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Supramolecular polymers for organocatalysis in
water
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Voets,? René P. M. Lafleur,® Anja R. A.Palmans,®” E. W. Meijer®

A water-soluble benzene-1,3,5-tricarboxamide (BTA) derivative that self-assembles into one-
dimensional, helical, supramolecular polymers is functionalised at the periphery with one L-
proline moiety. In water, the BTA-derivative forms micrometre long supramolecular polymers,
which are stabilised by hydrophobic interactions and directional hydrogen bonds. Furthermore,
we co-assemble a catalytically inactive, but structurally similar, BTA with the L-proline
functionalised BTA to create co-polymers. This allows us to assess how the density of the L-
proline units along the supramolecular polymer affects its activity and selectivity. Both the
supramolecular polymers and co-polymers show high activity and selectivity as catalysts for
the aldol reaction in water when using p-nitrobenzaldehyde and cyclohexanone as the
substrates for the aldol reaction. After optimisation of the reaction conditions, a consistent
conversion of 92 + 7%, de,,; of 92 + 3%, and ee,,; of 97 + 1% are obtained with a

concentration of L-proline as low as 1 mol%.

Introduction

Catalysts immobilised on soluble macromolecular scaffolds are
enjoying renewed interest due to their spatial confinement of
catalytic centres, enzyme like-construction, and facile
recyclability.! However, immobilisation does not always allow
exact control over the catalyst localisation on a scaffold,
making modulation of the local loading and spatial distance
between catalytic sites challenging. A supramolecular approach
— the application of reversible, non-covalent interactions — to
construct a well-defined macromolecular scaffold has been
proposed as a versatile method to control the proximity of
catalytic sites.?2 An interesting system to achieve spatial
modulation between catalytic sites was demonstrated by Stupp
and coworkers. The hydrolysis of a model ester was evaluated
using imidazole catalysts attached to the surface of nanofibers
formed by aggregation of peptide amphiphiles.® A high density
of reactive sites on the surface of the ordered supramolecular
fibre led to a considerably higher hydrolysis rate than the
catalysts in micelles or solution. Moreover, Bouteiller and
coworkers reported that helical supramolecular polymers based
on a benzene-1,3,5-tricarboxamide (BTA) scaffold with Rh-
based catalysts attached to the periphery showed remarkable
enantioselectivities for the asymmetric reduction of dimethyl
itaconate.” The observed selectivity was attributed to the helical
bias of the BTA-based polymers. Interestingly, the addition of
catalytically inactive BTA-based monomers further enhanced
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the enantioselectivity of the reduction. These results, along with
others,’ consistently support the observation that spatiotemporal
confinement of catalytic centres to a self-assembled structure
have consequences for the catalyst activity and selectivity.
Additionally, the strength of a supramolecular approach to
optimize the catalytic system is demonstrated in these
approaches. In a modular fashion, the proximity of catalytic
centres and the morphology and nature of the structure can be
used to manipulate and optimise the catalytic properties.

L-Proline is a versatile catalyst for a variety of C-C bond
forming reactions and is often considered as a mimic for
aldolase enzymes;6 however, in water it is neither an effective
nor a selective catalyst.” In fact, the first proline derivatives that
displayed good activity and selectivity in water contained a
hydrophobic fragment.® These hydrophobic parts cluster in
water, thereby creating hydrophobic pockets in which catalysis
occurs. This realisation resulted in many different proline-based
catalysts that show high activity and selectivity in water.’
Recently, we serendipitously found that L-proline attached to
the periphery of an organosoluble BTA becomes a highly active
and selective organocatalyst for the aldol reaction in water
(Scheme 1, L-Pro-BTA).X In this system, both hydrophobic
interactions and directional hydrogen bonding cooperate to
form helical aggregates in water while the introduction of
stereogenic centres biases the formation of one type of helical
supramolecular polymers, P or M. However, detailed analysis
of the formed structures suggested that multiple BTA-based
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helical supramolecular polymers aggregated into less-defined,
large assemblies, precluding extensive characterisation.

As a next step in our supramolecular approach towards
selective and active catalytic systems in water, we here present
an organocatalytic system based on our well-defined, one-
dimensional, water-soluble BTA supramolecular polymers.*!
Our aim is to create a system in which we can control the
location of the proline units at a hydrophobic/hydrophilic
interface and, in addition, tune their density. We here report
that BTA 1 (Scheme 1), in analogy to parent BTA 2, self-
assembles in water via hydrophobic and hydrogen-bonding
interactions, as evidenced by UV-vis and circular dichroism
(CD) spectroscopy, small angle X-ray scattering (SAXS), and
cryogenic transmission electron microscopy (cryo-TEM). The
supramolecular polymers are highly active and selective for the
aldol reaction in water. In addition, the density of the proline
moieties along the supramolecular polymer is controlled by
mixing the system with catalytically inactive BTA 2.
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Scheme 1. Molecular structures of BTA derivatives t-pro-BTA, 1 and 2.

