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have been paid for by the Royal Society
of Chemistry Discovering efficient catalysts is highly desired in expanding the application of halogen-bonding catalysis.
We herein report our findings on applying triaminocyclopropenium (TAC) iodides as highly potent catalysts
for halogen-bonding catalyzed living radical polymerization. Promoted by the unique effect of ion-pair
strain between the TAC cation and the iodide anion, the TAC iodides showed high catalytic efficiency in
the halogen-bonding catalysis toward radical generation, and surpassed the previously reported organic
iodide catalysts. With the TAC iodide as catalyst, radical polymerization with a living feature was

successfully realized, which shows general applicability with a variety of monomers and produced block
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Accepted 12th September 2022 copolymers. In addition, the TAC-iodides also showed promising feasibility in catalyzing the radical

depolymerization of iodo-terminated polymethacrylates. Noteworthily, the catalytic capacity of the TAC
DOI: 10.1039/d2sc04196k iodides is demonstrated to be closely related to the electronic properties of the TAC cation, which offers

rsc.li/chemical-science a molecular platform for further catalyst screening and optimization.
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Introduction

Halogen bonding (XB) is defined as the noncovalent interaction
between a polarized halogen substituent and a neutral or
charged Lewis base."* Taking the advantage of its high direc-
tionality, hydrophobicity, and strength tunability, XB has found
usages in a wide variety of aspects, ranging from mesomorphic
materials to drug discovery.>* Among them, XB-based organo-
catalysis has seen an upsurge of interest in recent years, with
a growth in the number of organic reactions reported that are
catalyzed through XB.""> In many of these cases, the halide
substituent on the substrate forms XB with the catalyst, which
induces a polarization and elongation of the R-X bond, thereby
facilitating nucleophilic substitution reactions.*

Although the XB-based organo-catalysis is undergoing
a rapid development, only a few examples of polymerization
reactions catalyzed by XB have been reported. Takagi and
coworkers employed XB to activate alkyl halide dormant
species, which generates carbon-centered cations and initiates
cationic polymerization.” Coulembier and coworkers applied
XB-based catalysis in the ring-opening polymerization of
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lactides.™ The catalyst functions as XB donor to coordinate with
the carbonyl group of the monomer and facilitates its ring-
opening. In particular, the application of XB-based catalysis in
radical polymerization was demonstrated by the seminal work
of Goto and coworkers, in which alkyl iodides and electron-
donating XB-acceptors were used as dormant initiators and
catalysts, respectively.'** Uniquely, the initiator and the cata-
lyst form XB and reversibly generates radical species, which
mediates living radical polymerization. This polymerization
approach, namely reversible complexation mediated polymeri-
zation (RCMP), is attractive in its non-metal catalysts, broad
monomer scope, as well as mild conditions. Further develop-
ments of efficient XB-catalysts are highly desired for increasing
the feasibility for industrial applications.

Cyclopropenium, firstly synthesized by Breslow in 1957, are
the smallest member of the Hiickel aromatic systems.”>*
Despite the apparent ring strain, the cyclopropeniums possess
considerable thermodynamic stability owing to the Hiickel
aromaticity. Triaminocyclopropeniums (TACs) in particular,
show remarkable stability against high temperature and
strongly alkaline conditions.>** The synthesis and application
of TACs have gained revived interest, and the TACs have found
broad uses as ionic liquids,***” electrolytes,®* nitrogen-based
ligands,* fluorophores,** biomaterials,* and catalysts.>*** An
unusual feature of TACs is their electron-rich 7 systems despite
being positively charged cations. As a result of this, there exists
an electronic ion-pair strain between TACs and their electron-
rich counter-anions, which leads to highly “naked” counter-
anions with unprecedented coordinative power in forming
strong noncovalent complexes.*”** Such ion-pair strain-
promoted noncovalent interactions intrigued us to consider if

© 2022 The Author(s). Published by the Royal Society of Chemistry
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this unique effect can be applied in XB-based catalysis. To our
knowledge, although the TACs have been applied as catalysts in
several cases, e.g., phase transfer catalysis and electro-photo
catalysis,**** its application in XB-based catalysis, especially
for radical polymerization reactions has yet to be explored.

In the present work, we report our recent progress in
exploring TAC iodides as efficient XB catalysts in catalyzing
radical polymerization reactions. To this end, pyrrolidine-
substituted cyclopropenium iodide (TACP-I, Scheme 1) was
synthesized and used as a catalyst. Promoted by the effect of
ion-pair strain, TACP-I can catalyze the radical-generation
reaction of 2-cyanopropyl iodide (CP-I) and mediate the poly-
merization reactions of methacrylates with unprecedented
efficiency. Its catalytic performance significantly surpasses the
previously reported catalysts, such as quaternary alkyl phos-
phonium iodide and quaternary alkyl ammonium iodide.
Besides being efficient in catalyzing polymerization, TACP-I also
shows enhanced capacity in catalyzing the depolymerization of
iodo-terminated polymethacrylates.

