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Hydrogen-Bonded Macrocyclic Supramolecular Systems in

Solution and on Surfaces

Maria J. Mayoral, Nerea Bilbao, and David Gonzélez-Rodriguez*®

Cyclization into closed assemblies is the most recurrent ap-
proach to realize the noncovalent synthesis of discrete, well-
defined nanostructures. This review article particularly focuses
on the noncovalent synthesis of monocyclic hydrogen-bonded
systems that are self-assembled from a single molecule with
two binding-sites. Taking advantage of intramolecular binding
events, which are favored with respect to intermolecular bind-
ing in solution, can afford quantitative amounts of a given
supramolecular species under thermodynamic control. The size

1 Introduction

Self-assembly is a central area of science whose foundations
lay between chemistry, with the fundamental study of molecu-
lar recognition processes; biology, with the understanding of
the structure and function of complex natural systems; and
materials science, with the design of advanced materials, devi-
ces, and nanostructures endowed with a particular function.!”
Self-assembly could be defined as the spontaneous generation
of ordered architectures from a set of components driven by
the interplay of diverse noncovalent interactions. Since these
supramolecular interactions are weak in nature, self-assembly
is typically controlled by thermodynamics and thereof self-as-
sembled systems are formed in equilibrium conditions.

When self-assembly is directed towards a well-defined (uni-
form) and discrete (monodisperse) species, the term supra-
molecular synthesis or noncovalent synthesis is often em-
ployed.”* To reach such aim, molecules must be carefully pro-
grammed with the required chemical information so as to as-
sociate in a given designed architecture. This process tries to
mimic the “intelligent” collective behavior observed in the nat-
ural world, where the information is encoded in the covalent
framework of biomolecules and determines the structure and
function of complex biological machineries in the nano- and
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of the assembly depends on geometric issues such as the mo-
nomer structure and the directionality of the binding interac-
tion, whereas the fidelity achieved relies largely on structural
preorganization, low degrees of conformational flexibility, and
templating effects. Here, we discuss several examples de-
scribed in the literature in which cycles of different sizes, from
dimers to hexamers, are studied by diverse solution or surface
characterization techniques.

mesoscale.*"¥ The noncovalent synthesis of functional nano-
architectures with a precision analogous to that found in the
biological world requires an understanding of individual non-
covalent interactions (metal-ligand coordination,”” hydrogen
bonding,” ionic pairs, - stacking,"® van der Waals forces),""
their synergy when several of them are present in the
system,'>"¥ as well as the response of the system to tempera-
ture, concentration, and solvent environment changes. Of
equal importance is the comprehension of cooperative and
multivalent phenomena that may arise between the individual
building blocks,"*"” since a fine control of structure, and
hence of a well-defined function, depends largely on this issue.

A molecule with more than one binding site may, in princi-
ple, assemble into open (linear) or closed (cyclic) structures
(Figure 1). The size of linear oligomers or polymers can be lim-
ited within a certain range by adjusting monomer concentra-
tion, adding end-capping units,"®'¥ controlling nucleation-
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Figure 1. Possible supramolecular equilibria of a molecule with a given ge-
ometry and two binding sites associating with an intermolecular equilibrium
constant K. Linear supramolecular oligomers (M,) are in equilibrium with
cyclic species (cM,). In this particular case, a cyclic tetramer is stabilized be-
cause the monomer and binding interaction geometric features afford

a much higher effective molarity (EM) value.
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elongation processes,”” or through other approaches,?" but
the supramolecular product is commonly a statistical distribu-
tion of chain lengths.”?? Therefore, the goal of reaching well-
defined, discrete supramolecular structures has been normally
focused on closed (multimacrocyclic cages, where size is con-
trolled by the geometric requirements of both the monomer
and the binding interaction or by the use of particular tem-
plates, both of these approaches leading to ring closure.””*
The resulting closed, cyclic species may be formed quantita-
tively because it enjoys a thermodynamic stability that is sub-
stantially larger than the sum of the corresponding individual
interactions.”” The synergistic effect that causes such in-
creased stability is defined as chelate cooperativity and stems
from the fact that an intramolecular (or intraspecies) interac-
tion is favored over an intermolecular one, providing a series
of conditions of enthalpic and entropic origin are met (see
below). Although other forms of cooperativity have been de-
scribed (allosteric, interannular),"*'® chelate cooperativity is
mainly responsible for many of the “all-or-nothing” processes
that are characteristic of discrete supramolecular systems:
either a given supramolecular structure is formed in a certain
set of conditions or nothing else can survive and only mono-
meric species are present.>”