Results and discussion

Design and synthesis

BTA 1 (Scheme 1) is designed, in analogy to parent BTA 2, to
self-assemble in water via hydrophobic and hydrogen-bonding
interactions. In two substituents a tetra(ethylene oxide) group is
introduced to enhance the water compatibility of BTA 1
compared to L-Pro-BTA. The hydrophobic dodecyl group is
required between the central amide groups and the water-
soluble part to enable hydrogen-bond formation between the
amides of neighbouring BTAs.™ The third substituent consists
of an undecyl spacer coupled to L-hydroxyproline. The undecyl
spacer positions the proline unit at the interface of the
hydrophobic and hydrophilic domain. Functionalised BTA 1
was obtained in a number of straightforward coupling reactions
depicted in Scheme 2. First, protected L-hydroxyproline 3'2was
coupled to azide-acid 4 to afford azide 5. Subsequent reduction
of 5 resulted in L-hydroxyproline derivative 6. The ester-amine
6 was unstable and oligomerised slowly over time, even upon
storage at low temperatures. Coupling 6 (and its oligomers) to
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BTA precursor 7*° afforded the protected catalytic BTA, 8.
Finally, acid-catalysed deprotection of the t-Bu groups yielded
compound 1. Reversed-phase column chromatography in a
water/acetonitrile mixture was applied to purify BTA 1 and to
remove the fraction which contained the longer spacer resulting
from oligomerised 6 (see ESI for details). BTA 1 was obtained
in high purity and moderate yield, as evidenced by NMR, IR
and LC-MS (ESI, Figures S1-S4). The synthesis and
characterisation of BTA 2 has been described previously.™!

¥
st

3 4 5
lb
o
o]
o o\é
o OH
+ HQNAt/)J\O\' \<0
s

A?»w&ﬁ° i?* |
%55
@

O/\%OH
Scheme 2. Reagents and conditions: (a) EDCeHCI, DPTS, CHCls, r.t., 72 h (59 %);

(b) PPhs, H,0O, THF, 35°C, 72 h (44 %); (c) DMT-MM, DMF, r.t., 20 h (35 %); (d)
TFA, DCM, r.t., 18 h (70%).

Supramolecular polymerisation of 1 in water

Previously, the supramolecular polymerisation of 2 in water has
been studied by a combination of spectroscopic, microscopic
and computational methods.'**® The combined results showed
that compound 2 forms long, one-dimensional supramolecular
polymers stabilised by hydrophobic interactions and directional
intermolecular hydrogen bonds in water. In contrast to neutral
BTA 2, BTA 1 is zwitterionic in pure water due to the attached
L-proline (trans-4-hydroxyproline in water: pK, (acid) = 1.95,
pK, (amine) = 9.47),"* and the resulting -electrostatic
perturbation of the molecules may hamper self-assembly into
long aggregates.’® To probe whether screening of the charges
by the addition of salt has an influence on the formed
structures, the UV-vis absorption was measured in both pure
water and phosphate buffered saline (PBS, pH = 7.4). In
addition, 1 was measured in methanol, a solvent in which these
BTAs are molecularly dissolved (Figure 1A).

This journal is © The Royal Society of Chemistry 2012
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Figure 1 (A) UV-Vis absorption spectra of 1 in MeOH (black line), water (dark grey
line) and PBS buffer (grey dashed line). ¢ = 10 uM in PBS buffer and 50 uM in
water and MeOH; (B) CD spectrum of 1 in water. ¢ = 50 uM
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cross-sectional radius res ~ 3 nm, while the Kuhn length, Ly — a
measure for the stiffness of the polymer — cannot be determined
accurately. Thus the data suggests the presence of high-aspect-
ratio fibres with a length L > 40 nm (the limit of the spectral
window).

The UV-vis absorption spectrum of 1 in MeOH shows an
absorption maximum at 207 nm, indicative for a molecularly
dissolved state.'® In contrast, in pure water a peak at 211 nm
and shoulder at 226 nm were observed, a spectrum comparable
to that previously observed for 2 in its self-assembled state.™’
This indicates that 1, like 2, forms supramolecular polymers
that are stabilised by both hydrophobic interactions and
hydrogen bonding in water. In PBS buffer, the UV spectrum of
1 is almost identical to the spectrum measured in water,
demonstrating that the charges present on the L-Pro unit in
water do not affect the self-assembly behaviour. Since pure
water is a simpler solvent system, we decided to perform all
remaining experiments using water as solvent. Thus, CD
measurements were performed on solutions of 1 in water. We
postulated that the stereogenic centres of the L-proline in 1 can
bias the helicity of the supramolecular polymers,*® despite their
remoteness from the amides. Satisfyingly, BTA 1 shows a clear
CD effect with maxima at 215 and 250 nm (Figure 1B).

To corroborate the formation of supramolecular polymers by 1
in water, we performed SAXS and cryo-TEM measurements in
the high micromolar range. At this concentration, the viscosity
of the solution is increased, indicating the formation of sizeable
polymeric aggregates. The SAXS profile of 1 (Figure 2A)
shows a g decay without a clear plateau, indicative of the
presence of long one-dimensional aggregates. A worm-like
chain model™ was selected to fit the data, which assumes an
isotropic, semi-flexible cylinder. The fit yields a value for the

This journal is © The Royal Society of Chemistry 2012
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Figure 2 (A) Experimental SAXS profile of BTA 1, (¢ = 3.7 mM in H,0). The solid
grey line is the fit with a form factor model for flexible cylinders (i.e., the
Schurtenberger-Pedersen form factor for worm-like, self-avoiding chains).19 (B)
Cryo-TEM image of BTA 1 showing the presence of high aspect ratio fibres (¢ =
0.4 mM). The dark circular objects in the image are non-vitrified water. The scale
bar represents 100 nm.

