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The intrinsic advantages of poly(ionic liquid)s (PILs), based on their high chemical activity and flexible
structure, have been harnessed by exploring their applicability as catalytic single chain nanoparticles
(SCNPs). A non-covalent bioinspired approach has been established to ionically crosslink an imidazolium-
based poly(ionic liquid) to form folded SCNPs. An amphiphilic styrenic-type coPIL was synthesized by
reversible addition fragmentation chain transfer (RAFT) to include hydrophilic stabilizer units, hydrophobic
spacers and two antagonist functionalities randomly distributed through the polymer backbone. The
antagonist functionalities were then intramolecularly and ionically crosslinked using a simple anion meta-
thesis reaction, which resulted in folding to form the SCNPs under mild conditions. The folding process
enabled the protection of the N-heterocyclic carbene (NHC) functionality, through the benzoate—imid-
azolium interaction between antagonist monomer units. Upon the application of heat, free NHCs could
be generated within the confined SCNPs, which could be further utilized in benzoin catalysis. Most impor-
tantly, the reversible nature of the crosslinking and reversible generation of the active functionality
allowed for the utilization of the SCNPs as a recyclable catalytic support.

Introduction

Single-chain polymer nanoparticles (SCNPs) have recently
attracted increasing interest due to their exceptional and
unique properties in an array of applications in nanomedicine,
catalysis and information storage.'”® SCNPs are based on self-
collapsed individual chains that mimic the structure of folded
biomacromolecules, such as (poly)peptides or enzymes.”
Particularly in catalysis, these biomacromolecules serve as a
source of inspiration for the construction of artificial nano-
objects (i.e. nanoreactors) trying to emulate such precision
pathways towards functionality, specificity and efficiency.”®
The strategy followed is based on folding individual synthetic
polymer chains through intramolecular crosslinking to obtain
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SCNPs containing confined catalytic entities.”"" Whilst the
majority of work has been particularly focused on the use of
covalent intramolecular interactions for the synthesis of robust
SCNPs, the number of approaches based on reversible intra-
molecular interactions for the development of stimuli-respon-
sive SCNPs is increasing.>'>'® Reversibly bonded SCNP
synthesis was first achieved via non-covalent interactions
through hydrogen-bonding."* Subsequently, many other
folding/collapsing routes have been investigated, based on
hydrogen-bonding,">™*° host-guest interactions,>*** dynamic
covalent bonds,® disulfide bridges,> redox/pH/UV-responsive
SCNPs>*® or metal complexation.”” > All of these SCNPs can
be disassembled by applying different stimuli (e.g. pH/tem-
perature/redox change, solvent polarity variation, and includ-
ing host competitors). The formation of reversible SCNP lin-
kages that rely on dynamic configuration processes represent
probably the most promising pathway towards enzyme bio-
mimicry since the nature of these non-covalent bonds could
determine the function and performance of synthetic SCNPs
as occurs in certain proteins.® As a new type of non-covalent
bonding in SCNP technology, ionic liquids (ILs or PILs in the
polymerized version) display a solvent-independent ionization
state and have found unusually broad potential applications
such as catalysis, due to their negligible vapor pressure, high
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thermal stability and powerful solvation capability.**™>
Moreover, the freedom to choose the cation and anion and
their tunable miscibility with numerous organic compounds/
solvents make (P)ILs potential candidates as a new type of
non-covalent bond based SCNP for catalysis. To this purpose,
imidazolium-based (P)ILs have been found to serve as a latent
source of catalytically active N-heterocyclic carbenes (NHCs),
which are readily generated through a temperature-dependent
acid-base equilibrium.*®?” These masked NHCs have been
widely implemented in both molecular and supported macro-
molecular structures using a variety of different imidazolium
precatalysts. Interestingly, supported imidazolium-based
masked NHCs were previously decorated in our group with
different basic counter anions in a wide array of different poly-
meric structures such as with HCO;™ (in linear polymers),*®3°
acetate (in both linear polymers and folded SCNPs),*>*! or
sebacate (in gels),”> by simple anion exchange. Inspired by
such a concept, supporting on the one hand the imidazolium
cationic moieties (NHC source) and on the other hand the
basic counter anions (thermally latent trigger) on the same
single polymeric chain should enable the creation of a con-
fined SCNP pocket, based on electrostatic interactions. This
would facilitate the creation of thermally latent NHC based
catalytic centers, which could then potentially be utilized as
catalytic nanoreactors.