Results and discussion
XB catalysis in the radical-generation reaction

Before performing polymerization reactions, the catalytic
capacity of TACP-I in catalyzing the radical-generation reaction
of CP-I was investigated through radical-trapping experiments.
It is expected that the iodide anion of TACP-I can coordinate
with the iodo-substituent of CP-I through XB, and reversibly
generate CP radicals (Fig. 1a). 2,2,6,6-Tetramethylpiperidinyl-1-
oxy (TEMPO) was used to trap the generated radicals, yielding
CP-TEMPO. In a typical experiment, TACP-I (80 mM) was dis-
solved together with CP-I (10 mM) and TEMPO (20 mM) in
a mixed solvent of toluene-dg and acetonitrile-d;, and then the
mixture was heated at 60 °C. The conversion of CP-I to CP-
TEMPO was monitored using "H NMR spectroscopy. A repre-
sentative "H NMR spectrum of the solution of TAC-I, CP-I, and
TEMPO before and after heating is shown in Fig. 1b. After 2 h
reaction, signals belonging to CP-TEMPO appeared with
a significant decrease in the signal of CP-I. The nearly quanti-
tative conversion demonstrates the high efficiency of TACP-I in

XB-catalyzed radical generation.
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Fig. 1 Trapping the radicals generated from CP-I by TEMPO. (a) The
chemical equation of the radical-trapping reaction; (b) the *H NMR
spectra of the reaction mixture after O and 2 h of heating.

The importance of XB for the catalysis was confirmed using
an inhibition experiment. A tridentate XB donor TPFI (Scheme
2), which can strongly compete with CP-I for iodide anions, was
added into the reaction mixture.** As expected, the radical
generation was fully inhibited by TPFI, no CP-TEMPO product
was detected after 2 h of reaction (Fig. S17). In addition, TACP-
Cl with chloride anion as counterion was also applied as
a catalyst under the same reaction condition. Compared with
the iodide anion, the chloride anion is much less potent in XB
formation, thus being less effective in catalysis. The elimination
of hydrogen iodide to produce methacrylonitrile prevailed as
a side-reaction, leading to the low efficiency of radical genera-
tion (Fig. S27).

Organic iodide salts, including ammonium iodide TBN-I,
phosphonium iodide TBMP-1, and imidazolium iodide EMIZ-I
(Scheme 2), were reported as efficient catalysts for the radical-
generation reaction of CP-L.'** For comparison, these iodide
salts were applied as control catalysts under the same reaction
conditions as TACP-I. The time-conversion plots for different
temperatures are shown in Fig. 2. At 40 °C, the conversion of CP-
I to CP-TEMPO reached 94% in 5 h with TACP-I as the catalyst.
In remarkable contrast, none of the reactions catalyzed by TBN-
I, TBMP-1, or EMIZ-I gave conversions over 10%. In all cases,
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Scheme 1 Promoting halogen-bonding catalyzed radical polymerization through ion-pair strain.
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Scheme 2 Chemical structures of the involved catalysts and the inhibitor.

increasing the reaction temperature led to profound increases
in reaction rates. Noteworthily, the reaction catalyzed by TACP-I
reached a plateau with a conversion over 95% within 3 h at 50 °C
and 2 h at 60 °C, respectively. Under all reaction temperatures,
the catalytic capacity of TACP-I was significantly higher than
that of the three other organic iodide salts. Remarkably, only
variations in the non-catalytic cations lead to distinct differ-
ences in the catalytic performances, which shows the prom-
inent effect of ion-pair strain in promoting the XB-based
catalysis.

