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ABSTRACT: The formation of an unprecedented decameric capsule
in carbon disulfide, held together by the combination of double and
triple hydrogen bonds between isocytosine units embedded in an
enantiomerically pure bicyclic framework is reported. The aggregation
occurs via symmetry breaking of the enantiopure intrinsically C2-
symmetric monomer brought about by solvent, induced tautomeriza-
tion of the hydrogen-bonding unit. We show that the topology of the
aggregate is responsive to the solvent in which the assembly takes place.
In this study we demonstrate that in carbon disulfide the chiral
decameric cavity aggregate consisting of three forms of the same
monomer, differing in their hydrogen bonding to each other is
selectively formed, representing a tube-like structure capped with two
C2-symmetric monomers. The large cylindrical cavity produced
selectively accommodates one partially solvated C60 molecule, and molecular dynamic simulations revealed the special role of
the solvent in the inclusion mechanism. The strategy described herein represents the first step toward the creation of a new class
of hydrogen-bonded tubular objects from only one small symmetric building block by solvent-responsive aggregation.

■ INTRODUCTION

New structures assembled by hydrogen bonding (H-bonding)
are of primary importance not only for the advancement of the
field of supramolecular chemistry but also for the deeper
understanding of the hydrogen-bonding phenomenon in
general and the specific role of the solvent in particular.1 The
very useful general guidelines to explain and predict the
strength of hydrogen bonds were derived as a result of
numerous studies on hydrogen bonding arrays in both solution
and the solid state. These include the concept of
complementarity and secondary interactions,2 equilibrium
between productive and parasitic tautomeric forms,3 steric
and geometry factors4 and, acid−base properties of H-bond
donors and acceptors.5 To account for the influence of the
media, there is a general agreement that the noncompetitive
solvents having neither strong H-bond acceptor nor donor
provides the strongest binding. Relatively little, however, is
known about more complex systems in which several self-
complementary and nonself-complementary tautomeric forms
may simultaneously exist within the single monomer capable of
producing a cyclic cavity aggregate. In such cases, in addition to
the bulk properties of the solvent, the inclusion of it within the
cavity formed can no longer be neglected. The solvent
molecules acting as small guests can have a decisive role on
the selection of the type or the size of the cyclic aggregate.6 The

crucial participation of solvent molecules in the templation of
cavity aggregates is very well documented in the field of
molecular encapsulation,7 where the formation of a particular
construct is triggered or prevented depending on the size of the
solvent molecules.8

To achieve tubular aggregation by hydrogen bonding, several
conceptual strategies exist that are different from each other in
the degree of covalent synthesis used to construct the
monomer.9 In order to secure high predictability of the
aggregation process, sophisticated supramolecular monomers
having rigid scaffolds with well-defined cavity and H-bonding
arrays are often needed.7,8a−c The price paid by chemical
synthesis to cover the entropic cost of the aggregation process,
however, is very high, and often only a single supramolecular
construct can be obtained from such monomer as a result of
extensive preorganization of the interacting groups. From both
a practical and fundamental point of view, it is of paramount
importance to find out how far one can go in down-sizing the
structure of the monomer and still encode it with as much
information as possible in terms of the monomer geometry and
nature of the H-bonding array to achieve a specific assembly.
Since most of the H-bonding arrays consist of heterocyclic units

Received: March 26, 2015
Published: May 7, 2015

Article

pubs.acs.org/JACS

© 2015 American Chemical Society 10536 DOI: 10.1021/jacs.5b03160
J. Am. Chem. Soc. 2015, 137, 10536−10546

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b03160


capable of tautomeric interconversion, the precise control of
the aggregation outcome becomes even more complicated. At
the same time, the dynamic nature of a H-bonding array might
be advantageous for the creation of responsive systems that
display multiple aggregation pathways. In such systems, the
predominance of one particular tautomeric form will depend on
several factors, mainly the polarity of the solvent, the H-
bonding mode between the motifs and their spatial arrange-
ment. In this respect, the systems possessing 3H-bonding units
are especially interesting due to their intrinsic noncomplemen-
tarity owing to the odd number of hydrogen bond donors and
acceptors. This apparent drawback can, in principle, be
overcome if a certain type of derivatives is used in which
tautomerization can bring about self-complementarity between
two different tautomeric forms. Among several possibilities,
isocytosine derivatives seem to be the perfect candidates to
study the relationship between aggregation and tautomeric
form distribution. The parent isocytosine is known to crystallize
in water in dimeric form held together by 3H-bond between
H[1] and H[3] tautomers (Figure 1b, bottom right).10,11 We
have recently reported that when two isocytosine units are
confined within the C2-symmetric bicyclo[3.3.1]nonane scaf-
fold, the selective formation of a tetrameric cyclic aggregate in
chloroform was observed (Figure 1a).6a The data obtained
suggested that symmetry breaking of the otherwise C2-
symmetric monomer 1 occurred resulting in a 3H-bonded
tetramer between the two different tautomeric forms of the
isocytosine unit at each end of the molecule. Because of the
nearly 90° angle between two H-bonding units, the cyclic
tetrameric structure is the most favorable construct; however,
our studies on related molecules showed that in certain solvents
pentameric assemblies may also form to some extent.6b It is
worth noting that compound 1 can display many other H-
bonding modes depending on the distribution of tautomeric
forms within the ditopic monomer. For instance, three different
2H-bonding modes between homoleptic monomers can exist,