The aggregates were also visualised with cryo-TEM to confirm
the findings from the SAXS measurements. Long, one-
dimensional, fibre-like structures formed by self-assembly of 1
can be clearly seen in Figure 2B. The image suggests that
aggregates with lengths in the micrometer range are formed, but
it is not possible to extract an exact number for the length of the
aggregates. The diameter is estimated at approximately 10 nm.
In addition, the fibres entangle and form a network, which is
consistent with the observed increase in viscosity at this
concentration.

Catalytic activity of the supramolecular polymers in the aldol
reaction

None of the techniques discussed above permit to exactly locate
the L-Pro units within the supramolecular polymers formed by 1
in water. However, when the organocatalyst is in a sufficiently
hydrophobic pocket, active and selective organocatalytic
reactions are feasible.?’ Thus, the catalytic activity and
selectivity of self-assembled 1 was evaluated using the model
aldol reaction between p-nitrobenzaldehyde and cyclohexanone

J. Name., 2012, 00, 1-3 | 3



Organic & Biomolecular Chemistry

in water. This highly reactive substrate pair is frequently used
and allows us to benchmark this system to those reported in
literature. In addition, our previously studied L-Pro-BTA
catalytic system revealed that aldehydes such as p-
methoxybenzaldehyde were significantly less reactive in the
aldol reaction in water.'® The aldol reaction can yield four
stereoisomers, of which the anti-(S,R)-product dominates
according to both experimental and computational studies.? In
addition, we evaluated the activity and selectivity of mixtures
(co-polymers) of 1 and catalytically inactive 2. This “dilution”
of 1 within the supramolecular polymers was done to modulate
the spatial distribution of the L-Pro units along the polymer
chain. Initially, equimolar mixtures of BTA 1 and 2 were
prepared. Further dilutions of 1 with 2 were attempted, but in
order to keep the catalyst concentration constant, high
concentrations of BTA 2 were needed. This caused a significant
increase in the viscosity of the catalyst solution, precluding
reliable analysis and reproducibility.

To allow comparison with our previous results,’® the ratio
between cyclohexanone and p-nitrobenzaldehyde was kept
constant at 1:10 and an aldehyde concentration of 50 mM was
applied. In addition, Details for the standard protocol for these
experiments are provided in the ESI. Preliminary screening
experiments with 1 and mixtures of 1 and 2 showed excellent
selectivities, but the conversions were irreproducible (ESI,
Table S1). We attributed this to poor mixing due to
inhomogeneities, as is often the case for organocatalysis in
water (ESI, Figure S5A). In order to increase the
reproducibility, we screened several methods reported in the
literature (ESI, Table S1), most of which were unsatisfactory.
Finally, we used a vortex mixer to keep the substrates and
products better dispersed during the reaction (Figure S5B). This
method yielded both near quantitative conversions and an
excellent reproducibility of the system; therefore, vortex mixing
was used for all subsequent experiments and the results are
summarised in Table 1.

We started with a concentration of L-proline (c_py) 0f 3 mol%
(Table 1, entry 1) with respect to p-nitrobenzaldehyde. This
corresponds to a total BTA concentration (cgra) of 1.5 mM in
the reaction mixture. The conversion was quantitative after 24 h
and dey and eeg; were 87% and 95%, respectively. A 1:1
mixture of 1 and 2 (c_p, remains 3 mol% while the BTA
concentration, cgra, doubled to 3 mM) also resulted in a
quantitative conversion and a similar selectivity (Table 1, entry
2). Reducing ¢ .py to 1 mol% (corresponding to a cgra Of 0.5
mM, Table 1, entry 3) gave a quantitative conversion and de,;
and ee,y; of 85% and 94%, respectively. At this lower catalyst
loading, the diastereoselectivity of the reaction slightly
improved (91%) by mixing 1 with 2, while the conversion
remained high (92%) (Table 1, entry 4). It should be noted that
elimination was not observed in any of these experiments.

The experiment of entry 4 was carried out five additional times
under identical conditions to evaluate the reproducibility of the
system (Table 1, entry 5). The conversion was constant and
high (92 + 7%) and the selectivities excellent in all cases (de,y;
= 92 £+ 3% and eeyy = 97 * 1%). To assess whether the
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supramolecular polymers could be reused, the water layer of
entry 4 was purged with argon to remove all volatiles remaining
from the extractions. Subsequently, new substrates were added
and the reaction was performed under the same conditions. The
almost identical results (Table 1, entry 6) indicate that there is
no loss of selectivity or activity.

