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s in self-sorted catalytic molecular
hydrogels†

Nishant Singh,a Kai Zhang,b César A. Angulo-Pachón,a Eduardo Mendes,b Jan H. van
Esch*b and Beatriu Escuder*a

By equipping mutually incompatible carboxylic acid and proline catalytic groups with different self-

assembling motives we have achieved self-sorting of the resulting catalytic gelators, namely SucVal8 and

ProValDoc, into different supramolecular fibers, thus preventing the acidic and basic catalytic groups

from interfering with each other. The resulting spatial separation of the incompatible catalytic functions

is found to be essential to achieve one-pot deacetalization–aldol tandem reactions with up to 85%

efficiency and 90% enantioselectivity. On the contrary, when SucVal8 was co-assembled with

a structurally similar catalytically active hydrogelator (ProVal8), self-sorting was precluded and no

tandem catalysis was observed.
Introduction

Tandem catalysis has received increasing attention in recent
years due to the process simplicity, economy of time and energy
and waste reduction, among other practical advantages, asso-
ciated with one-pot procedures. In particular, orthogonal
tandem catalysis is a one-pot reaction in which sequential
catalytic processes occur through two or more functionally
distinct and non-interfering catalytic cycles.1 Excellent exam-
ples are found in multi-enzymatic complexes present in
biosynthetic pathways, in which a substrate is sequentially
transformed towards a product in an effective and selective
manner.2 Multifunctional catalysts have been prepared based
on the spatial separation of catalytic groups in nanostructured
materials such as star polymers, silicas, zeolites and MOFs,
among others, quite oen requiring tedious preparation
procedures.3 Some of these systems are based on the controlled
organization of incompatible acidic and basic catalytic groups
into non-interacting locations. In this context, self-assembly of
discrete functional components into multifunctional self-orga-
nized materials by bottom-up non-covalent synthesis could
represent a powerful strategy incorporating both functional
diversity as well as synthetic economy. Catalytic supramolecular
nanomaterials can be prepared by self-assembly of tailor-made
low molecular weight functional building blocks.4 In this
respect, we and others have reported several examples of
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al details and additional gures are
catalytic molecular gels in which catalytic activity has emerged
as a consequence of the supramolecular organization of func-
tional groups.5

These examples were based on a single catalytic compo-
nent. However, supramolecular tandem catalysis requires the
spatial separation of two incompatible catalytic moieties. One
way to achieve spatial separation by self-assembly is self-sort-
ing, a relevant phenomenon in complex supramolecular
systems that can be dened as a high delity recognition
between molecules based on non-covalent interactions and
structural complementarity.6 Seminal work in this eld was
reported by Menger et al. showing self-sorting of bers and
microcrystallites based upon side chain differences of related
compounds, as well as by van Esch et al. who reported
orthogonal self-assembly of surfactants and hydrogelators into
co-existing bers and vesicles.7 Since then, several groups have
studied this phenomenon in depth in order to prepare
spatially and temporally resolved multicomponent nanoscale
materials.8,9

In this communication we present for the rst time the use
of two orthogonally self-assembled catalytic molecular hydrogel
networks for performing one-pot tandem catalysis. In contrast,
an analogous co-assembled network is shown to be catalytically
inactive (Scheme 1a). For this purpose, we selected three low-
molecular weight hydrogelators with different catalytic groups
and different self-assembly motives, which were previously
described in our group (Scheme 1b). Compounds SucVal8 and
ProVal8 present a bolaamphiphilic structure of similar molec-
ular dimensions bearing carboxyl groups and L-proline resi-
dues, respectively, as end-groups.10 Compound ProValDoc is an
amphiphilic dipeptide with an L-proline residue at the N-
terminus.5b
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 (a) Reaction scheme and self-sorting vs. co-assembly of
different self-assembling components based on the degree of inter-
action and recognition between them; (b) structures of hydrogelators
SucVal8, ProValDoc and ProVal8.

