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ABSTRACT: Enzymes are a source of inspiration for
chemists attempting to create versatile synthetic catalysts.
In order to arrive at a polymeric chain carrying catalytic units
separated spatially, it is a prerequisite to fold these polymers
in water into well-defined compartmentalized architectures
thus creating a catalytic core. Herein, we report the synth-
esis, physical properties, and catalytic activity of a water-
soluble segmented terpolymer in which a helical structure in
the apolar core is created around a ruthenium-based catalyst.
The supramolecular chirality of this catalytic system is the
result of the self-assembly of benzene-1,3,5-tricarboxamide
side chains, while the catalyst arises from the sequential
ruthenium-catalyzed living radical polymerization of the
different monomers followed by ligand exchange. The
polymers exhibit a two-state folding process and show
transfer hydrogenation in water.

Organic chemistry in water is one of the cornerstones of
today’s endeavor for a sustainable society. Both water-

soluble catalysts and enzymes are frequently used in modern
organic synthesis. Whereas most of the water-soluble synthetic
catalysts have their active site exposed to the aqueous solution,1,2

enzymes generally make use of a compartmentalized hydropho-
bic cavity within the structure, which has a hydrophilic outer
shell. This compartmentalization is achieved via a controlled
primary sequence and single-chain folding to give an ordered
tertiary architecture using the preferred conformation of chain
segments (R-helix, β-sheet).3,4 The isolated well-defined interior
allows efficient, selective catalysis. Inspired by their understand-
ing of enzymes, chemists have designed a wide range of versatile,
artificial catalysts. Catalysts based on star polymers5�9 and
dendrimers10�14 represent synthetic macromolecules where
catalytically active cores are isolated from the outer environment.
However, these enzyme mimics rarely allow for efficient catalysis
in water. Supramolecular folding of a single polymer chain15�17

is, in turn, an intriguing possibility for the construction of well-
defined catalytic systems exhibiting all the characteristics of
enzymes. We have recently achieved single-chain folding of
linear polymers bearing either o-nitrobenzyl protected 2-urei-
do-4[1H]-pyrimidinone (Upy) or benzene-1,3,5-tricarboxamide
(BTA) side chains in apolar solvents via UV-mediated
deprotection.17,18 BTAs with chiral substituents are especially
interesting to initiate a single polymer-chain folding process due
to their efficient helical assembly with a preferred handedness in

suitable solvents (Figure 1a).19 Combining this helical motif with
an amphiphilic sequenced terpolymer comprising an efficient
catalytically active hydrophobic cavity would open new vistas for
catalysis in water, the next step in polymer supported
catalysis.20,21 In this paper, we disclose a compartmentalized
catalyst that catalyzes carbonyl reductions in water and describe
in detail the folding process of this catalytic system.

Due to its high tolerance, ruthenium-catalyzed living radical
polymerization (LRP)22 allows for a one-pot synthesis of water-
soluble random copolymers carrying hydrophilic poly(ethylene
glycol) (PEG) and hydrophobic chiral BTA substituents, as well
as water-soluble segmented terpolymers carrying catalytic sites in
addition to the PEG and BTA substituents. The water-soluble
random copolymers (PEGMA/BTAMA copolymers P1�7:
Figure 1b) were synthesized in high yield (>90%) by Ru(Ind)Cl-
(PPh3)2-catalyzed copolymerization of chiral BTA-bearing
methacrylate (BTAMA) and poly(ethylene glycol) methyl ether
methacrylate (PEGMA)with different PEG lengths. Copolymers
with narrowmolecular weight distributions (Mw/Mn≈ 1.2�1.3)
and number-average molecular weights (Mn) in the range of
34 000�59 800 were obtained, as determined by size exclusion
chromatography [SEC with poly(methyl methacrylate) stand-
ards]. The Mn’s determined by proton nuclear magnetic reso-
nance (1H NMR) spectroscopy were in good agreement with
those calculated from the monomer feed ratio to the initiator and
the conversion (Figure S1, Table S1, Supporting Information).
Copolymer P4 with 20% BTA content showed typical infrared
signals, corresponding to 3-fold, helical hydrogen bonding
between the neighboring BTA molecules in the solid state
(Figure S2). To place catalytic functions in the desired sites of
the copolymers, we employed a one-pot method, in which
RuCl2(PPh3)3-catalyzed LRP is coupled with diphenylphosphi-
nostyrene (SDP)6,7 to simultaneously induce a ligand-exchange
reaction with the catalyst. Here we applied this method to
sequential segmentation in order to prepare water-soluble ter-
polymer P8 carrying BTA substituents and catalytic sites
(Figure 1c). After the copolymerization of PEGMA and BTAMA
reached around 50% conversion, SDP and a fresh Ru-catalyst
were directly added into the solution (Figure S3). Interestingly, a
rapid and complete conversion of SDP was observed which was
followed by the full consumption of the remaining methacrylates.
The purified polymer (Mn = 35 200 Mw/Mn ≈ 1.5) was red-
brown and the UV�vis spectrum was similar to that of RuCl2-
(PPh3)3, demonstrating that SDP efficiently entrapped ruthe-
nium onto the copolymers via the ligand-exchange reaction
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during the polymerization (Figure S3D). The number of ruthe-
nium atomswas estimated at 2.5 per chain by inductively coupled
plasma atomic emission spectroscopy (ICP-AES: polymer-
bound Ru = 50 μmol/g-polymer); an almost quantitative
incorporation of the fed catalyst. Similarly as above, the char-
acterization of the sequence-controlled terpolymer P8 is in full
agreement with the structure assigned (Table S1, Figure S3).