Due to the high activity of the system, the catalyst loading was
further decreased to find the minimum catalyst loading required
for an active system. At the low loading of 0.2 mol% L-proline,
the system still showed excellent activity (conversion = 98 *
2%, Table 1, entry 7) albeit at the expense of loss in selectivity
(degi = 74 £ 3% and eeyyi = 82 £ 3%). To the best of our
knowledge, catalyst loadings of 0.2 mol% are among the lowest
reported in literature.> When decreasing the catalyst
concentration even further to 0.1%, a conversion of 37% could
still be obtained (Table 1, entry 8), while the selectivity
decreased to moderate values. Finally, neither pure BTA 2 nor
the mixture of “free” L-Pro mixed with BTA 2 resulted in any
aldol product (Table 1, entry 9-10), highlighting that covalent
attachment of L-Pro to the supramolecular polymers is crucial to
obtain an active catalyst.

Table 1 Aldol reaction catalysed by 1 and equimolar mixtures of 1 and 2

oF Q*“%@*@

Entry Crpro” Cata” Conversion’ dea,,t, eeme
[mol%] [mol%] [mM] [%] [%] [%]
1 3 100 1.5 >99 87 95
2 50 3.0 >99 89 97
3 1 100 0.5 >99 85 %
4 1 50 1.0 92 91 9%
5 1 50 1.0 9247 9243 971
6’ 1 50 1.0 96 93 95
7" 0.2 50 0.2 98+2 74+3 8243
8" 0.1 50 0.1 3745 59+8 5045
9 0 0 0.5 0 - -
10 1 0 0.5 0 - -
11 10 n.a. n.a. 93 86 9%
12 1 n.a. n.a. 96 98 93
13 1.6 n.a n.a. 74 90 71
14' 1 n.a. 0.5 >99 90 99

Reaction conditions: reaction volume = 0.5 mL H,0; aldehyde concentration = 50 mM;
substrate ratio (aldehyde:ketone) = 1:10; the reactions were carried out at room
temperature with a total reaction time of 24 h unless otherwise noted; ° c,.pr is the mol
percentage of L-proline relative to the aldehyde b X1 is the percentage of 1 in mixtures
of 1 and 2; € cgra is the total concentration of BTAs in the mixture; ? determined by '
NMR; € determined by chiral HPLC equipped with a Chiralpak-IA chiral column in
hexane/THF 75:25, 1 mL/min; f experiment identical to that in entry 4 but repeated
another 5 times to assess reproducibility; ¢ reused solution of entry 4; " reaction time =
52 hr, averaged over 2 experiments; ' results taken from ref 23;’ results taken from ref
24d; K results taken from ref 27; " results for -Pro-BTA taken from ref 10. N.a. = not
applicable.

Discussion

Comparison of the catalysis results of 1 and 1:1 mixtures of 1
and 2 with recent literature examples, in which catalysis was
performed under similar conditions, reveals that the
supramolecular polymers we present here as organocatalysts
are highly active and selective for aldol reactions in water. The
micellar L-Pro-based aggregates developed by Lipshutz and
coworkers showed excellent results, but catalyst loadings below
10 mol% were not reported (Table 1, entry 11).%3 Alternatively,

This journal is © The Royal Society of Chemistry 2012
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the water-compatible L-Pro-based block copolymers and
nanogels prepared by O’Reilly and coworkers are very active
and selective, also at low catalyst loadings (Table 1, entry 12).%*
Examples in the literature in which L-proline is attached to
oligo(ethylene oxide)-based scaffolds for aldol reactions in
water are scarce.”®?® However, L-Pro attached to a folded
amphiphilic PEG containing polymer did show good activity in
water, although the selectivity was moderate (eeyy = 72%).%
This moderate value was attributed to a too hydrophilic
environment in the vicinity of the catalyst (Table 1, entry 13).
Finally, our previously reported L-Pro-BTA organocatalyst
showed very high activities and selectivities, but only after
activation of the catalyst with a temperature treatment (Table 1,
entry 14).%°

In BTA 1, the L-Pro unit is designed to reside at the interface of
the hydrophobic aliphatic and hydrophilic tetra(ethylene oxide)
parts. While the techniques discussed above do not reveal the
exact location of the L-Pro units, the high activity and
selectivity in the aldol reaction suggests that a sufficiently
hydrophobic pocket is created around the catalytic sites.?° In
addition, the pronounced CD effect shown by 1 suggests a high
degree of organisation within the supramolecular polymers,
although there is no evidence for additional interactions
between the L-Pro units.'® Moreover, mixing of 1 with 2 does
not have a negative effect on the catalytic properties of 1. Since
a lack of mixing between the two BTAs is unlikely based on
our experience with BTA-based systems in water,’3%2 e
conclude that increasing the number of tetra(ethylene oxide)s
units, which separate the L-prolines along the supramolecular
polymer, does not significantly alter the microenvironment
around the catalyst. As a result, changing the local L-proline
density on the supramolecular polymer does not negatively
affect its activity and selectivity — an observation similar to that
made by O’Reilly and coworkers in L-proline-based nanogels.?*
Our design is successful in positioning L-proline at a well-
defined interface between the hydrophobic and hydrophilic
portions of the supramolecular polymers, resulting in an active
and selective organocatalyst in water. The advantage of BTA 1,
compared to those previously reported by us and others, is that
an active, well-characterised and highly reproducible catalyst is
easily accessible in preparations at room temperature. As a
direct consequence of the stabilisation of the supramolecular
polymers in water by both hydrophobic effects and directional
hydrogen-bonding interactions, the supramolecular polymers
remain intact down to micromolar concentrations.*® This results
in an active system, even at catalyst concentrations as low as
0.1 mol% (50 uM catalyst concentration). In addition, BTA 1
can be easily mixed with structurally related BTAs, which
eventually permits to create modular catalytic systems.