Fig. 1 AFM images of hydrogels of (A) SucVal8, (B) ProValDoc, (C)
ProValDoc + SucVal8 and (D) ProVal8 + SucVal8.
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Results and discussion

Two different hydrogels were prepared by mixing SucVal8 and
the two L-proline derivatives (ProValDoc and ProVal8). We
envisaged that the structural differences between SucVal8 and
ProValDoc would lead to their orthogonal self-assembly into
two self-sorted networks, whereas the similar backbone struc-
ture of SucVal8 and ProVal8 would render a single co-assembled
network. Then, these two mixed networks were studied for the
one-pot deacetalization–direct aldol tandem reaction (Scheme
1a). All the individual gels and systems of two hydrogels were
prepared by gentle heating to completely dissolve the
compounds in water followed by sonication for 1 min, and le
to stand overnight at 25 �C. For catalysis, the reactants were
added to the gels and vortexed. Upon reaction, the products
were extracted at the desired time by extracting twice with 1 mL
CDCl3, dried over MgSO4, and observed by 1H NMR.

The hydrogels of ProValDoc, on the one hand, are white
turbid looking gels with a minimum gel concentration (m.g.c)
of 5.7 mM and temperature for the gel to solution transition,
Tgel ¼ 40 �C (see ESI† for gel preparation methods; Tgel was
This journal is © The Royal Society of Chemistry 2016
determined by inverted vial test). The catalytic activity of Pro-
ValDoc for the direct aldol condensation of aldehydes and
ketones has already been reported by our group.5b,d On the other
hand, SucVal8 is a bolaamphiphilic hydrogelator with carbox-
ylic acid groups at the two ends, and is able to form transparent
self-standing hydrogels showing a m.g.c of 7 mM with Tgel ¼
70 �C.10b The use of Brønsted acids for deprotection of acetal
groups is well known.11 First, we checked the catalytic activity of
SucVal8 bers for the deacetalisation reaction. Complete
conversion of 35 mM benzaldehyde dimethyl acetal into benz-
aldehyde was observed in 10 hours when 20 mol% (7 mM gel) of
catalyst was used, while a lower Kobs was observed in samples of
SucVal8 in solution (Table S1 in ESI†). ProValDoc did not
catalyse this reaction, either in solution or as a gel.

Subsequently, a mixture of both SucVal8 + ProValDoc at their
respective m.g.c values was used to obtain a strong turbid
translucent gel. The AFM (Fig. 1) and TEM (Fig. S1–S5 in ESI†)
images of this gel revealed the presence of two different kinds of
bers (Fig. 1c and S8c†). The larger, more crystalline bers were
attributed to ProValDoc, whereas the coexisting twisted thinner
bers were assigned to SucVal8, based on their similarity with
the ber morphologies observed for the single component gels
(Fig. 1a and b). The height and width proles provided in the
ESI (Fig. S7 and S8†) show the presence of two different kinds of
bers with proles similar to the individual gelators.

To further conrm the orthogonal self-assembly of the
catalytic network components, we performed wide angle
powder X-ray diffraction (WAXD) of the xerogels of the two
different gelators at their m.g.c and of their mixture. The WAXD
data for SucVal8 reected an amorphous structure with no
crystallinity (Fig. 2a), whereas that for ProValDoc alone showed
more crystallinity, which can be attributed to one of the
Chem. Sci., 2016, 7, 5568–5572 | 5569
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Fig. 2 WAXD patterns of the xerogels of (a) SucVal8, (b) ProValDoc
and (c) SucVal8 + ProValDoc. (d) ProValDoc gel formed by pH change.
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previously described polymorphs of this compound, the most
thermostable one (Fig. 2b).12 Interestingly, the WAXD of the
mixture showed an overlap of the patterns of amorphous
SucVal8 and a different polymorph of ProValDoc, which is
dominant when gels are formed by pH change from acidic
solutions (Fig. 2c and d). Even though gels of this compound
alone and in the mixture of two hydrogelators were both
prepared by heating followed by sonication, we obtained
different polymorphs. This result suggests, as already
mentioned in our previous report, a seeding effect caused by
a small amount of protonated ProValDoc crystals which could
be formed in the presence of the acidic counterpart. Neverthe-
less, as we reported before, all the polymorphs are catalytically
active with only slight differences in the respective reaction
rates.12 To further conrm the self-sorting of the two bers,
rheological experiments were done, which revealed the G0

max for
the mixed system (SucVal8 + ProValDoc) to be 11 430 Pa, which
is one order of magnitude higher than the individual gelators
SucVal8 (G0

max ¼ 1578 Pa) and ProValDoc (G0
max ¼ 650 Pa)