together with an even larger number of 2H and/or 3H-bonding
C1-symmetric structures (Figure 1b). The cavity size of the
cyclic aggregate depends on which particular H-bonding mode
is taking place and is therefore the subject of external stimulus
modulation, be it solvent or guest. In this article we report our
findings from the study of the aggregation of monomer 1 in
different solvents. Besides the above-mentioned interest in
aggregation induced tautomeric form redistribution, our
motivation for this research stemmed from the hypothesis
that the cyclic tetramer 14, a molecular belt, could be forced to
aggregate further by using additional complementary bifurcated
hydrogen bonding sites along the rim of the tetramer thus
producing the desired tubular supramolecular polymers (Figure
1d).12 Most likely, these intertetramer H-bonds between four
isocytosine units (see square in Figure 1d) are significantly
weaker than the intratetramer H-bonds assembling the
molecular belt 14 due to the smaller number of hydrogen
bonds involved and also due to unfavorable steric interactions
between the solubilizing branched side chains when two
tetramers approach each other. We therefore speculated that
the use of less polar solvents could promote the desired
polymerization of 14 or even change the distribution of
tautomeric forms resulting in a new type of assembly. In pursuit
of this task we discovered the unexpected formation of a unique
decameric aggregate composed of three different forms of the
same monomer 1 in the nonpolar solvent carbon disulfide.

■ RESULTS AND DISCUSSION

Synthesis. Monomer 1 was synthesized according to our
previously reported procedure.6b 13C and 15N labeled analogues
were obtained by using the same methods as for nonlabeled
compounds (see the Supporting Information). To secure
unambiguous aggregation into cyclic structures, we used the
enantiomerically pure monomer 1, which can be easily obtained
in gram quantities from an enzymatically resolved bicyclic
precursor.13 The branched 3,5-bis(decyloxybenzyl) solubilizing

Figure 1. (a) The enantiomerically pure bicyclic ditopic monomer 1 possessing two isocytosine H-bonding moieties. (b) Possible 2H- and 3H-
bonding tautomeric forms of the isocytosine (H[1], blue; H[3], red; and enolic, gray), their distribution in ditopic monomer 1 (several of all
conceivable) and the resulting aggregation modes. (c) Formation of a cyclic tetrameric aggregate of 1 in CDCl3 using two complementary tautomeric
forms of the isocytosine. (d) The attempted strategy for tubular edge-to-edge polymerization of cyclic tetrameric aggregates 14 via bifurcated H-
bonds (highlighted in square) between cyclic units (solubilizing chains are omitted for clarity).
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chains provided very good solubility, which allowed a wide
range of nonpolar solvents to be tested in the aggregation
studies of 1.
Self-Assembly of 1 in Different Solvents. The 1H NMR

spectra of monomer 1 in different solvents are shown in Figure
2. In contrast to the very well-defined spectral pattern of 1 in
CDCl3 (Figure 2a), more complicated spectra were obtained in
aromatic solvents. In benzene-d6 the most intense set of signals
is the one belonging to the tetramer 14, observed together with
another set of less intense signals presumably arising from
further aggregation of the cyclic aggregates (Figure 2b). In a
fresh toluene-d8 solution, a spectrum containing broad signals

was obtained showing a complex pattern of NH resonances of
very low intensities. With time, one dominant species evolved;
however, the spectrum still showed some minor peaks
corresponding to an unknown supramolecular entity (Figure
2c). Interestingly, in a series of chlorinated solvents, the
supramolecular tetramer 14 was the only aggregate observed in
relatively polar dichloroethane-d4 (Figure 2e) as well as in
nonpolar carbon tetrachloride (Figure 2d). On the other hand,
slightly less polar than chloroform, dichloromethane-d2 caused
the formation of a complex mixture, most likely composed of
several aggregates (Figure 2f). We continued to screen different
solvents further and found that monomer 1 provided a very
clean aggregation profile in the nonpolar solvent carbon
disulfide (CS2) (Figure 2g). CS2 with the dipole moment p =
0, having a polarizable but poor hydrogen bond acceptor sulfur
atom, has rarely been used before for the study of supra-
molecular aggregates by 1H NMR spectroscopy.14 Monomer 1,
when dissolved in CS2, displays a well-defined 1H NMR
spectrum possessing 11 different NH resonances together with
a complex aromatic and aliphatic pattern (Figure 2g). These
features are indicative of a supramolecular structure of
significantly reduced symmetry, compared to a chloroform
solution of 1. The formation of a single aggregate was
confirmed by the DOSY NMR15 spectrum that showed a
correlation of all resonances with the same diffusion coefficient
(see the Supporting Information). Interestingly, when the CS2
solution of 1 was incrementally diluted with CDCl3, the
appearance of the cyclic tetrameric aggregate 14 was observed at
16% v/v CDCl3 in CS2 (Figure 3). The two aggregates are in

slow equilibrium and the fraction of 14 is increasing with the
addition of CDCl3. The simultaneous existence of two
aggregates provided a perfect system for a first estimation of
the size of the unknown aggregate by comparing its diffusion
coefficient to the one of 14 under exactly the same experimental
conditions. Hence, DOSY measurements of 1 in CS2−CDCl3
(1:1) indicated that the unknown aggregate is at least 60%
larger in hydrodynamic volume than the corresponding cyclic
tetramer (see the Supporting Information). These data
confirmed that the degree of aggregation of the unknown
aggregate is most likely beyond the pentamer for which the
increase in the hydrodynamic volume is known to be smaller,
based on our earlier studies on urea derivatives of 1.16 Finally, it
is worth noting that racemic 1 displays completely different
aggregation pattern indicating that social self-sorting17 between

Figure 2. (a−g) Selected parts of 1H NMR spectra of monomer 1 in
different solvents.