A key parameter quantifying chelate cooperativity is the ef-
fective molarity (EM),®"*? which affords an estimate of how fa-
vorable the intramolecular binding interaction is with respect
to the intermolecular one. In other words, for thermodynami-
cally controlled processes, the EM is defined by the ratio be-
tween the equilibrium constant leading to a cyclic system and
the one leading to a linear system (EM = K./ Kiner)- > Hence,
the increased in stability when comparing a linear and a cyclic
oligomer of a certain length (Figure 1) is given by the product
Kinterr EM, where the factor K., considers the additional associa-
tion to form the cycle, and EM takes into account that this last
binding event is intramolecular.
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However, cycle formation has its own enthalpic and entropic
contributions, which regulate the magnitude of EM.F’~*¥ The
enthalpic component is mainly dominated by secondary inter-
actions that may occur in the cycle due to the attractive or re-
pulsive alignment of molecular dipoles and, primarily, by the
creation of ring strain upon cyclization. Therefore, preorganiza-
tion of the structure of the monomeric components towards
a certain cycle size arises as a fundamental design factor to
achieve high EM values and hence quantitative yields of the
target self-assembled structure. On the other hand, entropy
has much to rule on supramolecular macrocyclizations. Entropy
is responsible for the preference of an intramolecular binding
event with respect to the intermolecular one, since in this way
some rotational and the translational molecular degrees of
freedom are not lost upon association. However, cyclization
also involves a loss of entropy due to restriction of certain tor-
sional motions in the closed species. This is more accused
when the monomer has a flexible structure, with several rotat-
able bonds, so rigid monomers are preferred in order to in-
crease EM values. Entropy also penalizes the formation of large
cycles, and the EM tends to dissipate in closed assemblies
formed from many molecules.

In this review article, we have assembled the efforts of many
scientists directed to the noncovalent synthesis of cyclic sys-
tems from molecules that interact through two binding sites,
so that the closed systems formed are two-dimensional, or for-
mally speaking, monocyclic.*” We are also limiting this revision
to the examples found in the literature where this supramolec-
ular interaction is the hydrogen (H)-bond. Other excellent
recent manuscripts have reviewed the self-assembly of cyclic
systems through other major supramolecular binding interac-
tions, such as metal-ligand coordination.®***! H-bonding is
however considered as a powerful means to reach a high
degree of control over supramolecular architectures, since it
can be made highly selective and directional.>'%'34647 H-
bonds are electrostatic in nature, occurring when a donor (D)
group with an available acidic hydrogen atom interacts with
an acceptor (A) group carrying available nonbonding electron
lone pairs. The strength of this interaction depends mainly on
the solvent (a competitor in the formation of H-bonds), the
chemical nature of the H-bonding donor and acceptor func-
tions, as well as on their number and sequence in a particular
molecular fragment. 24852

Being built from a weak interaction, when compared for in-
stance to the covalent bond, self-assembled H-bonded systems
in general, and cyclic systems in particular, need to be charac-
terized through appropriate techniques.”¥ Due to their labile
and dynamic features, H-bonded assemblies are stable only at
a well-defined range of reactant concentrations, temperatures,
and solvent environments. Spectroscopic techniques, such as
NMR, Fourier transform infrared (FT-IR), absorption, or emission
spectroscopy are essential to provide structural information
and to extract the main thermodynamic (equilibrium constants
and enthalpic and entropic changes) and kinetic (exchange
rate constants) parameters of the self-assembled systems in so-
lution. These studies must be accompanied by the use of
other techniques that certify the size, stoichiometry, and mon-
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odispersity of the aggregates, such as gel permeation
chromatography (GPC), vapor phase osmometry,
NMR diffusion experiments, and mass spectrometry
(MS). On the contrary, X-ray diffraction or STM imag-
ing, although highly valuable characterization tech-
nigues, may not always be fully representative of the
architecture present in solution. After all, the intra-
molecular event that shifts all the equilibria to form
a particular cycle is only relevant at low concentra-
tions, whereas when the molecules are concentrated
in the crystal or onto a substrate, intra- and intermo-
lecular binding events are compensated. In this
review article we also emphasize the most relevant
techniques and methods employed by the different
authors to characterize their cyclic assemblies, both
in solution and onto solid substrates.