In this context, a new methodology for the collapse of a
linear imidazolium-based coPIL precursor, into an ionically-
crosslinked SCNP, using simple anion exchange has been
explored. The folding procedure has then been carried out
under mild conditions, through deprotonation of the car-
boxylic acid functionality. The resulting carboxylate then has
the dual role of physically crosslinking the SCNPs, whilst gen-
erating the masked NHC precatalyst. These SCNPs were further
used as a thermally latent homogeneous catalyst for the
benzoin condensation and could be easily recycled for a
number of cycles without any significant loss of activity
(Scheme 1). Functionalization of the SCNPs with carbon di-
sulfide evidenced the generation of the active NHC and
resulted in the unfolding of the ionically crosslinked SCNPs.

Experimental
Materials

Polymerization, catalyst loadings and catalysis experiments
were carried out using syringe techniques under dry argon in
baked glass tubes equipped with a two-way stopcock.
Benzimidazole (>95%), 4-vinylbenzyl chloride (90%), ethyl
bromide (99%) and 2-cyano-2-propyl benzodithioate (>97%)
were obtained from Aldrich and used as received. Poly(ethyl-
ene oxide) monomethylester (CH;0-PEO;,-OH, 750 g mol ™),
triethylamine (TEA), carbon disulfide (CS,), 4-vinylbenzoic
acid and 2-cyano-2-propyl benzodithioate (CTA) were obtained
from Aldrich and wused as received. Azobis(2-methyl-
propionitrile) (AIBN, 99%) was obtained from Aldrich and was
purified by recrystallization from methanol. The synthesis of
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Scheme 1 Design of catalytically active SCNPs for the benzoin con-
densation reaction.

N-ethylbenzimidazole (1), vinyl ethyl benzimidazolium chlo-
ride (2) and PEG¢-styrene (3) was performed as described in
the literature.”® Styrene and benzaldehyde were dried over
CaH, and distilled prior to use. Tetrahydrofuran (THF) was dis-
tilled over Na/benzophenone. All synthesized polymers were
purified by dialysis against methanol using “Standard Grade
Regenerated Cellulose Dialysis Membranes (Spectra/Por6) Pre-
wetted RC tubing” from Spectrum Lab with a molecular weight
cut-off (MWCO) of 3.5 kDa and used after cleaning with pure
water. All polymers were azeotropically dried using previously
distilled THF before performing the catalysis.