Figure 3. Equilibrium between two different aggregates observed
during titration of 1 solution in CS2 with CDCl3.
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two enantiomers is preferred over homochiral aggregation (see
the Supporting Information).
NMR Structure Elucidation of the Aggregate 1n in CS2.

In order to fully characterize the unknown supramolecular
aggregate of 1 in CS2, extensive NMR studies were undertaken.
The careful analysis of the correlations observed in the aliphatic
region of the 1H−1H COSY spectrum of 1 clearly discerned
three magnetically nonequivalent monomer units. The units A
and B display sets of resonances corresponding to a C1-
symmetric monomer 1 whereas, in contrast, the third unit C
must be C2-symmetric according to the number and pattern of
resonances observed (Figure 4a,b). The involvement of the
enolic form of the isocytosine moiety in units A−C was ruled
out by the data from the 1H−13C HMBC spectrum, where all
the downfield resonances except of proton 1 in A and those of
the amino groups display couplings with the corresponding
carbonyl carbon atoms of the isocytosine keto form. In
addition, all the above resonances are from protons residing on
nitrogen atoms as shown by the 1H−15N HMQC spectrum.
Thus, according to simple symmetry considerations, there is
only one intrinsically C1-symmetric form of 1 where two
different keto tautomers of isocytosine, H[1] and H[3], are
located on opposite sides of the monomer. The existence of the
H[1] tautomeric form in unit A is immediately evident from the
1H−13C HMBC spectrum where the NH (1N)-proton
resonance at 10.1 ppm shows a diagnostic cross-peak with
the carbon atoms of the neighboring double bond at 116 and
146 ppm (Figure 4c), while the 13C NMR gives a chemical shift
of 170 ppm for the carbonyl group. The value of the chemical
shift of the keto group of the H[1] tautomer is in perfect
agreement with the recently reported NMR data of hydrogen
bonded tautomers of isocytosine in the solid state.18 Another
compelling evidence for the involvement of the H[1] tautomer
was obtained using the uniformly 15N labeled monomer 1. The
1H−15N HMBC spectrum revealed that all bridgehead protons
6 and 12 have correlations with the sp2 nitrogen atoms 1 and 7,
respectively, except proton 12 in unit A, which has a cross-peak

with nitrogen 1 of the H[1] tautomer (Figure 4a,d).
Accordingly, units B and C have H[3] tautomers on both
sides of the bicyclic framework. In contrast to unit C, the
otherwise identical H[3] tautomeric forms in unit B become
magnetically nonequivalent due to their different environment
within the supramolecular aggregate. The existence of the H[1]
isocytosine tautomer in unit A served as a strong indication of
the possible involvement of the latter in a 3H-bonding mode.
The two distinct aggregation modes, e.g., 2H-bonding between
two H[3] keto forms and 3H-bonding between H[1] and H[3]
keto forms operating in one C2-symmetric monomer may be
responsible for the symmetry breaking observed in unit B (vide
infra). The stoichiometry of the assembly was determined from
the integration of the 1H NMR spectrum which gave the molar
ratio 2:2:1 for units A, B and C, respectively (see the
Supporting Information). This clearly indicated that a
pentameric assembly would be the smallest possible candidate
whereas based on the DOSY data (vide supra), an even larger
structure of the same stoichiometry, i.e., a decamer, is most
likely produced.
The next step was to establish the exact connectivity order

between the units. We first considered the pentameric cyclic
arrangement of previously determined stoichiometry A2B2C as
the simplest model (Figure 5a). In a cyclic arrangement, the
unit C would be connected to unit A or B via 2H-bonding
between H[3] tautomeric forms in one of the three possible
arrangements, that is ACA, BCB or ACB (Figure 5a, I−III).
Consequently, in these models, alternating 2H- and 3H-bonds
hold the units A and B together. If the cyclic pentamer is
assumed to be the smallest structural unit, only symmetric ACA
or BCB connectivity is possible in order to maintain the
magnetic equivalence of each unit A and B. To distinguish
between these two possible arrangements we used HNN COSY
and ROESY experiments. The scalar coupling between two
nitrogen atoms across the H-bond constitutes the basis of the
HNN COSY experiment and it has been widely utilized in
structure elucidation of biomolecules since its introduction.19

Figure 4. (a) The structures of magnetically nonequivalent units A, B and C observed in the aggregate of 1 in CS2. The black arrows represent the
1H−13C HMBC correlations and gray arrows the 1H−15N HMBC correlations. (b) COSY spectrum of 1 in CS2 showing three sets of resonances
belonging to units A−C (color coding as in (a)). (c) 1H−13C HMBC spectrum of 1 in CS2. (d)