2 Hydrogen-Bonded Macrocycles in So-
lution

We start this review article with diverse examples of
H-bonded monocyclic systems, formed from a given
molecule with two binding sites, studied in solution.
We will progress with increasing the size of the
system, from dimeric to hexameric cycles. Due to the
huge number of systems that dimerize in solution via
H-bonding, we are limiting our discussion to a very
few selected examples that form a cycle and that are
relevant for the analysis of the higher-order systems,

which are the main focus of this work and therefore will be de-
scribed in further detail. In many cases, the cyclomerization
constants of these assemblies were not calculated or estimated

in a solvent in which the reference intermolecular as-
sociation constant was not reported. Hence, for most
of these systems, a comparative analysis of the EM
values cannot be performed.

2.1 Two-membered hydrogen-bonded macrocycles

Sessler et al. designed dimeric base derivatives, con-
taining complementary pairs, as recognition units in
order to extend the degree of association of the cor-
responding monomers and with the objective of in-
corporating sequence specificity in the self-assembly
process.+>"

'"HNMR titration experiments of the self-associa-
tion of 1 and the monomeric species 2, 3 (Figure 2a)
in [D¢]DMSO did not reveal a significant increase in
the association constant in the dimer species (K,(1-
1)=4.5-6.8 M) relative to the monomers (K,(2-3) =
3.9-4.7m7") suggesting that just a small additional

binding affinity is produced by the use of dimers. This unex-
pected behavior could be due to both the high conformational
flexibility of the system, which implies a large entropic require-
ment to produce a ditopic complex (Figure 2b) and hence
a low EM value, and the poor solubility of the starting compo-
nents.® Based on this result, the authors synthesized more
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Figure 2. a) Heterodimer 1 and monomeric 2, 3 species. b) Ditopic and monotopic bind-
ing modes for self-association of heterodimer 1 in [Dg]DMSO. Adapted with permission
from Ref. [54]. Copyright 1992, American Chemical Society.

rigid systems by using 1,8-diethynylanthracene as the spacer
and complementary A—U base pairing entities as the recogni-
tion elements (Figure 3a).>”
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Figure 3. a) A—U dinucleotide system 4 and its corresponding homodimer 4,. b) Changes
in the '"H NMR spectra of 4 upon increasing the volume fraction of [Dg]DMSO in CDCls.
Adapted with permission from Ref. [55]. Copyright 1996, American Chemical Society.

'H NMR titrations of 4 in CDCl, with DMSO showed two sep-
arate signals corresponding to the uridine N—H protons (Fig-
ure 3b); this fact is consistent with exchange between mono-
mer and dimer being slow on the NMR scale. Such slow ex-
change is usually observed in the case of very tightly bound
complexes and lead the authors to infer that self-association of

12 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 is favorable not only in CDCl; but also under [DJDMSO/
CDCl; mixed solvent conditions. The association constant of 4
in 45% (v/v) [Dg]DMSO/CDCl; was determined to be 354+5m™".
The strong self-association of 4 demonstrated that the rigid
homodimers of AU dinucleotide have an improved stability
compared to the monomeric base pairs, whereas the use of
flexible spacers (Figure 2a) hardly improved dimer stability.>*>"