Characterization

'H NMR and ’C NMR spectra were recorded on a Bruker
AC-400 spectrometer in appropriate deuterated solvents. All
3C measurements were performed at 298 K on a Bruker
Avance III 400 spectrometer operating at 100.7 MHz and
equipped with a 5 mm Bruker multinuclear direct cryoprobe.
All DOSY (Diffusion Ordered Spectroscopy) measurements
were performed at 298 K on a Bruker Avance III HD 400
spectrometer operating at 400.33 MHz and equipped with a
5 mm Bruker multinuclear z-gradient direct cryoprobe-head
capable of producing gradients in the z direction with a
strength of 53.5 G cm™". For each sample, 3 mg was dissolved
in 0.4 pL of DMSO-d; for internal lock and spinning was used
to minimize convection effects. DOSY spectra were acquired
with the ledbpgp2s pulse program from the Bruker topspin
software. The duration of the pulse gradients and the diffusion
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time were adjusted in order to obtain full attenuation of the
signals at 95% of the maximum gradient strength. The values
were 2.0 ms for the duration of the gradient pulses and 300 ms
for the diffusion time. The gradient strength was linearly incre-
mented in 16 steps from 5% to 95% of the maximum gradient
strength. A delay of 3 s between echoes was used. The data
were processed using 8192 points in the F2 dimension and
256 points in the F1 dimension with the Bruker topspin soft-
ware. Field gradient calibration was accomplished at 25 °C
using the self-diffusion coefficient of H,0 + D,0 at 19.0 x 10*°
m®> cm™'. Dimethylformamide soluble polymers were first
solubilized in concentrations of 1 mg mL™" and their masses
were determined by size exclusion chromatography (SEC) in
DMF at 50 °C using a refractive index (RI) detector (Varian).
Analysis was performed using a three-column set of TSK gel
TOSOH (G4000, G3000, and G2000 with pore sizes 20, 75, and
200 A respectively, connected in series). A Bruker spectrometer
was used for ATR-FTIR analysis. Hydrodynamic diameters (Dy,)
and size distributions of the SCNPs were determined by DLS
on a Malvern Zetasizer Nano ZS system operating at 20 °C with
a 4 mW He-Ne 633 nm laser module. Samples were filtered
through a 0.2 um PTFE filter prior to measurement and quartz
cuvettes were used. Measurements were made at a detection
angle of 173° (back scattering), and the data were analyzed
using the Malvern DTS 6.20 software, using the multiple
narrow modes setting. All measurements were made in tripli-
cate, with 10 runs per measurement. TEM analyses were per-
formed on a JEOL 2011 (LaBg) microscope operating at 200
keV, equipped with a GATAN UltraScan 1000 digital camera.
The conventional bright field conditions were lacey carbon-
coated copper grids (Agar Scientific, 400 mesh, S116-4) coated
with a thin layer of graphene oxide. SCNP solutions were
diluted to 2 mg mL™" in MeOH before 4 uL of each sample
were drop-deposited onto the graphene oxide coated grids,
blotted immediately and allowed to air dry. Subsequent stain-
ing was applied using uranyl acetate to enhance the contrast.
Images were analyzed using Image] software, and 50 particles
were measured to produce a mean and standard deviation
for the particle size (D,,). SAXS experiments were performed
using a Xeuss 2.0 SAXS system equipped with two microfocus
sources operating at 45 kV and 0.88 mA. The MicroMax-002
system based on a microfocus sealed tube S5 source module
and an integrated X-ray generator unit producing Cu or Mo Ko
transition photons at a wavelength of 2 = 1.54 A was used.
Both the flight route and sample chamber in this equipment
were under vacuum. The scattered X-rays were detected on
a two-dimensional multiwire X-ray detector (Gabriel design,
2D-200X). The averaged scattered intensities were obtained as
a function of momentum transfer g = 4nd — 1 sin(6/2), where
6 is the scattering angle. Ambient conditions were used for
measurements with a sample to detector distance of 2 m.
The prepared solutions (concentration: 1 mg mL™', THF as
solvent) were added into capillaries of 2 mm thickness and
fixed perpendicularly to the beam. The data were corrected
by subtracting the result of the blank capillary filled with
the same THF employed for preparing the samples and
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applying the proper transmission corrections. All the SAXS
measurements were carried out by Warwick Scientific Services.

Synthesis

Synthesis of linear copolymer 4. CTA (15 mg, 0.067 mmol),
styrene (0.86 mL, 7.53 mmol), monomer 2 (570 mg,
1.89 mmol), 4-vinylbenzoic acid (280 mg, 1.89 mmol) and
monomer 3 (1.8 g, 2.02 mmol) were placed in a 20 mL glass
tube. Methanol (10 mL) was added into the tube and the solu-
tion was stirred. AIBN (11.1 mg, 0.067 mmol) was added under
dry argon at room temperature. Immediately after mixing, the
polymerization mixture was placed in an oil bath at 80 °C for
24 h. After reaching 40% conversion measured by "H NMR
spectroscopy, the reaction was terminated by cooling the
mixture to room temperature. The conversion was determined
from the concentration of the residual monomer detected by
'H NMR spectroscopy. The quenched reaction solution was
purified by dialysis against MeOH (1 L) using a 3.5 kDa dialysis
membrane and finally evaporated to dryness and subsequently
dried overnight under vacuum at room temperature. Yield =
33%. '"H NMR (DMSO-de): § (ppm) = 13.2-12.1 (br, 1H, HOOC-
Ar), 10.9-10.5 (br, 1H, N-CH=N), 8.3-6 (br, 34.3H, Ar-H),
5.9-5.5 (br, 2H, Ar-CH,-N), 4.7-4.1 (br, 4H, N-CH,-CHj,
O-CH,-Ar), 4.1-3.1 (br, 67H, O-CH,~CH,, CH;~CH,~0), 2.3-0.9
(br, 13H, CH,-CH- (backbone), N-CH,-CH3) (Fig. S1A%); *C
NMR (DMSO-dq): 166.4, 164.9, 150.2, 145.5, 142.7, 141.3-126.2,
113.1, 72.1, 70.3, 68.7, 52.1, 50.9, 13.2 ppm (Fig. S2A%); IR:
v 3422.7 (OH), 1719.6 (C=0), cm™" (Fig. S37 in red).