Experimental

Materials and methods

This journal is © The Royal Society of Chemistry 2012
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All reagents were purchased from Sigma-Aldrich or Acros
Organics and used as received, unless otherwise specified. All
solvents were purchased from Biosolve. Chloroform and
tetrahydrofuran were dried over 4 A molecular sieves before
use. Triethylamine was dried and stored over KOH pellets.
Deuterated compounds were obtained from Cambridge Isotopes
Laboratories and stored over 4 A molecular sieves. Reactions
were followed by thin-layer chromatography (TLC) using 60-
F254 silica gel plates from Merck and visualized by UV light at
254 nm and/or staining (ninhydrin, bromocresol green-, and/or
cerium molybdate). Flash column chromatography was
performed on a Biotage Isolera Il Chromatography system
using SNAP columns or a Grace Reveleris X2 system using
Grace silica flash cartridges. Reversed phase column
chromatography was achieved using a reversed phase KP-Cg-
HS SNAP column or a Reveleris C18 reversed-phase flash
cartridge. (2S,4R)-Di-tert-butyl 4-hydroxypyrrolidine-1,2—
dicarboxylate  (3), '*%  3,5-bis((1-hydroxy-3,6,9,12—
tetraoxatetracosan—24-yl)carbamoyl)benzoic acid 7  and
DMT-MM*  were synthesized according to literature
procedures. Phosphate buffered saline (PBS) tablets were
obtained from Aldrich. One tablet was dissolved in 200 mL of
deionized water yielding 0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride at pH 7.4 and
at 25 °C. For the spectroscopy experiments, a stock solution
was prepared by dissolving the correct amount BTA 1 in
methanol to afford solution with a total concentration of 10 mM
or 15 mM in MeOH. Subsequently, 3.5 pL of the 10 mM stock
solution was injected into 3.5 mL PBS, to give a total BTA
concentration of 10 uM in PBS buffer. Alternatively, 10 pL of
the 15 mM stock solution was injected into to 3 mL Milli-Q
water to afford a 50 uM solution in water. All solutions were
first annealed overnight at room temperature and then the UV
or CD spectra were measured. For the SAXS and cryo-TEM
measurements the samples were prepared as follows. A stock
solution of 1 in MeOH was prepared by dissolving the
appropriate amount of 1 into a vial. Then, the MeOH was
removed under a stream of argon. Subsequently, the sample
was placed in a vacuum oven at 40°C for one hour. Then, 0.5
mL of Milli-Q water was added and the sample was sonicated
during two minutes yielding a slightly turbid solution. After
equilibration overnight at room temperature, a completely clear
solution was obtained. The final concentration of 1 was 4.5
mg/mL for the SAXS and 0.5 mg/mL for cryo-TEM
measurements.

All 'H-NMR and **C-NMR spectra were recorded on a Varian
Mercury Vx 400 MHz and/or a VVarian 400 MHz (400 MHz for
'H-NMR and 100 MHz for *C-NMR). Proton chemical shifts
are reported in ppm (8) downfield from trimethylsilane (TMS)
using the resonance frequency of the deuterated solvent as the
internal standard. Peak multiplicity is abbreviated as s: singlet;
d: doublet; t: triplet; g: quartet; sept: septet; m: multiplet; bs:
broad singlet; brsept: broad septet. Carbon chemical shifts are
reported in ppm (J) downfield from TMS using the resonance
frequency of the deuterated solvent as the internal standard.
Matrix assisted laser absorption/ionization mass spectra