1H−15N HMBC spectrum of 1 in CS2.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03160
J. Am. Chem. Soc. 2015, 137, 10536−10546

10539

http://dx.doi.org/10.1021/jacs.5b03160


The application of this powerful technique for smaller
supramolecular aggregates, however, remains scarce.20

The HNN COSY spectrum of uniformly 15N labeled
monomer 1 displays scalar coupling between proton 9 of unit
B and the sp2 3N atom in the H[1] tautomeric site of unit A
(Figure 5b,c). This observation provided direct evidence that
one-half of unit A is connected by 3H-bonding to one-half of
the unit B. Furthermore, the 2H-bonding mode between the
H[3] tautomeric side of A and the other half of B was
established by the ROESY interaction between proton 9 in A
and proton 3 in B (Figure 5b,c). The proximity of these sites
was further supported by the interunit correlation between
protons 3 and 9 and the bicyclic and side chain benzylic
protons 5,11 and 31,14 of the bonding partner, respectively
(Figure 5b). The established monomer sequence corresponds
to the cyclic arrangement ABAB in which none of the similar
NOEs correlations observed between units A and B could be
detected between neither A and C nor B and C. Consequently,
unit C is not a part of the cyclic array. This intriguing fact urged
further careful examination of the ROESY spectrum to identify
all intermolecular correlations that involve unit C. One such
correlation was found, namely the NOE between the NH
proton in unit C and the benzylic proton 11 in unit B (Figure
6a). The absence of the ROESY cross-peaks of the aliphatic

region of unit C with either unit A or B suggested that this unit
is located further away from the ABAB tetramer. On the basis
of all spectral data, the most plausible arrangement for unit C
would be on top of the tetramer ABAB resulting in pentamer
ABABC. In this way, the possible network of hydrogen bonds
formed between the amino groups in C (2N) and carbonyl
group in B, as well as the amino group in H[1] tautomer in A
(2N) and carbonyl in C is in perfect agreement with all spectral
data (Figure 6a). On the other hand, some additional
correlations between units A and B clearly indicated that the
hitherto suggested pentameric bowl-shaped aggregate was not
the final structure of the assembly. In the 1H−15N HMBC
spectrum there was a coupling between the aromatic nitrogen
of the H[3] tautomer side of unit A and one of the NH protons
of 8N amino group in unit B. The chemical shifts and the
narrow line shape of NH2 (8N) proton resonances in B suggest
that both hydrogen atoms are involved in hydrogen bonding
and that they are not in fast exchange. Thus, proton 8B, which
is a part of the 3H-bonding array is assigned to the chemical
shift 9.8 ppm, whereas the other proton at 9.2 ppm is assigned
to the hydrogen protruding up and down from the tetramer
ring. The HMBC correlation between the hydrogen atom at 9.2
ppm and the nitrogen atom 7 in A (Figure 6a) further
suggested additional structural complexity beyond the
pentameric assembly. This assumption was supported by the
ROESY correlation from proton 8B at 9.2 ppm to bridgehead
proton 6 in A and by the secondary negative NOE from proton
8B at 9.8 ppm to the same proton 6 in A. The above
correlations cannot be ascribed to neither an A nor a B unit in
the cyclic tetramer simply because these protons are very far
away from each other. To account for this observation, the two
pentamers have to be connected together by a new H-bonded
interface. On the basis of the 1H−15N HMBC spectrum, the
amino group 8 of unit B is hydrogen bonded to the sp2

nitrogen atom 7 in unit A. Likewise the amino group in unit A
may possibly be hydrogen bonded to the sp2 nitrogen 7 in unit
B, although this is neither indicated by NOE nor scalar
coupling.21 In order for these hydrogen bonds to form, two
cyclic units have to be turned by 45° in respect to each other.
Now the entire assembly process of the decamer 110 of the

composition [ABABC]2 can be proposed: for clarity, and to
illustrate some structural features of the assembly elements the
process can be represented in three distinct stages (Figure 6b).
First, the alternating tetrameric aggregate ABAB is formed
using 3H- and 2H-bonding modes of two isocytosine
tautomers. The two pairs of opposite walls have 2H- and 3H-
bonding interface, which is reflected in the rectangular shape of
the tetramer (Figure 6b, stage I). In the 3H-bonding mode, two
bicyclic frameworks are brought closer together whereas in the
looser 2H-bonding mode the two units are by 1.5 Å further
away as indicated by molecular modeling (molecular
mechanics). Although at first glance very small, the change in
dimensions of the cavity for different H-bonding modes could
have crucial consequences for the complexation of certain
guests such as C60 and C70, where very precise matching of sizes
is required for efficient recognition. In the stages II and III, two
cyclic tetramers ABAB are put on top of each other and the
resulting tubular octamer is then capped with two C units,
respectively, forming an [ABABC]2 decamer (Figure 6b).