Synthesis of SCNP 5. Linear copolymer 4 (1 g) was dissolved
in 1 L of MeOH at a concentration of 1 mg mL™' in a 1 L
round bottom flask. A large excess of TEA (10 eq.) was added
dropwise to the methanolic solution. The resulting mixture
was stirred at room temperature for 24 h until the anion
exchange was complete, as evidenced by 'H NMR spec-
troscopy. The SCNP 5 solution was concentrated in vacuo and
dialyzed (3.5 kDa MWCO) against MeOH (1 L) to remove the
liberated salt and the excess TEA. The purified SCNP 5 was
dried under reduced pressure to yield a viscous oil. Yield: 89%
'H NMR (DMSO-dg): 6 (ppm) = 11.6-10.9 (br, 1H, N-CH=N),
8.3-6.05 (br, 34.3, Ar-H), 6-5.55 (br, 2H, Ar-CH,-N), 4.83-4.05
(broad, 4H, N-CH,-CHj, Ar-CH,-0), 4.1-3.1 (br, 67H, O-CH,-
CH,, CH;-CH,-0), 2.3-0.8 (br, 13H CH,-CH-(backbone),
N-CH,-CHj;) (Fig. S1Bf); °C NMR (DMSO-ds): 166.8, 150.4,
145.4, 132.4-127.3, 113.1, 72.1, 70.3, 51.9, 13.2 ppm
(Fig. S2B7); IR: v 1715.6 (C=0), 1619.7, 1536.7 (COO™) cm™*
(Fig. S3t in blue).

Synthesis of unfolded copolymer 6. In a 10 mL glass tube,
folded SCNP 5 (155 mg) was azeotropically dried using dis-
tilled THF. Then 2 mL of dry THF was added and the solution
was stirred. CS, (0.4 mL) was then added at room temperature
under argon. The solution was stirred at 80 °C for 24 h and the
color change from colorless to red was observed, this being
indicative of NHC-CS, formation. After cooling, the excess CS,
and the solvent were removed under reduced pressure. Yield =
>95% 'H NMR (DMSO-dg): 6 (ppm) = 13.2-12.9 (br, 1H,
HOOC-Ar), 8.2-6 (br, 34.3H, Ar-H), 5.9-5.3 (br, 2H, Ar-CH,-N),

This journal is © The Royal Society of Chemistry 2018
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4.8-4.1 (br, 4H, N-CH,-CH;, O-CH,-Ar), 4.1-3.1 (br, 67H,
O-CH,-CH,, CH;-CH,-0), 2.3-0.9 (br, 13H, CH,-CH-(back-
bone), N-CH,~CH3) (Fig. S4A1); *C NMR (DMSO-de): 223.9,
167.2, 166.6, 152.7, 150.4, 145.2, 132.6-124.3, 113.1, 72.1, 69.7,
52.3,43.2, 13.8 ppm (Fig. S4B7).

Synthesis of the molecular model. Monomer 2 (0.5 g,
1.67 mmol) was solubilized in methanol (2 mL). Potassium
acetate (0.18 g, 2 mmol) was added and the reaction carried
out at rt under stirring for 16 h. The solution was filtered to
remove the formed KCl and dried under reduced pressure.
Yield >95%. 'H NMR (DMSO-dg): & (ppm) = 10.6 (s, 1H,
N-CH=N), 8.15-7.4 (m, 8H, Ar-H), 6.78-6.6 (dd, 1H, CH,-CH-
Ar), 5.85 (d, 2H, CH,-CH-), 5.79 (s, 2H, Ar-CH,-N), 5.3 (d, 2H,
CH,-CH-), 4.5 (m, 2H, N-CH,-CHj), 1.6 (s, 3H, “OOC-CH),
1.5 (t, 3H, CH,~CH;) (Fig. S57).