J. Name., 2012, 00, 1-3 | 5
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(MALDI) were obtained on a PerSeptive Biosystems Voyager
DE-PRO spectrometer using o-cyano-4- hydroxycinnamic acid
(CHCA) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCBT) as matrix. Electrospray
ionization mass spectra were recorded using a LCQ Fleet
(Thermo Finnigan) ion-trap mass spectrometer equipped with a
Surveyor autosampler and Surveyor PDA detector (Thermo
Finnigan). Solvents were pumped with a flow of 0.2 mL min®
using a high-pressure gradient system using two LC-10AD
pumps (Shimadzu). Before mass analysis, the crude was ran
over a reverse phase C18 column (GraceSmart 2x50 mm,
Grace) using a 2-90% acetonitrile linear gradient in water with
0.1 % formic acid (FA). Infrared spectra were recorded using a
Perkin Elmer Spectrum Two FT-IR spectrometer equipped with
a Perkin Elmer Universal ATR Two Accessory. UV-Vis
experiments were performed on a Jasco V-650
spectrophotometer equipped with a JASCO ETCR-762
temperature controller or a Varian 300 Bio UV-Visible
spectrophotometer equipped with a Varian Carey temperature
controller. Circular dichroism measurements were performed
with a Jasco J-815 spectropolarimeter in combination with a
PFD-425S/15 Peltier-type temperature controller. For all
experiments the linear dichroism (LD) was also measured and
in all cases no LD was observed. The molar circular dichroism
Ae was calculated from Ae = CD effect / (32980 x ¢ x 1) in
which c is the concentration and | is the optical path length. All
spectroscopic experiments were conducted at 20 °C and a
quartz cuvette with a 1 cm path length. Small angle X-ray
scattering measurements were performed on a SAXSLAB
GANESHA 300 XL SAXS system equipped with a GeniX 3D
Cu Ultra Low Divergence micro focus sealed tube source
producing X-rays with a wavelength 2 = 1.54 A at a flux of
1x10® ph/s and a Pilatus 300K silicon pixel detector with
487%619 pixels of 172 pm? in size placed at a sample-to-
detector distances of 713 to access a g-range of 0.15 < q <4.39
nm-1 with q = 4w/A(sind/2). Silver behenate was used for
calibration of the beam centre and the q range. Samples were
contained in 2 mm quartz capillaries (Hilgenberg Gmbh,
Germany). The two-dimensional SAXS patterns were brought
to an absolute intensity scale using the calibrated detector
response function, known sample-to-detector distance,
measured incident and transmitted beam intensities, and
azimuthally averaged to obtain one-dimensional SAXS profiles.
The scattering curves of the supramolecular polymers were
obtained by subtraction of the scattering contribution of the
solvent and quartz cell. Cryogenic transmission electron
microscopy was measured on samples with a concentration of
0.5 mg/mL. Vitrified films were prepared in a ‘Vitrobot’
instrument (PC controlled vitrification robot, patent applied,
Frederik et al 2002, patent licensed to FEI) at 22 °C and at a
humidity of 100%. In the preparation chamber of the ‘Vitrobot’
a 3ul sample was applied on a Quantifoil grid (R 2/2, Quantifoil
Micro Tools GmbH) which was surface plasma treated just
prior to use (Cressington 208 carbon coater operating at 5 mA
for 40 s). Excess sample was removed by blotting using filter
paper for 3 s at —=3 mm and the thin film thus formed was
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plunged (acceleration about 3 g) into liquid ethane just above
its freezing point. The vitrified film was transferred to a
cryoholder (Gatan 626) and observed at temperatures below -
170 °C in a Tecnai Sphera microscope operating at 200 kV.
Micrographs were taken at low dose conditions, with defocus
settings of 5 and 10 pm. High performance liquid
chromatography (HPLC) analyses were carried out on a
Shimadzu SCL-10Avp with UV-diode array and equipped with
a Chiralpack-1A-3 column (100%2.1 mm, 3 pum) from Daicel.

Synthetic procedures

11-Azidoundecanoic acid (4). 11-Bromoundecanoic acid (2.03
g, 7.65 mmol) and sodium azide (0.813 g, 12.5 mmol) were
dissolved in DMSO (70 mL) and stirred overnight at room
temperature under an Ar atmosphere. The solution was
quenched with 150 mL water. The product was extracted into
ether (3x200 mL). The ether layers were combined, washed
with acidified brine (350 mL), dried with Na,SO, and the
solvent was removed in vacuo. Yield = 1.52 g, 87%. IH NMR
(400 MHz, CDCl,): 6 = 3.26 (t, J° = 6.9 Hz, 2H, N;CH,CH,),
235 (t, J® = 7.5 Hz, 2H, CH,COOH), 1.62 (m, 4H,
CH,CH,CH,COOH, CH,CH,CH,COOH), 1.41-1.25 (m, 12H,
aliphatic). *C NMR (100 MHz, CDCly) § = 179.77, 51.48,
33.97, 29.38, 29.28, 29.18, 29.11, 29.01, 28.83, 26.70, 24.65.
MALDI-TOF-MS: calcd for Cy3H» N3O, [M — H]™ 226.15,
found 226.20. FT-IR (ATR) v (cm™): 2929, 2856, 2096, 1709,
1458, 1413, 1349, 1285, 1257, 1103, 936, 723, 640, 553, 485.
(2S,4R)-Di—t-butyl 4—((11-azidoundecanoyl)oxy)pyrrolidine—
1,2—dicarboxylate (5). Under an Ar atmosphere, a round bottom
flask was charged with 11-azidoundecanoic acid 4 (0.360 g,
1.59 mmol), (2S,4R)-di-tert-butyl 4-hydroxypyrrolidine-1,2-
dicarboxylate 3 (0.494 g, 1.72 mmol), 4—
(dimethylamino)pyridinium 4—-toluenesulfonate (DPTS) (0.796
g, 2.70 mmol) and dry chloroform (10 mL). The solution was
cooled in an ice/salt bath to below 0°C and a cooled solution of
N—(3—dimethylaminopropyl)-N'—ethylcarbodiimide
hydrochloride (0.943 g, 4.92 mmol) in dry chloroform (3 mL)
was added quickly. The clear solution was stirred at room
temperature overnight. Then, the reaction mixture was
transferred to a separatory funnel, additional chloroform was
added (30 mL), and the solution was washed with water (2x40
mL) and brine (40 mL). The organic layer was dried over
MgSO, and the solvent was removed in vacuo. The material
was purified by column chromatography (eluent heptane/ethyl
acetate 90/10 to 75/25 v/v) yielding the target compound (0.584
g, 74%). 'H NMR (400 MHz, CDCly): 6 = 5.25 (bs, 1H,
C=00CH), 4.23 (m, 1H, CH,CHC=0), 3.66 (m, 2H,
CHCH;,N), 3.25 (t, * = 6.9 Hz, 2H, N;CH,), 2.33 (m, 1H,
CHCH,CH), 2.28 (t, J® = 7.5 Hz, 2H, CH,C=0), 2.17 (m, 1H,
CHCH,CH), 1.70-153 (m, 4H, CH,CH,CH,C=0,
CH,CH,CH,C=0), 1.53-1.39 (m, 18H, CH3C), 1.39-1.10 (m,
12H, aliphatic). *C NMR (100 MHz, CDCly) 6 = 173.23,
171.62, 153.84, 81.39, 80.29, 71.61, 58.49, 51.99, 51.48, 36.70,
34.26, 29.40, 29.30, 29.19, 29.11, 29.05, 28.83, 28.33, 28.01,
27.94, 26.70, 24.82. MALDI-TOF-MS: calcd. for CysH44N4O6
[M + Na]" 519.32, found 519.31. FT-IR (ATR) v (cm™): 2978,
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2930, 2857, 2095, 1739, 1705, 1457, 1395, 1367, 1256, 1219,
1153, 1069, 995, 854, 771.