Complexation Study of 110 with C60. In order to take
advantage of the large cavity size of the so-suggested decamer,
its host−guest chemistry with fullerene C60 was probed.22

According to the size of the cavity, there is, at least in theory,

Figure 5. (a) Schematic representation of plausible cyclic pentameric
aggregates I−III. (b) Intermolecular NOEs (plain arrows) and scalar
N−H−N coupling (dashed arrow) between units A and B. (c)
Excerpts of HNN COSY (top left) and ROESY spectra of 1 in CS2.
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the possibility for two C60 molecules to be encapsulated if the
units C are moved further away from the octamer. One may
also envision the dissociation of units C leaving the uncapped
octamer in order to accommodate two molecules of C60.
Taking into account that CS2 is one of the best solvents for C60,
we were interested whether one molecule of C60 will enter the
cavity in a partially solvated form or as two fully desolvated
molecules. In the latter process, an additional energetic benefit
could be gained from C60−C60 van der Waals interaction within
the cavity.22b Moreover, the host−guest interaction study may
also support conclusions drawn from the NMR studies on the
structure of the decameric host 110 itself.
Indeed, the decamer 110 formed an inclusion complex with

C60; however, full conversion to the host−guest complex was
not achieved even with an excess of C60 (Figure 7a,b). Two sets
of signals were obtained in the 1H NMR spectrum
corresponding to the free host and the inclusion complex.
The complexation process is accompanied by the large upfield
shift of the 13C resonance of C60 by 1.0 ppm from 142.7 to
141.7 ppm and also by further reduction of the host symmetry
in the C60@110 complex. The latter is evident from the
complication of the aliphatic and aromatic region of the
spectrum and the increase of the number of NH resonances.
Compared to the free host, each NH resonance is split to two
upon the complexation with C60 (Figure 7b). The two species
displayed identical diffusion coefficients as indicated by the
DOSY spectrum confirming that no structural rearrangement to
smaller or larger assembly took place during the inclusion event

(Figure 7c). The nonsymmetric structure of the complex can be
easily rationalized assuming that C60 positions itself at one of
the poles of the decamer and has a very slow exchange between
two identical binding sides that renders the two pentameric
hemispheres different (Figure 7a). Since no structural
perturbation of the host is taking place during the formation
of the inclusion complex, we decided to deploy this equilibrium
to unambiguously confirm that the decamer is the actual
aggregate in CS2 solution. The inclusion studies were repeated
with 13C labeled monomer 1 and 13C enriched C60 guest. By
integration of a quantitative 13C spectrum, the stoichiometry
was calculated to be exactly 1:10 for the inclusion complex (see
the Supporting Information), thus fully corroborating the
results obtained from the NMR analysis. Furthermore, these
observations show that the host 110 can be a promising
candidate also for the encapsulation of larger fullerene guests,
such as C70, C84 or the dimer C120. To our knowledge, the
decameric assembly described here represents the most
complicated H-bonded aggregate to date assembled from a
small C2-symmetric building block.23,24

Molecular Dynamic (MD) Simulations. Molecular
dynamic simulations25 in CS2 were employed in order to gain
deeper insight into the mechanism of C60 encapsulation and the
molecular structure of the complex obtained. In all molecular
mechanics (MM) calculations, the structure of the monomer 1
was simplified by exchanging the benzylic side chains with
methyl groups. The observed 110 aggregate consists of the three

Figure 6. (a) Schematic representation of all interactions observed between units A−C using different NMR experiments. (b) Simplified illustration
of the proposed assembly process in three distinct stages. Stage I, formation of the tetramer; stage II, dimerization of two tetramers; and stage III,
capping of the octameric structure with two C units. The structures were optimized using molecular mechanics calculations.
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forms, A, B and C of monomer 1, in the proportions 4:4:2 as
indicated by the integration of the 1H NMR spectrum.
Models of the final aggregate 110 in CS2 were constructed in

three stages depicted in Figure 6b by applying weak distance
constraints for the observed NMR interactions in a geometry
optimization using the OPLS 2005 force field in the gas phase.
In stage I, a model of the cyclic tetrameric aggregate ABAB
(Figure 6b) was constructed using the NOE between proton 9
in unit A and proton 3 in unit B and, between proton 2 in unit

A and proton 9 in unit B. Next, in stage II, an octamer model
was assembled by stacking two ABAB tetramers (Figure 6b)
using the NOE between proton 8 in unit B in one tetramer and
proton 6 in unit A in the other tetramer and the 1H−15N
HMBC correlation between proton 8 in unit B in one tetramer
to nitrogen atom 7 in unit A in the other tetramer. A complete
model of the decameric aggregate (Figure 6b, Stage III) was
constructed from the octamer and two C units using
constraints based on the NOE correlation between NH2 in C
and proton 11 in unit B. The resulting decamer 110 is held
together by repeated pattern of H-bonds as depicted in Figure
8a.
Molecular dynamics simulations were performed on the gas