Synthesis of the linear model polymer. 2-Cyano-2-propyl
benzodithioate CTA (30 mg, 0.13 mmol), styrene (2.64 mL,
23 mmol) and monomer 2 (1.21 g, 4 mmol) were placed in a
20 mL glass tube. Methanol (10 mL) was added and the sus-
pension was allowed to stir for 5 min until a solution was
obtained. AIBN (27 mg, 0.11 mmol) was then added to the
methanolic solution under dry argon at room temperature.
After mixing, the glass tube was placed at 80 °C in an oil bath
for 17 h. 46% conversion was reached as evidenced by "H NMR
spectroscopy. The reaction was quenched by cooling the solu-
tion to room temperature. The crude copolymer was then puri-
fied by dialysis against methanol (1 L x 2 every 24 h) using
3.5 kba MWCO dialysis membranes. The obtained copolymer
(1 g) was solubilized in methanol and subjected to anion
exchange by adding potassium acetate (0.7 g, 10 eq.) to the
solution; this was then left overnight under stirring. The reac-
tion mixture was then cooled, filtered, and dried under
reduced pressure. Yield = 39%. "H NMR (DMSO-d): § (ppm) =
11.5-10.5 (br, 1H, N-CH=N), 8.2-6.05 (br, Ar-H), 6-5.55 (br,
2H, Ar-CH,-N), 4.6-4.4 (br, 2H, N-CH,-CHj), 2.3-0.9 (br, 9H,
“O0C-CH;, N-CH,-CH;, -CH,-CH- (backbone)) (Fig. S67).
SEC analysis “P” = 1.18; M,, = 14.8 kDa (Fig. S7+).

General procedure for the benzoin condensation reaction

In a 10 mL glass tube, different catalysts were first azeotropi-
cally dried using distilled THF. Then, dry THF was added
keeping a reference catalyst concentration of 20 mg mL™". The
solution was stirred, and previously distilled benzaldehyde (10
eq.) was added under argon. The resulting mixture was stirred
under argon at 80 °C for 24 h. After cooling, an aliquot was
immediately taken and analyzed by '"H NMR spectroscopy to
determine the conversion by comparing the integral value of
the aldehyde signal of the benzaldehyde starting material (s,
1H, 10 ppm) with that of the ~-CH- benzoin product signal (s,
1H, 6 ppm) (Fig. S8-107).

General catalyst recycling procedure

After the previous catalytic cycle was performed, the resulting
mixture was cooled down, significantly diluted in methanol
and purified by dialysis (3.5 kDa MWCO) against MeOH (1 L x
2 every 24 h) in order to remove unconverted benzaldehyde,

This journal is © The Royal Society of Chemistry 2018
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formed benzoin and THF. The catalyst was dried under
vacuum and azeotropically dried once again using THF before
the next catalytic run.

Results and discussion
Synthesis of catalytically active SCNPs

Amphiphilic copolymer 4 was synthesized by reversible
addition fragmentation chain transfer (RAFT) polymerization
in methanol at 80 °C, in the presence of 2-cyano-2-propyl
benzodithioate as a chain transfer agent and AIBN as an initiator.
Copolymers were prepared by randomly copolymerizing the
commercially available monomers 4-vinyl benzoic acid and
styrene as well as the synthesized vinyl ethyl benzimidazolium
chloride (2) and PEG;¢-styrene (3). Note that monomer 2 was
polymerized in its chloride form, which enabled the use of
methanol as the copolymerization solvent (Scheme 2). To
obtain SCNPs with comparable size and similar amphiphilic
character to those reported in the literature,®®*" the total
theoretical degree of copolymerization of different styrenic
monomers was kept around 80. The copolymerization was not
carried out to full conversion (instead to ca. 40%) to avoid side
reactions which might have led to a loss of a key functionality
or to an increase in dispersity. Consequently, the molar mass
distribution (Dy;) was narrow (1.2) for all of the copolymeriza-
tions. The conversion of the monomers was quantified via 'H
NMR spectroscopy by both the disappearance of the vinyl
peaks and the broadening of the C,-proton during copolymeri-
zation. The almost identical consumption of the four different
styrenic monomers, together with the moderate conversion,
indicated that a statistical copolymer distribution was
achieved. The composition of benzoic acid, styrene, 2 and 3 in
copolymer 4 was then found to be 0.15/0.55/0.15/0.15, respect-
ively, as identified by 'H NMR spectroscopy (Fig. S1At).

In the previous work from our group, SCNP-supported
NHCs were generated upon heating to a temperature of 80 °C
involving a post-functionalization approach to confer the ther-
mally latent behavior to NHC precatalyst moieties.’”*! As a
more facile and scalable alternative, we apply here an anion-
exchange method enabling the triggering of the self-folding of
the RAFT-derived copolymer precursor. This provides, on the
one hand, a three-dimensional robust SCNP structure and, on
the other hand, a basic counter anion for the benzimidazo-
lium moieties, hence enabling their utility as a latent NHC
source upon thermal triggering. Indeed, the ionic nature of
the crosslinking requires only mild conditions for the trigger-
ing of SCNP folding and also confers reversibility in this
process. In detail, linear copolymer precursor 4 was subjected
to an anion metathesis reaction under diluted conditions
(1 mg mL™"), replacing the chloride anions (present in benz-
imidazolium moieties) by carboxylate ones (present in benzoic
acid moieties) in the presence of triethylamine (TEA) to afford
SCNP 5.