(2S,4R)-Di-t-butyl 4—((11-aminoundecanoyl)oxy)pyrrolidine—
1,2—dicarboxylate (6). A 25 mL round bottom flask was
charged with 5 (0.541 g, 1.10 mmol), triphenylphosphine (570
mg, 2.17 mmol, 1.99 eq) and THF (8 mL). The solution was
stirred at 35°C overnight. A mixture of water (2.4 mL) and
THF (1.6 mL) was added and stirring was continued at 35°C
overnight. The volatiles were removed in vacuo and the
remaining water was removed on the freeze dryer. The crude
was concentrated in vacuo and purified by column
chromatography (eluent chloroform/methanol/triethylamine
100/0/0 to 91/7/2 viviv). Yield = 0.226 g, 44%. Oligomerisation
of 6 yields amide oligomers (~20% impurity, based on LC-
MS), which were not removed at this stage. '"H NMR (400
MHz, CDClg): 6 = 5.25 (bs, 1H, C=00CH), 4.25 (m, 1H,
CH,CHC=0), 3.72-3.45 (m, 2H, CHCH,N), 2.67 (t, J* = 6.9
Hz, 2H, H,NCH,), 2.34 (m, 1H, CHCH,CH), 2.28 (t, * = 7.6
Hz, 2H, CH,C=0), 2.16 (m, 1H, CHCH,CH), 1.65-1.54 (m,
2H, CH,CH,C=0), 1.50-1.38 (m, 18H, CCHs), 1.37-1.20 (m,
14H, aliphatic). *C NMR (100 MHz, CDCly) ¢ = 173.25,
171.62, 81.40, 80.29, 77.33, 77.22, 77.01, 76.70, 71.60, 58.49,
51.99, 42.25, 36.70, 34.27, 33.80, 29.55, 29.46, 29.38, 29.22,
29.07, 28.33, 28.01, 26.88, 24.84. MALDI-TOF: calcd. for
CusHi6N,06 [M + Na]* 493.34, found 493.33. FT-IR (ATR) v
(cm™): 3314, 2977, 2927, 2854, 1740, 1705, 1560, 1458, 1397,
1367, 1256, 1220, 1160, 1068, 995, 937, 854, 771, 555.
(2S,4R)—di-tert-Butyl  4—((11—(3,5-bis((1-hydroxy-3,6,9,12—
tetraoxatetracosan—24-
yl)carbamoyl)benzamido)undecanoyl)oxy)pyrrolidine-1,2—
dicarboxylate (8) 3,5-Bis((1-hydroxy-3,6,9,12—
tetraoxatetracosan—24-yl)carbamoyl)benzoic acid 7 (0.100 g,
1.08 mmol) and the reduced, proline functionalised spacer 6
(55.9 mg, 1.19 mmol, 1.1 eq.) were dissolved in DMF (1 mL).
DMT-MM (70 mg, 0.253 mmol, 2.4 eq.) was added and the
mixture was stirred at room temperature overnight. Then,
chloroform (5 mL) was added and the solution was transferred
to a separatory funnel. The organic layer was washed with
water (2 x 5 mL) and brine (5 mL) and dried over MgSO,. The
solvent was removed in vacuo and the crude was purified by
reverse phase column chromatography (acetonitrile/water/THF
67/33/0 to 60/20/20 v/v/v). Yield = 51.8 mg (34.8%). The
coupling of 6 to the BTA yields a ~20% impurity (based on
LC-MS). *H NMR (400 MHz, CDCl,): 6 = 8.36 (m, 3H, Ar),
6.72-6.54 (m, 3H, C=ONHCH,), 5.25 (bs, 1H, C=O0OCH), 4.25
(m, 1H, CH,CHC=0), 3.75-3.54 (m, 34H, O-(CH,),-0),
CHCH:3N, 3.51-3.38 (m, 10H, CH,CH,NHC=0,
CH,CH,CH,0), 2.78 (bs, 2H, CH,0OH), 2.40-2.25 (m, 3H,
CH,CH,C=0, CHCH,CH), 2.21-2.10 (m, 1H, CHCH,CH),
1.74-151 (m, 10H, CH,CH,CH,0, CH,CH,CH,0,
CH,CH,C=0), 1.49-1.41 (m, 18H, CCHys), 1.41-1.20 (m, 46H,
aliphatic). *C NMR (100 MHz, CDCl;) § = 165.69, 135.27,
110.01, 77.33, 77.33, 77.01, 77.01, 76.69, 76.69, 72.54, 72.54,
71.55, 70.62, 70.62, 70.56, 70.56, 70.33, 70.33, 70.02, 61.72,
51.98, 40.37, 29.55, 29.55, 29.49, 29.44, 29.39, 29.20, 29.03,
28.38, 28.33, 28.02, 27.94, 26.92, 26.03, 26.03. ESI MS: calcd.
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for C74H13,N4O16 [M + Na]* 1403.94, found 1404.08. FT-IR
(ATR) v (cm™): 3335, 3074, 2926, 2855, 1740, 1706, 1649,
1537, 1458, 1399, 1367, 1288, 1259, 1149, 1125, 942, 842,
772,707, 555.