phase decameric model, extended with a 2,4-ethoxy benzyl side
chains as a simplified version of the solubilizing groups. The
simulations were performed in the isothermal−isobaric
ensemble with a 10 Å buffer of solvent molecules around the
complex using Desmond molecular dynamics simulations
package with default settings.26 First, a 9.6 ns MD simulation
of the decamer was performed in CS2. Initially, the simulation
had three solvent molecules in the cavity and the system
reached equilibrium after 4.5 ns with eight solvent molecules in
the cavity (Figure 8b). The inclusion complex with C60 was
constructed from one snapshot of the equilibrated MD
simulation of free 110 in CS2. All solvent molecules were
removed except those in van der Waals contact with the 110
aggregate. A C60 molecule was initially positioned at the center
of the cavity and all overlapping solvent molecules were
removed. Next, a 48 ns MD simulation of this inclusion
complex was performed in CS2. After equilibration, two CS2
molecules were found situated in the cavity close to one of the
C units and C60 was unsymmetrically placed in the cavity close
to the other C unit (Figure 8c). The MD simulation thus
confirmed that the partial solvation of the C60 molecule from
one side with CS2 is responsible for the symmetry breaking of
the aggregate. During the equilibration of 110 with C60, the C60
molecule moved toward the pole of the capsule, whereas the
corresponding interacting unit C moved slightly inward as
compared to the equilibrium structure of 110 in pure CS2. The
other unit C moved slightly outward as a result of an additional

Figure 7. (a) Nonsymmetric complexation of C60 with 110 host. (b)
1H NMR spectra of the host 110 (top) and mixture of 110 and inclusion
complex C60@110 (bottom). Saturated solution of C60 in CS2 was used
with the molar ratio C60:110 = 3.7. The blue dots indicate the
resonances of C60@110 (c) DOSY spectrum of the equilibrium mixture
of 110 and C60@110.

Figure 8. (a) The unique hydrogen bonds of decamer 110 as found by MM calculations. (b) Equilibrated MD structure of 110 in CS2 with eight
solvent molecules in the cavity. (c) Equilibrated MD structure of C60@110 (t = 46 ns) with two CS2 molecules. For clarity, solvent molecules outside
the cage are not displayed.
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pressure exerted by encapsulated CS2 molecules. The net
reduction in the distance between units C was around 0.7 Å.
Moreover, the hinge angle between two isocytosine rings was
smaller in unit C interacting with C60 compared to the rest of
the units. The above results indicate favorable van der Waals
interactions between the C60 surface and the concave surface of
the unit C. Since the movement of the C60 molecule inside the
cavity is accompanied by its partial desolvation, the above-
mentioned interaction between C60 and unit C is obviously
stronger than the interaction between C60 and CS2.

27 The very
slow exchange of the C60 molecule between two poles can be
understood taking into account the fact that the two
encapsulated CS2 molecules that are in close contact to C60
have to be simultaneously removed from the cavity in order for
C60 to exchange the binding sites. Such a process must be
kinetically very demanding and is therefore not observed.
Self-Assembly of a C1-Symmetric 2N-Arylated Iso-

cytosine Monomer. The decameric aggregate described has
an unprecedented structure with two monomer units residing
on top of the tubular octamer. In order to investigate the
importance of the capping of the tubular octamer [ABAB]2
with two C units for the stability of the whole assembly, we
designed an experiment to slightly mutate the structure of
monomer 1 and prevent the H-bonding with the C units. By
using the C1-symmetric derivative 2 (Figure 9b), having one
phenyl group attached to one isocytosine amino group, the

assembly could in principle follow the same pathway through
stages I and II resulting in the tubular octamer [ABAB]2 with
all the phenyl groups located at the edges (Figure 6b, 9a).
However, stage III would be inhibited in this case, first due to
the absence of an extra NH hydrogen atom on unit A essential
for H-bonding with unit C and second, due to the steric
hindrance imparted by the phenyl substituents. Compound 2
was synthesized in two steps from the corresponding β-
ketoester by condensing it with guanidine and then with
phenylguanidine (Figure 9b) (see the Supporting Information).
The phenyl substituent was chosen for its rigidity and also in
order to obtain full regioselectivity in the second condensation
step. The electron-withdrawing nature of the phenyl substituent
renders the nitrogen atom attached to this group less
nucleophilic compared to the remaining nitrogen atoms and
therefore only 2N-substituted isocytosine 2 is obtained. The
new monomer showed two sets of signals of nonequal
intensities in CS2 suggesting the presence of two aggregates.
In addition, each aggregate has only two H-bonded NH
resonances. This simple pattern with two downfield protons
per aggregate observed in each supramolecular species
corresponds to a 2H-bonded, fully symmetric cyclic assembly
and clearly not to the expected octamer. The latter aggregation
mode would by necessity involve one hydrogen atom of the
amino group in rim-to-rim H-bonding; such H-bond is absent
according to 1H NMR data. If the two aggregated species are