Since the appreciation that minor variations in the structure
(e.g. rigidity, preorganization) and solubility are critical aspects
in the self-dimerization process, a comparative study was con-
ducted to develop greater understanding of the effect of such
factors on the association behavior.”®*” Figures 3 and 4 display
the target A—U (4-6) and G—C (7) functionalized systems
chosen by the authors.”” Downfield shifts of the imino N—H
protons of the uridine moieties of compounds 4-6 and of gua-
nosine moiety of compound 7 in CDCl; indicated the presence
of strong self-associating interactions mediated through H-
bonds (Figure 3b and 4d-f). Supporting this conclusion was
the fact that such downfield shifts were not seen in [Dg]DMSO,
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and under these conditions, the monomeric species predomi-
nated.
As the authors demonstrated earlier, the dimeric species of
4 showed remarkable resistance toward dissociation and
became fully dissociated when the relative [Dg]DMSO concen-
tration reached 60% or higher (Figure 3b).®® However, solu-
tions of 5, and 6, in CDCl; could easily be dissociated by the
addition of DMSO. For instance, Figure 4d shows that the very
broad signal from the imino NH observed at 13.0 ppm in the
'"HNMR spectrum of 5, became sharp when [DJDMSO was
added. Further, the signal became insensitive to [DgDMSO
concentration (11.98 ppm) when 30% DMSO v/v was added.
Such findings were consistent with species 5, being able to
survive only a relatively low (<30%) concentration of DMSO
before becoming totally dissociated into monomer 5 (Fig-
ure 4d). A similar experiment determined that 6, is even less
stable, it can only survive 25% [Dg]DMSO (Figure 4e). Despite
the fact that 7, contains stronger H-bonds than 4,, the dimeric
species of the GC derivative 7 was dissociated with a 40% of
[DIDMSO (Figure 4f). All these features indicated
that either the lower structural preorganization of 6
or the presence of bulky protecting groups in 5 and
7, which causes severe steric hindrance in the dimers,

leads to a significant reduction in the dimer stability.
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a slow equilibrium with the monomer in the NMR
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exchange regime at room temperature.

Taking the advantage of the strong DDAA-AADD

e quadruple H-bond motifs in the 2-ureido-4-pyrimidi-
nones (UPys),®*) Sijbesma, Meijer and co-workers
have designed bis-UPy scaffolds as a strategy to form
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stable cyclic dimers in solution.”®*¥ For instance, UPy
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derivatives 8, containing methyl-substituted alkyl
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linkers between the H-bonding UPy moieties (Fig-
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sulfides UPys (Figure 5b).¥ Using dynamic covalent
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Figure 4. a,b) A—U dinucleoside duplexes 5 and 6. ¢c) G—C dinucleoside duplex 7.
Changes in the 'H NMR spectra of d) 5, e) 6, and f) 7 upon increasing the volume fraction
of [Dg]DMSO in CDCl,. Adapted with permission from Ref. [57]. Copyright 1998, American
Chemical Society.
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(RS)-9 cycles. Above the critical concentration the
mixture was dominated by linear aggregates, due to
the diminished influence of self-selection (Figure 5c).
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Figure 5. a) Structure of UPy derivative 8. Adapted with permission from
Ref. [62]. Copyright 2004, American Chemical Society. b) Equilibrium be-
tween diastereomers of 9 in disulfide exchange reactions. c) Correlation be-
tween self-selection and critical concentration. Reproduced with permission
from Ref. [63]. Copyright 2005, American Chemical Society.

These results indicated the importance of strong H-bonding in
selective self-assembly processes and how the disulfide ex-
change reaction can be a valuable tool to achieve pairing se-
lectivity.