(Fig. 3 and S10†).
This falls in line with the previous reports of orthogonal

systems being mechanically stronger than the individual
Fig. 3 Comparison ofG0
max of different gels. The plateau region of the

graph was taken as the G0
max of each system (Fig. S9†).

5570 | Chem. Sci., 2016, 7, 5568–5572
hydrogelators owing to the higher density of bers.13 Addi-
tionally, DSC experiments revealed the thermal imprints of both
SucVal8 and ProValDoc in the mixed system, suggesting the
self-sorted assembly of both the hydrogelators (Fig. S11†).

From the Tgel experiments we know that SucVal8 forms more
thermally stable gels than ProValDoc. Therefore, we formed
different gels by mixing the two gelators and varying the
concentration of ProValDoc to see if this induced an effect on
the overall thermal stability of the gelator (Fig. 4). The gels of
the mixture proved to be slightly more (�5 �C higher) thermally
stable than SucVal8, probably due to the higher density of bers
in the system owing to the presence of two different self-sorted
ber networks, making the gel stiffer and more stable.13,9b Thus,
the self-sorting of molecules in a gel system consisting of two
structurally different hydrogelators was suggested by the AFM,
TEM, rheology, Tgel, WAXD and DSC experiments.

The orthogonally assembled catalytic bers were then
examined for catalytic activity for the two previously mentioned
reactions in tandem and in one pot. The SucVal8 + ProValDoc
gel was rst tested for deprotection of the acetal group. A
quantitative yield of benzaldehyde from benzaldehyde dimethyl
acetal (35 mM) was obtained in 10 h using 7 mM (20 mol%) of
the catalyst. To examine the viability of the SucVal8 + ProValDoc
gel for the tandem reaction, the two substrates, benzaldehyde
dimethyl acetal and cyclohexanone, were simultaneously
introduced to the system at t ¼ 0. In 72 hours more than 85% of
the aldehyde obtained by deacetalisation was converted to the
nal aldol product with an anti : syn ratio of 84 : 16 (Fig. 5a,
90% ee). Kobs ¼ (2.1 � 0.4) � 10�5 s�1 for the tandem reaction.
No nal product was observed when both the gelators were
mixed when completely soluble (see ESI† for solubility proce-
dure). These results conrm that both networks maintain their
catalytic activity without interfering with each other. Moreover,
when the direct aldol reaction between benzaldehyde and
cyclohexanone was performed in the SucVal8 + ProValDoc gel,
a 91% yield was obtained in 72 hours (anti : syn ratio of 90 : 10;
91% ee). Kobs ¼ (2.2� 0.3)� 10�5 s�1, suggesting that the acetal
deprotection was not the rate limiting step.

Orthogonal assembly is mandatory for the successful isola-
tion of catalytic groups with opposite acid–base characteristics
for dual catalysis in one pot. To highlight this fact, we
Fig. 4 Tgel of the different gels of SucVal8 + ProValDoc and SucVal8 +
ProVal8 formed by varying the concentration of the proline compo-
nent. SucVal8 was present in the mixtures at its m.g.c.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Kinetics of the tandem ( ) and direct aldol reaction ( ) in the
mixture of SucVal8 + ProValDoc at their respective m.g.c values; (b)
velocity of product formation versus substrate concentration for the
tandem and direct aldol reaction.