Figure 9. (a) Schematic illustration of monofunctionalization of monomer 1 to selectively produce the octameric aggregate. (b) The synthesis of
monomer 2. (c) The ROESY spectrum of 2 in CS2. (d) Possible supramolecular isomers of 24 and the corresponding H-bond interfaces between
isocytosine units.
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assumed to be tetramers, there are in total four possible
arrangements for monomer 2: structure 24A with all phenyl
groups on one side (all-syn isomer), structure 24B with
alternating up and down phenyl groups (all-anti isomer) and
finally, two less symmetric supramolecular isomers 24C and
24D (Figure 9d). Structures 24C and 24D can immediately be
ruled out on the basis of symmetry considerations; only two
types of NH signals were observed for each supramolecular
isomer. Structures 24A and 24B can be easily distinguished from
a ROESY spectrum and the correlation pattern between NH
protons. In isomer 24A there must be a cross-peak between two
closely located NH protons from two different isocytosine units
whereas in isomer 24B, both NH protons are identical. Such a
correlation was indeed found, unexpectedly for both species,
suggesting that in fact only one H-bonding mode is operating
and that the two aggregates observed are most likely
supramolecular homologues, i.e., a cyclic tetramer and a cyclic
pentamer, having the monomer arrangement as in structure
24A with all phenyl groups pointing to the same side (Figure
9c). The final compelling proof was provided by the DOSY
spectrum showing the presence of two species of different sizes
(see the Supporting Information). The exclusive formation of a
supramolecular isomer in which H-bonding occurs only
between different isocytosine units could be rationalized by
the higher acidity of the phenyl substituted isocytosine NH-
group hydrogen bond donor and the higher basicity of the
hydrogen bond acceptor carbonyl oxygen on the unsubstituted
isocytosine side. There is a possibility that isomer 24A also
benefits from a weaker intermolecular secondary hydrogen
bond between the phenyl-substituted amino group proton and
the carbonyl oxygen. This heteroleptic type of secondary
interaction is expected to be stronger than the homoleptic
analogues in other possible isomers due to the above-
mentioned matching of the acid−base properties of the H-
bond donor and acceptor. In contrast to CS2, only a tetrameric
aggregate is formed from the monomer 2 in CDCl3 solution
(see the Supporting Information). This observation is in line
with the previously observed selectivity in related 4H-bonding

derivatives of the monomer 1, where an exclusive formation of
one cyclic tetramers was observed in this solvent.6b Although
the structural modifications of monomer 1 to compound 2 did
not allow to achieve the formation of the octamer in CS2 by the
interrupted 110 self-assembly, the strategy described here
provides a new and general method to obtain tetrameric and
pentameric cyclic aggregates with a perfect control over the
supramolecular isomerism. All attempts to selectively “decap-
itate” decamer 110 with a 3H-bonding cytosine competitor were
met with no success resulting in the disruption of the whole
structure (see the Supporting Information).

Analysis of the Assembly Process of 1 in CS2. Taken
together, the above data emphasize the importance of the
unsubstituted isocytosine motif for the stabilization of the
decameric structure and different tautomeric forms of the
ditopic monomer 1 involved in the binding. The intriguing
question why the assembly of monomer 1 stops at the decamer
stage and does not, for instance, provide polymeric assemblies
via repetitive stacking of the tetramers still remains open. If the
exact mechanistic details were ignored, entropic factor would
favor the formation of a larger number of end-capped
decameric assemblies as opposed to a smaller number of
polymeric aggregates given the same total number of
monomers. The enthalpic gain from weak interoctamer H-
bond interactions within the polymer might be too small to
outweigh such entropic costs. Another important point of
consideration is the interaction of the bulky solubilizing groups
within the supramolecular aggregate. The stacking of two
homoleptic 3H-bonded tetramers in a fashion originally
proposed for the tubular polymerization (Figure 1d) on top
of each other without any rotation would place these groups at
a short distance resulting in a steric repulsion between two
tetramers (Figure 10a).28 On the other hand, the formation of
the octamer held together by 2H- and 3H-bonding modes
necessitates the rotation of one of the tetramer and provides
the free space to accommodate the solubilizing groups (Figure
10b). The dimerization of the tetramers saturates one of the
four H-bonding interfaces present in the tetramer. The

Figure 10. Proposed mechanisms for the formation of decamer 110. (a) Dimerization of the homoleptic tetramer 14 and the resulting steric repulsion
between the bulky substituents. (b) Solvent-induced tautomerization and the subsequent dimerization of so-obtained heteroleptic tetramers. The
steric crowding is released to some extent due to the rotation of the tetramers during the dimerization. The decamer 110 is obtained by capping of
the octamer. (c) Possible assembly pathways leading to the intermediate pentameric assembly 15. The decamer 110 is obtained by rotation and
dimerization of pentamers 15 using H-bonding interface A.
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remaining H-bonding interface D (Figure 10b) in the so-
proposed octamer cannot be saturated by the stacking of the
octameric aggregates because of the steric interaction between
the amino groups along the octamer rims. Instead, the capping
with units C provides the additional H-bonds resulting in an
increase of the total number of H-bonds in the system.
Alternatively, the capping of the tetramer ABAB with unit C
may occur before the dimerization event (Figure 10c). We
cannot rule out the possibility that the strong H-bonding in CS2
may promote the attachment of the unit C on top of the
homoleptic tetramer AAAA (Figure 10a) causing the symmetry
breaking into alternating 2H- and 3H-bonding modes between
isocytosine moieties (aggregation-induced tautomerization), an
arrangement that otherwise would be unstable and therefore
has not been observed with control compound 2. The two
pentamers ABABC obtained would then dimerize minimizing
the remaining free H-bond valences. The fact that no octamer
was observed with the monophenyl derivative 2 supports the
mechanism where capping of the tetramer ABAB (or AAAA)
with unit C precedes the dimerization. Regardless of the actual
mechanism operating, the crucial role of the solvent is evident.
The good polarizability of CS2, the specific solvation of the
cavity or certain tautomeric form of the isocytosine and the
promotion of strong hydrogen bonding in this solvent are most
likely responsible for very clean and unique aggregation profile
of 1. Having fully deciphered the molecular structure of
decamer 110 with the full assignment of all proton resonances,
we noticed that very similar pattern of resonances are also seen
for 1 in other solvents for the main supramolecular species,
especially in dichloromethane-d2 and in an aged solution in
toluene-d8, indicating the possible formation of the decameric
structure in these solvents as well (Figure 2c, 2f). However,
only CS2 afforded very clean, selective and quantitative self-
assembly into decameric capsule.