Because the ion-pair strain is derived from the orbital
repulsion between the high-lying highest occupied molecular
orbital (HOMO) of the TAC cation and the HOMO of the
counter-anion,* it is legitimate to speculate that tuning the
electronic properties of the TAC cation could affect the strength
of the ion-pair strain, thus leading to different catalytic perfor-
mances. To this end, TACE-I, which contains isopropyl, ethyl,
and methyl groups as substituents, was designed and synthe-
sized (Fig. 3a). The cyclic voltammetry analysis showed that
oxidation of the TACP cation occurred at 92.5 mV lower in
potential than that of the TACE cation (Fig. 3b). The lower
oxidation potential of the TACP cation suggests a higher energy
of its HOMO than that of the TACE cation. This was further
supported by density functional (DFT) calculation, which shows
that the HOMO of the TACP cation is 0.16 eV higher in energy
than that of the TACE cation (Fig. 3a). In principle, a higher
HOMO corresponds to a higher ion-pair strain effect, which
suggests that TACP-I should be a better XB catalyst than TACE-I.
The radical-generation reaction catalyzed by TACE-I was

performed with identical conditions to TACP-I, and the time-
conversion plot is shown in Fig. 3c. Indeed, the catalytic effi-
ciency of TACE-I is relatively lower than that of TACP-I, but still
considerably higher than that of TBN-I, TBMP-1, and EMIZ-I at
all three reaction temperatures. These results not only
confirmed the effect of ion-pair strain in XB catalysis, but also
showed the possibility of further optimization of the TAC-based
catalysts in a controllable manner.

XB-catalyzed living radical polymerization

Without the radical trapping by TEMPO, the radical-generation
reaction under XB catalysis is reversible. We expected that
TACP-I can act as a highly potent catalyst for radical polymeri-
zation as well, to provide the polymerization reaction with
efficient initiation and fast activation-deactivation cycles, thus
achieving controlled/living polymerization (Fig. 4a). Bulk poly-
merization of methyl methacrylate (MMA) was chosen as the
model reaction, and the four organic iodide salts (TACP-1, TBN-
I, TBMP-I, and EMIZ-I) were applied as catalysts. In general,
a mixture of CP-I and the catalyst in MMA with a molar ratio of
1:0.5:200 was heated at 60 °C for 5 h. The polymerization
reaction catalyzed by TACP-I was chosen as an example. The "H
NMR spectrum of the reaction mixture was obtained and shown
in Fig. S3,f in which the signals belonging to the monomer
MMA and the formed polymer PMMA were coexisted with
a calculated conversion of 66%. The obtained PMMA was
further characterized using gel permeation chromatography
(GPC), which gave a number-average molecular weight (M,,) of
19.3 kD with a dispersity value (P) of 1.10 (Fig. 4b). The first-
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Fig.2 The time—conversion plots of the radical-trap experiments catalyzed by TACP-I (red triangles), TBN-I (blue dots), TBMP-I (green triangles)
and EMIZ-1 (black squares) at different temperatures (a: 40 °C; b: 50 °C; c: 60 °C).
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Fig. 3 (a) The chemical structures and the calculated frontier molecular orbitals of TACP-I and TACE-I; (b) cyclic voltammograms of TACP-PFg

(blue) and TACE-PFg (black), Fc/Fc*: ferrocene/ferrocenium; (c) the time—conversion plot of the radical trapping catalyzed by TACE-I.

order plot of the monomer concentration [M] against reaction
time is shown in Fig. 4c, which is linear in the studied time
range. The M, of the resulted polymers also increased linearly
with the monomer conversion, and the molecular weight
distributions maintained narrow (with P < 1.20) even at high
conversions (Fig. 4d).

The corresponding results from the three other catalysts are
also included in Fig. 4 and Table 1. In general, the polymeri-
zation reaction proceeded more efficiently under the catalysis
by TACP-I, which is not just reflected in the reaction extent but

also in the polymer dispersity control (Fig. 4c and d). The
performances of the catalysts in polymerization agree well with
their capacity in catalyzing the radical-generation reaction, with
the order of TACP-I > TBN-I > TBMP-I > EMIZ-1. Noteworthily,
the superiority of TACP-I over the other organic iodide salts in
catalysis is even more distinct at lower reaction temperatures.
The performances of different catalysts in the polymerization
reaction of MMA at 50 °C and 40 °C were studied, and the
results are included in Table 1 (entry 12-18). At the low reaction
temperatures, TACP-I remained effective in catalyzing the
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Fig.4 XB-catalyzed radical polymerization of MMA. (a) General scheme of MMA polymerization; (b) GPC chromatograms of the obtained PMMA
polymers from the reactions catalyzed by different catalysts; (c) the plots of In([Mlo/IM]) against reaction time; (d) the plots of M,, and D against

conversion (red: TACP-I, blue: TBN-I, green: TBMP-I, black: EMIZ-I).
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Table 1 XB-catalyzed radical polymerization®
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Entry Monomer Catalyst [M]o/[1)/[cat.] T (°C) (h) Conv.% M, Grc (kDa) M car. (kDa) b

