategy for accessing
complex, sequence-specific functional polymers.

To further confirm the controlled nature of the polymeriz-
ation, we studied the kinetics by sampling the reaction at
various time intervals. The polymerization exhibited first-order

This journal is © The Royal Society of Chemistry 2025

kinetic behavior with a linear increase in M, as conversion
progressed while maintaining relatively low dispersity, indicat-
ing effective control over the polymerization process.
Additionally, matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry was used to analyze
the microstructure of P1, revealing high chain-end fidelity in
the individual polymers (Fig. S15t). This underscores the high
efficiency of RAFT agents in regulating the chain-growth
process. An essential characteristic of controlled polymeriz-
ation is the ability to extend from intact chain-end groups. To
demonstrate this, we first synthesized a macromolecular CTA,
P1 (M, = 5.8 kDa and D = 1.11), through the homopolymeriza-
tion of monomer 1. This polymer was subsequently extended
using monomer 2, successfully producing a diblock copolymer
P1-b-P2 (M, = 8.0 kDa and b = 1.22, Fig. 2D). This outcome
highlights the potential of this approach for synthesizing poly-
mers with well-defined architectures.

Next, DFT calculations were conducted to investigate the
chain propagation process and further provide insight into the
origin of radical desulfurization (Fig. 3).>”>° The calculations
indicated that the capture of the thiyl radical by triethyl phos-

Polym. Chem., 2025, 16, 174-180 | 177
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Fig. 3 Calculated free energy profiles for the chain-growth process and the values given in kcal mol™ are the relative free energies.

phite occurs via a concerted mechanism, which exhibits a
lower energy barrier (TS1, 6.8 kcal mol™") compared to that for
the direct addition of the thiyl radical to the monomer (TS5,
9.9 keal mol™"). This finding suggests that radical desulfuriza-
tion is kinetically more favorable. In addition, this desulfuriza-
tion process is thermodynamically favorable due to a strong
P=S bond formed after desulfurization. Consequently, the
thiyl radical preferentially reacts with triethyl phosphite, desul-
furizing and yielding carbon radical intermediate Intl.
Notably, the desulfurization using isocyanides in our previous
work was found to be kinetically unfavorable.*” In contrast,
the desulfurization using trivalent phosphorus in this work
was Kkinetically favorable, further supporting the high
efficiency of trivalent phosphorus in desulfurization.
Subsequently, Int1 attacks monomer 1 through TS2 with an
energy barrier of 16.6 kcal mol™ to form Int2. An alternative
pathway that is more energetically favorable involves the revers-
ible deactivation of Intl by the RAFT agent (Int1-TS8-Int8),
characterized by an energy barrier of 12.3 kcal mol™", thereby
allowing for good control over the polymerization processes.
Subsequently, Int2 undergoes rapid and energetically favorable
radical cyclization, leading to the formation of Int3. Finally,
B-elimination of Int3 occurs via TS4 with an energy barrier of
9.9 kcal mol ™, resulting in the ring-opening of the macrocycle

178 | Polym. Chem., 2025, 16,174-180

and the generation of a propagating thiyl radical for the next
propagation cycle. Overall, the calculated results align well
with experimental findings, providing valuable mechanistic
insights into the chain-growth process.

Conclusions

In summary, we have developed a new strategy that effectively
enables the control of thiyl radical polymerizations using exist-
ing RDRP techniques. This approach relies on the desulfuriza-
tion of the propagating thiyl radical with trivalent phosphorus,
generating a carbon radical capable of reversible control,
which facilitates precise regulation of the radical ring-opening
polymerization of macrocyclic allylic sulfides through the
RAFT process. The versatility of this protocol was further
demonstrated by the successful synthesis of diblock copoly-
mers and the incorporation of sequence-defined segments
into the polymer backbone. Additionally, DFT calculations
confirmed that the desulfurization process occurs through a
kinetically and thermodynamically favorable concerted mecha-
nism. Considering the availability of trivalent phosphorus, we
anticipate that this method will provide a facile route to the

This journal is © The Royal Society of Chemistry 2025
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controlled synthesis of complex main-chain functional
polymers.
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