As a result of the hydrophilic PEG side chains, all
(co)polymers P1�P8 are soluble in water. Since hydrophobic
and hydrogen-bonding BTA units are randomly incorporated
into the side chains, these copolymers are expected to form
compact conformations via the intramolecular self-assembly of
the BTA moieties in water. Thus, the polymers were analyzed by
SEC, dynamic and static light scattering (DLS and SLS), multi-
angle laser light scattering coupled with SEC (SEC-MALLS),
diffusion ordered spectroscopy (DOSY), and small-angle X-ray
scattering (SAXS) (Tables S2�S5, Figures S4�S7). SEC in
water and DMF (PEG standards) showed unimodal peaks with
narrow Mw/Mn ratios for both P6 (without BTA moieties) and
P7 (with 10% BTA moieties) (Figure 2a). Interestingly, in water
the peak top and number average molecular weight of the
copolymer (P7) are smaller (∼10 kg/mol) than those of the
homopolymer (P6), while they show similar molecular weights
in DMF. This suggests that the hydrodynamic radius (Rh) of P7
is strongly affected by the nature of the solvent, water or DMF.
On the other hand, the absoluteweight averagemolecular weights
of the copolymer (P7) are similar in water (Mw = 146 000
determined by SLS) and DMF (Mw = 149 000 determined by
SEC-MALLS) (Table S2). DLS measurements in water at 1 mg/
mL (Table S3) confirm that the Rh of P7 is smaller than that of
P6 (Rh = 6.8 and 7.8 nm for P7 and P6, respectively). The
copolymer maintained a smaller size than the homopolymer,
independent of the temperature between 25 and 60 �C and the
concentration (1.0�5.0 mg/mL). The compact conformation in
water of P7 in contrast to P6 was further supported by SAXS
measurements of the two samples in terms of the radius of

gyration (Rg) and the excluded volume parameter (ν) (Rg =
6.7 nm and ν = 0.253 for P7, Rg =8.5 nm and ν = 0.368 for P6)
(Figure S6, Table S4). Similar to the case of P7, all copolymers
with 5 to 10% BTA units (P2, P3, P5, P8) fold into compact
conformations of nanosize dimensions in water. They all show
almost the same absolute weight averagemolecular weights (Mw)
in water and DMF and small Rh's (4.8�6.8 nm) with narrow
polydispersities as determined by DLS in water (Tables S2, S3).
Additionally, the Rh of the PEGMA/BTAMA copolymers (P3:
10% BTA; 8.5 PEG) by DLS in water is very close to the one
determined by 1H DOSY NMR in D2O [Rh (DLS) = 5.3 nm, Rh
(DOSY) = 5.2 nm] (Figure S7). Cryogenic transmission electron
microscopy (cryo-TEM) is also a powerful characterization
technique thanks to the high contrast of the nanoparticles’ hard
helical core in vitrified water. The BTA-rich part of the
(co)polymers can be directly observed as black dots by cryo-
TEM (Figures 2b, S8). Typically, P8 almost uniformly showed
nanoparticles of around 3 to 4 nm diameter, without any
intermolecular aggregation. The observed dots probably indicate
the hydrophobic cores of the core�shell-like structures, due to
the low contrast of the swollen hydrophilic shell in water. These
results demonstrate that the PEGMA/BTAMA copolymers with
and without Ru-catalytic sites form single-chain nanoparticles in
water and that there is no intermolecular aggregation. The
collapse is proposed to be the result of the folding through
hydrogen-bonding interactions of the BTA pendant groups
within the hydrophobic compartment (Figures 1d, S9).