This folding process, in which a carboxylate counter anion
ionically interacts with the benzimidazolium cation, was

Polym. Chem., 2018, 9, 5286-5294 | 5289
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Scheme 2 Synthetic route to the parent linear copolymer 4 by RAFT copolymerization of 2, 3, 4-vinylbenzoic acid and styrene, followed by a
folding step caused by anion metathesis leading to the formation of SCNP 5. Unfolded copolymer 6 could be obtained by irreversibly post-functionalizing

SCNP 5 with CS,.

evidenced using a range of analysis methods, including
"H and >C NMR spectroscopy, diffusion ordered spectroscopy
(DOSY), Fourier transform infrared spectroscopy (FTIR), size
exclusion chromatography (SEC), dynamic light scattering
(DLS), transmission electron microscopy (TEM), and small-
angle X-ray scattering (SAXS). In particular, '"H NMR spec-
troscopy revealed the disappearance of the acidic -OH proton
signal, as well as the shift of the benzimidazolium C,-proton
signal from 10.5 to 11.4 ppm (Fig. S1At). FTIR confirmed the
disappearance of the acidic -OH vibration signal around
3300 cm™', and the presence of the acetate symmetric and
asymmetric vibrations in the 1500-1600 cm™" (specifically at
1590 cm ™) region (Fig. $37). It is known that PILs supporting
polycations and polyanions in the same backbone are difficult
to characterize by SEC analysis due to electrostatic interactions
with the stationary phase.**** Thus, after testing a number of
different solvents, the use of DMF containing 10 mM
°C was found to be
optimal. An increase in the retention time for SCNP 5 com-

ammonium tetrafluoroborate at 50

pared to linear precursor 4 was observed, which was attributed
to the decrease in hydrodynamic volume, confirming success-
ful folding of the co(PILs) (Fig. 1A).

Dynamic light scattering (DLS) experiments were performed
to confirm the single chain folding of the prepared copoly-
mers. The folded SCNP 5 was analyzed at a concentration of
5 mg mL™" and showed a single peak around 12 nm for the
hydrodynamic diameter (distribution in volume) at room
temperature. However, we were also interested in the particle
size at catalysis temperature (i.e. 80 °C in THF) and hence vari-

5290 | Polym. Chem., 2018, 9, 5286-5294

able temperature DLS analysis was performed, as summarized
in Fig. 1B (see Fig. S117} for 20-80 °C range). This analysis con-
firmed a relatively homogeneous diameter of the SCNPs from
room temperature (rt) to catalytic conditions. Dry state TEM,
stained with uranyl acetate, revealed particle diameters of
7-10 nm, confirming the results obtained by DLS analysis
(Fig. 1Ct).

To further confirm the change in size upon folding, the
linear and folded co(PILs) were characterized by DOSY NMR
spectroscopy in DMSO-ds. This characterization technique
confirmed the faster diffusion coefficient for the SCNP 5 (D =
3.14 x 107" m s7?) compared to the linear precursor 4 (D =
2.39 x 107" m” s7") and also allowed for the calculation of the
hydrodynamic diameter of the SCNPs (of ~7 nm) using the
Stokes-Einstein equation (Fig. S127). Furthermore, despite the
suggested presence of some larger aggregates, SAXS measure-
ments (fitted to a compact particle model) unambiguously
revealed a compaction from 9.4 nm to 5.3 nm calculated from
the Porod region in the Kratky plot (Fig. 1D). All of these
characterization methods afforded similar values for SCNP dia-
meter (with variations attributable to the different measure-
ment conditions, solvents, etc.) and confirmed the successful
folding of the linear coPIL 4 to form the SCNP 5.