■ CONCLUSIONS

In conlusion, we have demonstrated for the first time very
selective heteroleptic decameric tubular assembly of an
enantiopure C2-symmetric isocytosine derivative in the
unconventional solvent carbon disulfide, leading to a decameric
capsule unique in the complexity of the H-bonding modes
involved. The aggregation process is driven by tautomerization
of the isocytosine motif resulting in the simultaneous
exploration of both 2H- and 3H-bonding modes. The results
presented illustrate the first steps toward the construction of
tubular polymers with useful cavity dimensions using small
building blocks. Despite the long-lasting extensive research on
H-bonded structures, our study demonstrates that this field of
supramolecular chemistry is far from being mature. Our study
shows that the role of the solvent in the selection of the
particular tautomeric form and, hence, the assembly pathway
cannot be underestimated. The use of supramolecular
monomers capable of tautomeric interconversion is more
challenging compared to the static H-bonding arrays; however,
it offers new perspectives to achieve highly adaptable systems
that provide a large collection of noncovalent topologically
different assemblies from the same monomer, depending on the
choice of solvent. In addition, this provides economy in the
covalent synthesis of the monomer since only one, small and
C2-symmetric enantiopure H-bonding block is needed to
generate series of diverse supramolecular constructs as a
function of the particular solvent used. Such solvent-responsive

self-assembly opens new opportunities to the field of adaptive
chemistry.29
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(20) Söntjens, S. H. M.; van Genderen, M. H. P.; Sijbesma, R. P. J.
Org. Chem. 2003, 68, 9070−9075.
(21) The hydrogen-bonded proton of amino group (8N) in unit A
would most likely correspond to a nonassigned resonance at 9.41 ppm.
Its broadness, however, prevented the correlation with other protons
to be observed, whereas the downfield chemical shift indicates its
possible involvement in hydrogen bonding.
(22) For H-bonded fullerene receptors, see: (a) Huerta, E.;
Metselaar, G. A.; Fragoso, A.; Santos, E.; Bo, C.; de Mendoza, J.
Angew. Chem., Int. Ed. 2007, 46, 202−205. (b) Pantos,̧ G. D.; Wietor, J.
L.; Sanders, J. K. M. Angew. Chem., Int. Ed. 2007, 46, 2238−2240.
(c) Wietor, J.-L.; Pantos,̧ G. D.; Sanders, J. K. M. Angew. Chem., Int. Ed.
2008, 47, 2689−2692. (e) Ponnuswamy, N.; Pantos, G. D.; Smulders,
M. M. J.; Sanders, J. K. M. J. Am. Chem. Soc. 2012, 134, 566−573.
(23) (a) Ajami, D.; Rebek, J., Jr. J. Am. Chem. Soc. 2006, 128, 5314−
5315. (b) Tiefenbacher, T.; Ajami, D.; Rebek, J., Jr. Angew. Chem., Int.
Ed. 2011, 50, 12003−12007. (c) Ajami, D.; Rebek, J., Jr. J. Org. Chem.
2009, 74, 6584−6591. (d) Ghadiri, M. R.; Kobayashi, K.; Granja, J. R.;
Chadha, R. K.; McRee, D. E. Angew. Chem., Int. Ed. 1995, 34, 93−95.
(e) Bong, D. T.; Ghadiri, M. R. Angew. Chem., Int. Ed. 2001, 40, 2163−

2166. (f) Amorin, M.; Castedo, L.; Granja, J. R. J. Am. Chem. Soc.
2003, 128, 2844−2845.
(24) A recent example of unexpectedly complex supramolecular
hexamer assembled from simple building block, see: Schaeffer, G.;
Fuhr, O.; Fenske, D.; Lehn, J.-M. Chem.Eur. J. 2014, 20, 179−186.
(25) Schrod̈inger Release 2014−1: Maestro, version 9.7; Schrödinger,
LLC: New York, NY, 2014.
(26) Schrod̈inger Release 2014−1: Desmond Molecular Dynamics
System, version 3.7; D. E. Shaw Research: New York, NY, 2014.
Maestro-Desmond Interoperability Tools, version 3.7; Schrödinger: New
York, NY, 2014.
(27) The fact that the complexation of C60 with 110 in CS2 is rather
inefficient might be related with the very strong solvation of C60 in this
solvent. In this case, however, larger number of CS2 molecules is acting
collectively and partially outweighs the interactions between C60 and
the cavity walls.
(28) Preliminary results in our group indicate that when the bulky
substituents are replaced with the linear alkyl chains, the polymer-
ization can indeed be triggered.
(29) Lehn, J.-M. Chem. Soc. Rev. 2007, 35, 151−160.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03160
J. Am. Chem. Soc. 2015, 137, 10536−10546

10546

http://dx.doi.org/10.1021/jacs.5b03160