For studying the folding process of the single-chain nanopar-
ticles, we made use of the stereochemical probe introduced into
the self-assembling BTA unit. The PEGMA/BTAMA copolymer
P3 in water was investigated with temperature-dependent Cir-
cular Dichroism (CD) spectroscopy at 10 K intervals between
273 and 363 K (Figure 3a) and temperature-dependent UV�vis
(Figure S10). P3 exhibits a bisignate Cotton effect identical to
that previously observed for the helical BTA self-assembly in
alkane solvents (CBTA = 50 μM) demonstrating that even in
water helical stacks stabilized by 3-fold hydrogen bonding are
formed.18,19 The negative Cotton effect at 225 nm decreased
upon heating the solution from 273 to 363 K, and the solution
finally turned turbid due to the lower critical solution tempera-
ture (LCST) of the PEG chains above 358 K. Full reversibility
without hysteresis was observed upon slow cooling (Figure S11).
While all BTA-bearing copolymers P2�5 and P7,8 exhibit CD
spectra of similar shape in water at 293 K (CBTA = 50 μM)
(Figure 3b, Figure S12�S16), the polymer composition, PEG
chain length, BTA concentration, and addition of denaturing

Figure 1. (a) Helical self-assembly of chiral BTAs via 3-fold hydrogen
bonding. Design of water-soluble chiral polymers for supramolecular
folding in water: (b) PEGMA/BTAMA copolymers (P1�P7) with l =
average number of glycol units, m = average number of PEGMA units,
n = average number of BTAMA units, and o = average number of
dodecyl methacrylate units; (c) Ru-PEGMA/BTAMA/SDP segmented
terpolymer P8. (d) Supramolecular single-chain folding of polymers in
water affording a compartmentalized catalyst for the transfer hydro-
genation of ketones.

Figure 2. (a) SEC analysis of P6 and P7 in water and DMF; all
molecular weights are given in g/mol and determined with respect
to PEG standards. (b) Cryo-TEM images of P8 (Mw,SLS = 105,000,
Rh,DLS = 6.8 nm): Magnification = 62 k.
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alcohol affect the magnitude of the Cotton effect. The absolute
anisotropy value (g) of the negative Cotton effect at 225 nm
increases in the seriesP2,P3,P4with BTA contents of 5, 10, 20%
per chain, respectively (Figure 3c). Interestingly, g is indepen-
dent of total BTA concentration (CBTA = 10�50 μM) in P3
(Figures 3d, S13). Both observations indicate that the local BTA
concentration is responsible for the magnitude of the Cotton
effect and that the self-assembly occurs within a single chain. In
addition, g increases by the additional copolymerization of
dodecyl methacrylate in P5 and decreases by the introduction
of longer PEG side chains as in the case of P7 (Figure 3c). The
importance of hydrophobicity was further revealed by tempera-
ture-dependent CD measurements of P3 in mixed solvents of
water and 2-propanol (H2O/2-propanol = 100/0�0/100, v/v)
from 363 to 273 K, monitored at 225 nm (Figure S14). The
anisotropy value g at 293 K decreases with the increasing ratio of
2-propanol to water (Figure 3e), which was even more apparent
at higher temperatures. Methanol also decreases the Cotton
effects of the pendant BTAs in P3, but to a lesser extent.

Additional evidence that an intramolecular folding process is
responsible for the formation of single-chain nanoparticles was
gathered by quantitative analysis of the temperature-dependent
CD spectra. Previously, we disclosed that the intermolecular self-
assembly of BTAs in apolar solvents via 3-fold hydrogen bonding
(Figure 1a) follows a cooperative growth mechanism character-
ized by asymmetric and nonsigmoidal melting curves.19 These
nonsigmoidal melting curves show typical concentration-depen-
dent elongation temperatures (Te) at which rapid intermolecular
growth of the BTA assemblies occurs. In sharp contrast, the
melting curves of the PEGMA/BTAMA copolymers do not
exhibit a clear elongation temperature (Figures 4a, S11). In fact,
the melting curves of the PEGMA/BTAMA copolymers are
reminiscent of those obtained by the thermal denaturation of
intramolecularly folded proteins and peptides.23 The thermal

unfolding processes of proteins and peptides can be analyzed
using a two-state folding model in which folded and unfolded
populations are in thermal equilibrium. We successfully applied
(Figures S17, S18; Tables S6�S8) this model to the PEGMA/
BTAMA copolymers P2, P3, P4 (CBTA = 50 μM) to probe the
effects of local BTA concentration (Figure 4a, b) as well as total
BTA concentration (P4: CBTA = 10�50 μM) (Figure 4c, d) in
H2O/2-propanol (3/1, v/v). The model analysis revealed that
the melting temperature (Tm) increases with increasing local
BTA concentration [Tm = 280 (P2), 283 (P3), 293 (P4) K] and
is independent of the total BTA concentration [Tm = ∼293 K:
CBTA (P4) = 10�50 μM]. In addition, the model allows us to
derive the change in the heat capacity,ΔCp, during the unfolding
which is positive for all polymers P2�P4 (Table S8). Positive
values for ΔCp are characteristic for the thermal denaturation of
globular proteins and are associated with exposure of the
hydrophobic groups to the polar environment.24 This observa-
tion adds to our hypothesis that the folding of the PEGMA/
BTAMA copolymers in water based media is associated with the
formation of a hydrophobic compartment.