Fig. 6 WAXD patterns of the xerogels of (a) ProVal8 and (b) SucVal8 +
ProVal8.
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performed similar experiments to those described above but
this time using compound ProVal8, which is structurally very
similar to SucVal8. ProVal8 is a bolamphiphilic hydrogelator
like SucVal8, but with a proline group at each end (Scheme 1),
that forms a white turbid weak gel at an m.g.c of 6 mM with Tgel
¼ 37 �C. As we have reported before for other bolaamphiphilic
analogues,14 we expected ProVal8 to co-assemble with SucVal8.
ProVal8 forms large crystalline bers with a width varying from
40–50 nm (see Fig. S3 and S6 in ESI†). However, the TEM images
of the mixed gel SucVal8 + ProVal8 revealed a homogeneous
system of only one kind of ber with a width of 20–30 nm
(Fig. S5†). On the other hand, AFM of the mixture (Fig. 1d)
showed the presence of twisted thin brils (Fig. 1a). A closer
analysis of the AFM images revealed that the brils in the
mixture SucVal8 + ProVal8 had a pitch value of 70 nm, which is
almost twice the value of the pure SucVal8 (45 nm) (see Fig. S7 in
ESI†). Therefore, bers of the mixture are different from bers
constituting the individual gels, alluding towards the co-
assembly of the two molecules to form a different kind of
homogenous network.

The WAXD of the xerogel of this mixture also showed
a different pattern of packing to the individual hydrogelators
(Fig. 2a and 6a, b). Moreover, the gel of this mixture seemed to
be weaker than SucVal8 alone. This was further conrmed by
Tgel experiments with a varying concentration of ProVal8 in the
mixture. With an increase in the concentration of ProVal8,
a decrease in Tgel was observed. On increasing the concentra-
tion of ProVal8 above 7 mM in the mixture, we could no longer
obtain self-standing gels but only suspended aggregates
(Fig. 4). The disruptive co-assembly of ProVal8 and SucVal8
was further vindicated by rheology and DSC experiments.
G0

max for ProVal8 + SucVal8 was measured to be 290 Pa, which
was lower than that of SucVal8 (1578 Pa) and slightly higher
than ProVal8 (138 Pa) (Fig. 3 and S10†). The thermal imprint of
the mixed system was also different from the individual
This journal is © The Royal Society of Chemistry 2016
systems (Fig. S11†). All of the above experiments suggested
that the molecules of ProVal8 and SucVal8 showed a disruptive
co-assembly that interferes with the gelation ability of each
hydrogelator.15 Subsequently, catalytic studies were performed
for this co-assembled mixture. Single component gels of
ProVal8 were able to catalyze the aldol condensation of benz-
aldehyde and cyclohexanone in water with a yield of 55% in
96 hours. However, when the tandem deacetalization/aldol
reaction was tested with the mixture of SucVal8 + ProVal8, only
58% conversion of benzaldehyde dimethyl acetal to benzal-
dehyde was observed in 96 hours, and no nal aldol product
was obtained even aer much longer times. These results
suggest a specic interaction between the acidic and proline
groups of the two molecules while co-assembling, presumably
involving a salt bridge, and thus rendering them catalytically
inactive for the enamine-based aldol reaction, which is
hampered if the proline amino group is protonated. FTIR did
not show signicant differences in the position of bands
between the different samples, however, broad bands were
obtained for the xerogel of the mixture SucVal8 + ProVal8,
suggesting the formation of ammonium salts to a greater
extent (see Fig. S14†).
Conclusions

In conclusion, we have reported for the rst time two catalytic
molecular hydrogelators that, owing to their structural differ-
ences, are able to orthogonally self-assemble into a two-network
gel and perform two reactions in one pot which would be
otherwise incompatible, as exemplied by a related co-assem-
bled network. We have shown that it is possible, by the sole use
of molecularly instructed non-covalent interactions, to
construct spatially separated catalytic sites able to work in
tandem, mimicking multi-enzymatic complexes found in cells.
This work is an example of a tailored design of self-assembled
supramolecular catalysts for one-pot tandem reactions, which is
oen not easy to achieve when working in homogeneous
catalysis, and it could be extended to other subsets of incom-
patible reactions.16
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