(2S,4R)—4—((11—(3,5-Bis((1-hydroxy-3,6,9,12—
tetraoxatetracosan—24
yl)carbamoyl)benzamido)undecanoyl)oxy)pyrrolidine—2—
carboxylic acid (1). Under an Ar atmosphere, the functionalized
BTA 8 (293 mg, 0.212 mmol) was dissolved in 1:1
dichloromethane:trifluoroacetic acid (4 mL) and stirred
overnight at room temperature. The volatiles were removed
under a nitrogen stream, water (2 mL) was added and the
solution was stirred overnight. The water was removed on the
freeze dryer and the crude was purified by reverse phase
column chromatography (water/acetonitrile 50/50 to 30/70 v/v)
yielding 1 as a sticky, white solid (182 mg, 70%). 'H NMR
(400 MHz, CDClz): 6 = 8.39 (m, 3H, Ar), 7.61 (bs, 1H,
C=ONHCH,), 7.49 (bs, 2H, C=ONHCH;), 5.34 (bs, 1H,
C=00CH), 5.13 (m, 1H, CH,CHCOOH), 4.36 (m, 2H,
CHCH,NH), 3.76-3.53 (m, 32H, O-(CH,),-0), 3.49-3.28 (m,
10H, CH,CH,NHC=0, CH,CH,CH,0), 2.50-2.24 (m, 4H,
CH,CH,C=0, CHCH,CH), 1.65-1.41 (m, 10H, CH,CH,CH,0,
CH,CH,CH,0, CH,CH,C=0), 1.39-1.18 (m, 46H, aliphatic).
13C NMR (100 MHz, CDCl;) ¢ = 172.99, 166.72, 134.94,
128.70, 75.60, 72.42, 71.51, 70.29, 70.43, 70.03, 69.82, 61.37,
40.48, 33.81, 29.47, 29.40, 29.35, 29.24, 28.99, 28.79, 28.70,
26.97, 26.78, 25.95, 24.45. ESI MS: calcd. for CgsH116N4O017
[M+H]* 1225.83, found 1226.17. FT-IR (ATR) v (cm™): 3320,
3073, 2925, 2855, 1740, 1648, 1545, 1456, 1349, 1290, 1200,
1131, 940, 831, 799, 720.

Conclusions

Attaching an L-Pro unit covalently to a water-compatible
benzene-1,3,5-tricarboxamide affords one-dimensional, helical
supramolecular polymers that are catalytically active in water.
The formed supramolecular polymers have a cross-section < 10
nm and lengths in the micrometre range. At higher
concentrations, the supramolecular polymers start to interact,
resulting in an increase in the viscosity of the solutions.
Evaluation of the catalytic activity of these supramolecular
polymers reveals high activity and selectivity for aldol reactions
in water with the reactive substrate pair p-nitrobenzaldehyde
and cyclohexanone. At catalysts concentrations of 1 mol%, full
conversion is achieved within 24 hr and de,.; and ee, are as
high as 93 and 98%, respectively. Mixing of the organocatalyst
with catalytically inactive BTAs results in a system of similar
activity and selectivity, suggesting that the environment around
the L-Pro unit remains the same. Furthermore, the catalytic
behaviour of this supramolecular polymer is highly
reproducible and the catalyst can be reused.

Many molecular and macromolecular organocatalysts have
been reported nowadays that show excellent activity and
selectivity in water, most of them relying on hydrophobic
interactions to create hydrophobic sites for catalysis to take
place. Nevertheless, the combination of small, well-defined
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amphiphilic moieties that polymerise non-covalently in water
as a result of directional, supramolecular interactions with
(organo)catalytic units opens up novel possibilities for
controlled spatial modulation between catalytic sites.
Depending on the reaction of interest, this modulation may be
crucial to enhance the activity and selectivity. In addition, the
supramolecular interactions that stabilise the formed aggregates
also allow easy mixing of building blocks with different
functions at the periphery. Combining supramolecular
(organo)catalysis in water with straightforward separations of
the reaction products from the catalysts may open up enzyme-
like catalysis for a wide range of non-natural substrates.
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