Benzoin condensation catalysed by SCNP 5

This particular folding technique was of interest as it provided
a method for the generation of a thermally latent NHC pre-
catalyst, which could be activated upon thermal cleavage of the
intrachain crosslinks. To prove that an active NHC species was

This journal is © The Royal Society of Chemistry 2018
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(A) SEC responses (in DMF in the presence of 10 mM NH4BF,4; Rl detector) of SCNP 5 (red line) obtained via cross-linking of copolymer pre-

cursor 4 (blue line) by anion exchange. (B) DLS analysis of SCNP 5 at rt (solid red line) and at catalysis temperature (solid black line) distributed by
volume in THF (conc. = 5 mg mL™). (C) TEM images of SCNP 5 (conc. = 1 mg mL™" in methanol) stained with uranyl acetate; scale bar = 50 nm.
(D) Kratky log-log plot from the SAXS analysis of precursor 4 (solid blue line) and folded 5 (solid red line) in THF (conc. = 1 mg mL™%; fitted to a

compact particle model).

generated upon heating SCNP 5, an NHC-CS, adduct forming
reaction was carried out (copolymer 6; Scheme 2).*° Upon the
addition of CS, irreversible and selective “trapping” of the gen-
erated active NHCs in the SCNPs was expected. This was con-
firmed by identifying the characteristic signals of the NHC-CS,
betaine (223.9 ppm, corresponding to the dithiolate group in
the >C NMR spectrum; Fig. S4B7).*> Masked carbenes in their
active form are known for their versatility and capability of
acting as (organo)catalysts in a wide array of (macro)molecular
reactions.>®*7*®*” since the folding step afforded a 3D confor-
mational masked NHC precatalyst, no further post-functionali-
zation was required prior to catalysis. We hypothesized that
the active NHC species could be generated upon heating as
previously proven by NHC-CS, selective formation, resulting in
the generation of a thermally latent catalyst, which could be
utilized in an organic transformation.

Benzoin condensation was chosen as model reaction
because it is almost exclusively catalysed by carbenes,*® and
hence would permit the evaluation of the catalytic perform-
ance of our system. Therefore, this reaction was first
implemented in THF using benzaldehyde as the substrate and
10 mol% of SCNP 5 (reference concentration: 20 mg mL™")

This journal is © The Royal Society of Chemistry 2018

relative to benzimidazolium moieties. In the first catalyst run
using these conditions, 71% of benzaldehyde units were con-
verted into benzoin after 24 h (Run 1; Table 1) and no higher
conversions were observed when prolonging the experiment
time up to 48 h (Run 2). Interestingly, owing to both the incor-
porated side oligo-PEG in the polymeric structure and thermo-
latent behavior of SCNPs, the increased solubility allowed
polymer-supported catalyst recycling after catalyst deactivation,
namely, by dialysis against methanol (see the Experimental
section). Conversions remained around 70% after 24 h of reac-
tion, and after three consecutive catalytic cycles when SCNP 5
was applied. This highlights the robust and reversible nature
of our latently crosslinking approach (Runs 3 and 4).

The role of confined space, where the reagents are able
to efficiently interact with the thermally latent NHC, was
then explored. The amount of SCNP 5 catalyst was thus
decreased from 10 mol% to 1 mol%. Interestingly, conversions
increased from 71% to 85%, reducing the mol% of the SCNP 5
ten-fold (Runs 5 and 6). However, when the catalyst amount
was dropped further to 0.1 mol% (Run 7), the conversion
did not increase, suggesting a product inhibition effect in
the catalytic pocket of SCNP 5, which has been observed

Polym. Chem., 2018, 9, 5286-5294 | 5291
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Table 1 Benzoin condensation
different conditions

experiments
o]
©)\H

reactions of benzaldehyde under
using NHC-containing SCNPs and control

2 QO
OH

Catalyst

THF, 24 h, 80 °C

S
0.85 [0.1580 §

o

@O O‘ o
O o

Molecular Model Linear Model
Cat. Time Conv.?
Run Catalyst (mol%) Cycle (h) (%)
1 SCNP 5 10 15 24 71
2 SCNP 5 10 1%t 48 71
3 SCNP 5 10 ond g 69
4 SCNP 5 10 3 24 68
5 SCNP 5 5 15 24 76
6 SCNP 5 1 1%t 24 85
7 SCNP 5 0.1 15 24 80
8 Molecular 10 1t 24 74
model”
10 Molecular model 5 1%t 24 62
11 Molecular model 1 18 24 61
12 Molecular model 0.1 1t 24 45
13 Linear model® 10 15 48 61
14 Linear model 5 1% 24 61
15 Linear model 1 1t 24 50
16  Linear model 0.1 1%t 24 50
17 2 10 1% 24 0
18 4 10 15 24 0
199 SCNP5 10 1% 24 0
20 — — 15 24 0