1 MMA TACP-1 200/1/0.5 60 5 66 19.2 13.2 1.10
2 MMA TBN-I 200/1/0.5 60 5 51 14.0 10.2 1.18
3 MMA TBMP-1 200/1/0.5 60 5 42 11.2 8.4 1.15
4 MMA EMIZ-1 200/1/0.5 60 5 7 4.5 1.4 1.43
5 MMA TACP-1 200/1/0.5 60 10 75 26.8 15.0 1.15
6 MMA TBN-I 200/1/0.5 60 10 64 20.3 12.8 1.17
7 MMA TBMP-1 200/1/0.5 60 10 59 17.2 11.8 1.15
8 MMA EMIZ-1 200/1/0.5 60 10 25 7.4 5.0 1.36
9 MMA TACP-1 200/1/0.3 60 5 55 12.5 11.0 1.17
10 MMA TACP-1 200/1/0.3 60 10 71 19.5 14.2 1.13
11 MMA TACP-1 200/1/0.3 60 24 84 22.5 16.8 1.20
12 MMA TACP-1 200/1/1 50 10 65 18.9 13.0 1.11
13 MMA TACP-1 200/1/1 50 6 54 13.3 10.8 1.14
14 MMA TBN-I 200/1/1 50 6 22 6.0 4.4 1.23
15 MMA TBMP-1 200/1/1 50 6 23 6.2 4.6 1.34
16 MMA TACP-1 200/1/1 40 24 60 16.1 12.0 1.18
17 MMA TBN-I 200/1/1 40 24 21 6.6 4.2 1.29
18 MMA TBMP-I 200/1/1 40 24 25 5.6 5.0 1.31
19 BzMA TACP-1 200/1/0.5 60 5 78 24.6 27.5 1.16
20 OMA TACP-1 200/1/1 60 5 64 34.4 18.2 1.30
21 TFMA TACP-1 200/1/0.5 60 5 73 40.4 24.5 1.06
22 MEMA TACP-1 200/1/2 60 10 60 23.8 17.3 1.25
23 BzA TACP-1 100/1/4 100 20 52 6.8 8.4 1.38
24 BA TACP-1 100/1/4 110 48 50 2.9 6.4 1.24
25 AN TACP-1 200/1/4 100 24 94 47.6 10.0 1.37

@ Note: the conv.% values were calculated from "H NMR; M, 6pc and D were obtained from GPC (DMF, calibrated using PMMA as standard); M, car.
was the theoretical molecular weight calculated from the conversion; CP-I was used as initiator in all experiments. All polymerization reactions were
performed in bulk, except AN was polymerized in ethylene carbonate (50 wt% solution).

polymerization, whereas the catalytic efficiency of TBN-I and
TBMP-I significantly decreased and resulted in polymers of low
M,, with broad dispersity. Other than the reaction temperature,
the effect of catalyst loading on the polymerization was also
studied. As shown in entry 9-11 of Table 1, the decrease in the
ratio of TACP-I led to slower reaction rate, but high conversions
could be realized by prolonging the reaction. Polymers with
growing M, and narrow P were obtained, demonstrates
a controlled polymerization process. Moreover, the initiator
efficiency under different reaction conditions was evaluated by
comparing the ratio of My, ¢, to My, gpc. It revealed that the
decrease in reaction temperature and catalyst loading improved
the initiator efficiency, although at the expense of the rate of
polymerization.

Besides MMA, several other monomers, such as benzyl
methacrylate (BzMA), oxiran-2-ylmethyl methacrylate (OMA),
2,2,2-trifluoroethyl methacrylate (TFMA), 2-methoxyethyl
methacrylate (MEMA), benzyl acrylate (BzA), butyl acrylate (BA),
and acrylonitrile (AN) were also well polymerized by applying
TACP-I as the catalyst, proving the general applicability of TACP-
I (Scheme 3, Table 1 entry 19-25). It is to be noted that, owing to
the stronger iodine—-carbon bond in the acrylate polymer than in
methacrylate polymer, an increased temperature is necessary
for the polymerization of acrylate monomers. In addition, an
acrylate monomer that contains TAC moiety (TACA) was
designed and synthesized, which can act as monomer and
catalyst at the same time.* Self-catalyzed copolymerization of

M356 | Chem. Sci, 2022, 13, 11352-11359

TACA and BzA was successfully achieved, produced copolymer
PTACA-co-BzA with M, of 6.4 kDa and D of 1.32 (Fig. S87). This
provides a facile approach to prepare TAC-containing polymers
for biomedical or energy-related applications.