The results gathered from the CD data strongly support the
proposal of a hydrophobic compartment in the PEGMA/BTA-
MA-based copolymers in water, where the self-assembly of the
BTA pendant groups efficiently creates a helical secondary
structure with a preferred handedness. To examine the feasibility
of a catalyst embedded in the hydrophobic cavity created by the
folding of BTA units as a reaction space for aqueous catalysis, we
selected Ru-catalyzed transfer hydrogenations as a model system.
We performed the transfer hydrogenation of partially water-
soluble cyclohexanone coupled with HCOONa as the hydrogen
source at 40 �C (Figure 1d) and using PEGMA/BTAMA/SDP
terpolymer P8 as the catalyst.25 P8 exhibits the same CD spectra
(in both shape and intensity at every temperature: Figures 3b and

Figure 4. Two-state folding model analysis: (a) CD cooling curves of
P2, P3, P4 (CBTA = 50 μM) monitored at λ = 225 nm in H2O/
2-propanol (3/1, v/v) at temperatures from 363 to 273 K (cooling rate:
�1 K/min) and (b) the unfolded fraction (fu: open circles) fitted by two
state model (solid lines); (c) CD cooling curves of P4 (CBTA = 10�50
μM) monitored at λ = 225 nm in H2O/2-propanol (3/1, v/v) at
temperatures from 363 to 273K (cooling rate:�1 K/min) and (d) the fu
(open circles).

Figure 3. Supramolecular folding of PEGMA/BTAMA-based copoly-
mers in water: (a) Temperature-dependent CD spectra of P3 in water
(BTAMA concentration: CBTA, 50 μM) from 273 to 363 K with 10 K
intervals; (b) CD spectra of P8 and P3 in H2O (CBTA: 50 μM) at 293 K;
(c) Anisotropy value (g) of PEGMA/BTAMA copolymers [filled
square: P1, P2, P3, P4; filled circle: P7; filled triangle: P5; CBTA = 50
μM] in H2O at 293 K as a function of the BTAMA content (%) per
single chain, monitored at λ = 225 nm; (d) g of P3 in H2O at 293 K as a
function of CBTA (10�50 μM), monitored at λ = 225 nm; (e) g of P3
(CBTA = 50 μM) in H2O/alcohol (0/100�100/0, v/v) at 293 K,
monitored at λ = 225 nm.
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S15) in water as observed for P3. Moreover, in the presence of
0.4 M HCOONa and in a dilute solution comprising either
cyclohexanone or cyclohexanol, helical folding was observed for
P8 indicating that BTA self-assembly is stable in conditions
under which catalysis is performed (Figure S16). The folded
polymer homogeneously and quantitatively catalyzed the reduc-
tion of cyclohexanone to cyclohexanol (18 h, [substrate]/[Ru] =
200/1) (Table S9). Even at low catalyst feed ratios ([substrate]/
[Ru] = 1000/1), the polymer efficiently induced the catalysis
(conversion of 98% in 50 h). Similar results were obtained with
acetophenone, which is poorly water-soluble, as the substrate (18
h, conversion = 86%). The turnover frequencies observed in our
system (10�20 h�1) compare well to those of reported water-
soluble Ru-complexes (1�40 h�1) obtained under similar con-
ditions although an exact comparison is difficult as a result of the
different ligands employed.25�30 Thus, dissolving P8 in water
suffices to prepare a compartmentalized system capable of
transfer hydrogenations as a result of the formed hydrophobic
cavity. The excellent activity arises from the solubility of P8 in
water due to the PEG chains and a catalyst that is located in a
hydrophobic compartment. Gratifyingly, the folded catalytic
system was neither decomposed nor hydrolyzed, as confirmed
by 1H NMR analysis.

The structural characterization of PEGMA/BTAMA copoly-
mers by various scattering techniques combined with thermal
behavior that follows a two-state folding process strongly sup-
ports the view that intramolecular folding of the pendant BTAs
results in collapsed single-chain nanoparticles in a process very
similar to the folding of proteins. Moreover, the folding is
unaffected by the incorporation of a catalytically active Ru-
complex. As a next step, we would like to couple the catalytically
active unit to the internal chiral structure to achieve asymmetric
synthesis.31,32 The present system shows effective transfer hy-
drogenations with prochiral substrates such as acetophenone, but
no enantiomeric preference is observed, as could be expected
from the remote positioning of the chiral internal structure from
the active site. Moreover, these novel catalytic systems will open
new vistas for artificial enzyme-like organic chemistry in water,
and possibilities for multistep synthesis in a single pot due to
tandem catalysis with different folded catalytic polymers can be
explored.
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