?Conversions were calculated by '"H NMR spectroscopy (Fig. S8).
b Active monomer based molecular model. “ Linear model containing
randomly ordered spacers and active monomer units. ¢ Entry 19: the
catalysis reaction was run in water. The reference catalyst concen-
tration used was 20 mg mL~" and temperature was set at 80 °C. In all
catalytic experiments, no enantiomeric selectivity was observed.

before in similar confined systems.”> More specifically, we
hypothesized that this inhibition effect could come from the
generated -OH moieties in benzoin molecules that would
inhibit the NHC catalyst as similarly occurred in other masked
NHC catalytic systems.>® %0

To examine the relationship between the confinement
effect and inhibition provoked by the catalysed benzoin
product, SCNP 5 was compared with a linear polymeric model,
i.e. only bearing the NHC precatalyst and spacer moieties, and
a molecular model based on an active benzimidazolium
monomer. Both molecular and macromolecular models were
assessed for the benzoin condensation reaction under the
same catalysis conditions as SCNP 5. No appreciable confine-
ment effect was found when the molecular model was used,

5292 | Polym. Chem., 2018, 9, 5286-5294
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showing a progressive decrease in conversion from 74% to
45% when decreasing the catalytic amount from 10 to
0.1 mol% (Runs 8-12). The lower catalytic performance of the
molecular model compared to SCNP 5 could be due to the
poor solubility of benzimidazolium benzoate and subsequent
aggregation in the solvent used (i.e. THF). Conversely, the
linear copolymeric model based on styrenic benzimidazolium
benzoate moieties showed higher solubility compared to the
molecular model, but led to a lower catalytic activity than both
the molecular model and, more importantly, SCNP 5. In fact,
only 61% conversion was obtained when using 10 mol% of the
linear copolymer, which dropped up to 50% when the catalyst
loading was decreased down to 0.1 mol% (Runs 13-16). The
observed plateau of 50% conversion when using either 1 or
0.1 mol% catalyst (Runs 15 and 16, respectively) suggested
that the inhibition effect was probably more apparent in the
linear model, since the catalytic sites were more exposed to the
obtained product (i.e. benzoin), and hence, more prone to
inhibition than SCNP 5. This is proposed to be due to the con-
finement effect on SCNP 5, leading to an energy-free driven
catalytic nanoreactor system based on the osmotic gradient
between the SCNP pocket and the external solution.**?~>3

Otherwise, for comparison, the chlorine-containing
monomer 2 and the linear parent coPIL 4 were also tested
under the same conditions (Runs 17 and 18). However, no
benzoin product was obtained, providing further evidence for
the role of benzoate counter-anions to generate in situ catalytic
SCNP-supported NHCs. Finally, control experiments were per-
formed in order to successfully discard any catalytic activity of
SCNP 5 in H,O (Run 19) or spontaneously generated benzoin
without a catalyst under previously used conditions (Run 20).
It is also worth mentioning that no benzoin conversion was
observed when the experiments were run at room temperature,
in good agreement with previously reported studies of our
group reporting similar systems.**"*?

This non-covalently crosslinked SCNP approach illustrates
the importance of having the normally ionic catalyst tethered
to the SCNP scaffold for efficient catalysis of generated soluble
products which may entail inhibition in relatively apolar
solvent conditions.

Conclusions

In summary, a novel type of non-covalently bonded SCNP
obtained by RAFT copolymerization is reported. Exploiting the
PIL nature of the parent linear precursor, amphiphilic SCNP
folding was triggered by a mild anion metathesis intra-
molecular reaction. The collapse was confirmed by different
characterization methods (*H/**C NMR spectroscopy, SEC,
DLS, SAXS, TEM and FTIR). These SCNPs contain latent NHC-
type active species which could be thermally activated without
the need for an exogenous reagent. The relatively high conver-
sions (~70%) in the benzoin condensation reactions could be
maintained up to 3 catalytic cycles. Interestingly, the conver-
sions could be enhanced up to 85% when 1 mol% catalyst was

This journal is © The Royal Society of Chemistry 2018
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used, as a result of the confinement in the catalytic environ-
ment in THF. The latter was further evidenced when compar-
ing SCNPs with both molecular and polymeric models,
showing higher catalytic efficiency, probably due to the
smaller catalyst inhibition effect in the SCNP catalytic pocket.
Finally, post-modification of SCNPs by CS, insertion confirms
the NHC active species generation, as well as providing a
simple SCNP unfolding route. Although synthetically challen-
ging, opening the SCNP chemistry to an entirely new terrain
based on non-covalent interactions using PIL structures can
provide answers to major organocatalysis challenges.
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