To exploit the living character of the polymerization reaction,
chain-extension experiments were conducted. Premade PMMA-I
with M,, of 15.3 kDa and P of 1.11 was used as a macroinitiator
in the polymerization of MMA with TACP-I as the catalyst. The
GPC chromatograms at different reaction times are shown in
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Scheme 3 Chemical structures of the monomers used in

polymerization.
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Fig. 5 The GPC chromatograms of chain-extension polymerization (O min: black; 40 min: blue; 60 min: red) and block polymerization
(macroinitiator: black; PMMA-b-PBzMA: red). Characterized using GPC with DMF as eluent and PMMA as standard.

Fig. 5a. A large fraction of the PMMA-I macroinitiator gradually
extended to higher molecular weights, which confirms the
remaining activity of the iodide terminal group of PMMA-I. On
this basis, block polymerizations were also performed. Using
the same PMMA-I as macroinitiator and BzMA or TFMA as the
monomer, block polymers of PMMA-b-PBzMA (M, = 40.7 kDa, D
= 1.23) and PMMA-b-PTFMA (M,, = 71.3 kDa, D = 1.09) were
successfully obtained (Fig. 5b and S9-S127). As an example, the
GPC chromatograms of PMMA-I and PMMA-b-PBzZMA are
shown in Fig. 5b, the fraction of the PMMA-I macroinitiator
chains mainly moved to block copolymers, indicating the high
efficiency of block polymerization.

XB-catalyzed depolymerization

Reversing polymerization to regenerate the monomer is
attracting increased research interests.**** Cleaving the end-
groups of the polymers to generate radicals and increasing
the reaction temperature above the ceiling temperature of
polymerization are the two prerequisites to reversing the radical

@ccc0™ o ©
O o o
XB catalysis O 4O ©
A |_cecec )

Retention time / min

Fig. 6 GPC characterization of the PMMA depolymerization reaction
(PMMA-I: black; TACP-I catalyzed: red; TBN-I catalyzed: blue; TBMP-I
catalyzed: green).

© 2022 The Author(s). Published by the Royal Society of Chemistry

polymerization.”*>* Because TACP-I shows high catalytic effi-
ciency in radical-generation reactions, we wondered that if it
can also be applied in catalyzing the depolymerization reaction.
To this end, premade PMMA-I was used as a test polymer for the
depolymerization reaction. In a typical reaction, PMMA-I was
dissolved in tetraglyme with the catalysts (100 eq. relative to
polymer chains), and the reaction mixtures were heated at
120 °C for 24 h. The GPC chromatograms of the PMMA-I before
and after the reaction are shown in Fig. 6. With TACP-I as the
catalyst, the PMMA-I underwent considerable depolymerization
from M, of 10.2 kDa to 6.4 kDa. The generation of the MMA
monomer was confirmed using "H NMR and gas chromatog-
raphy (Fig. S13 and S14t). In contrast, the depolymerization of
PMMA-I with TBN-I or TBMP-I as catalysts were less effective;
only slight decreases in molecular weight were achieved.
Moreover, the molecular weight distributions of the remaining
polymers were clearly broadened with high M,, species gener-
ated, which indicates side reactions occur along with chain
degradation. In general, TACP-I surpassed other organic iodide
salts in catalyzing the depolymerization reaction. Even though
only moderate conversions of depolymerization were achieved
in the current system, it is expected that optimization of the
reaction conditions, could further promote the depolymeriza-
tion. For example, increasing the reaction temperature to 150 °C
led to further depolymerization (Fig. S177), although reaction
pathways other than the radical mechanism may co-existed.

Conclusions

Here, we have investigated the catalytic capacity of TAC iodides
for the first time in catalyzing radical polymerization. Promoted
by the unique effect of ion-pair strain between the TAC cation
and the iodide anion, the TAC iodides showed high catalytic
efficiency in the XB-catalyzed radical-generation reaction and
surpassed other reported organic iodide catalysts, such as
quaternary alkyl phosphonium iodide and quaternary alkyl
ammonium iodide. TACP-I, which bears pyrrolidine as
substituents, was further successfully applied in catalyzing the
radical polymerization of methacrylate monomers. The living
feature of this polymerization approach was demonstrated by
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chain-extension polymerization and block copolymerization
experiments. Besides catalyzing the polymerization reactions,
TACP-I was also applied as a catalyst for depolymerizing the
iodo-terminated PMMA, which showed better performance
than the other organic iodide catalysts. Noteworthily, the cata-
lytic capacity of the TAC iodides was demonstrated to be closely
related to the electronic properties of the TAC cation, which
could be facilely tuned by varying the substituents. Our current
efforts are directed toward the further optimization of the TAC-
based catalysts in controlled radical polymerization, as well as
the application of these catalysts in other XB-catalyzed organic
reactions.
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