2.2 Three-membered hydrogen-bonded macrocycles

Zimmerman and Duerr reported the cyclotrimerization of pyri-
do[4,3 gl-quinolinedione monomers 10 (Figure 6a).*® The self-
assembly of the complementary components takes place in
a cooperative way through the formation of six H-bonds in
10;. Vapor-pressure osmometry (VPO) and concentration-
dependent 'H NMR studies in chloroform confirmed the high
stability of the assembly. The association constant in 10%
[De]DMSO/CDCl; was calculated by fitting the dilution curves
to models for an n-merization process using the Saunders—
Hyne method.”””! The best-fit trimer model fit better across the
entire concentration range than the best-fit dimer and tetra-
mer models, which deviated substantially from the experimen-
tal data (Figure 6b). This demonstrated that the three-mem-
bered H-bonded cycle is the most stable species in solution
(K;=20000 m~?). The EM of this trimeric cycle was recently ana-
lyzed by Ballester and de Mendoza in a review chapter as
740 m,“? which is quite high and compatible with the condi-
tions of quantitative assembly defined by Ercolani as K EM>
185:n,5% where n is the number of monomeric units in the
cycle. Such a high value must originate from the low confor-
mational flexibility of the mt-conjugated system connecting the
two amide units, which preorganizes the molecule at appropri-
ate angles for efficient cyclotrimerization.

Another interesting motif used as a module for obtaining
stable supramolecular cyclic trimers are the phthalhydrazides.
These derivatives exist as an equilibrium of three tautomeric
forms: the lactam-lactam (A), the lactim-lactam (B), and the

ChemistryOpen 2016, 5, 10— 32 www.chemistryopen.org
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Figure 6. a) Cyclotrimerization of pyrido[4,3g]-quinolinedione monomer 10.
b) Saunder-Hyne analysis of 'H NMR dilution shift of 10 in 10% [Dg]DMSO/
CDCl,. Adapted with permission from Ref. [66]. Copyright 1992, American
Chemical Society.

lactim-lactim (C), with B being the preferred form (Figure 7a).
Lactim-lactam monomer 11 is able to self-assemble into trimer-
ic disks of high stability in toluene (Figure 7b) via DA-A'D’ H-
bonding interactions, as temperature-dependent 'H NMR and
size-exclusion chromatography (SEC) experiments have con-
firmed. With suitable substituents, the authors have also
proven that phthalhydrazide-based trimers can act as a power-
ful self-organizing unit and produce a stacked base triplet to
form thermotropic columnar liquid crystals.”®

Following the previous strategy of designing artificial guano-
sine (G)-cytidine (C) dinucleosides to form cohesive dimers,®”
Sessler and co-workers synthesized a novel G—C derivative (12)
to extend the supramolecular cyclization process to trimers
(Figure 8).%" In this case 2D-NOESY (nuclear Overhauser effect
spectroscopy) experiments showed strong cross-peaks be-
tween the guanosine imino proton (NH-1) and the cytidine
amino proton (NH-4) indicating a close spatial arrangement be-
tween them. These results are consistent with the Watson-
Crick base pair between individual monomers of 12. Besides,
electrospray ionization mass spectrometry (ESI-MS) and SEC ex-
periments provided the size of the resulting supramolecular
species, being consistent with a trimeric structure (12;).

The last selected example of three-membered H-bonded
macrocycle was reported by Ochsenfeld, Xie, and Schrader’s
groups.” As shown in Figure 9, the aminopyrazole peptide
hybrid 13 displays a well-ordered structure which somehow re-
sembles nucleic acid self-assembly. In a strictly hierarchical pro-
cess, formation of aminopyrazole “base” cyclic triplets via a H-
bond network (13;) is accompanied by mn-stacking with
a second rosette and final dimerization of two double rosettes

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(133), to a four-layer superstructure 2x(13;),, stabilized by
a six-fold half-crown alkylammonium lock. The resulting com-
pact assembly is stable in the solid state as well as in solution.
In water, the '"H NMR spectrum of 13 at 275 K along with the
diffusion-ordered spectroscopy (DOSY) measurements allowed
the authors to identify two species in solution (Figure 10). The
two markedly different diffusion coefficients were assigned to
the monomeric oligopeptide with a calculated hydrodynamic
radius of 8.4 A and the hexameric aggregate with an Rh value
of 15.6 A (Figure 10b). The total absence of detectable inter-
mediate structures underlines the high degree of cooperativity
of the self-assembly process, a feature quite characteristic of
cyclic species.
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2.3 Four-membered hydrogen-bonded macrocycles

An especially attractive goal would be to use external
stimuli to control the self-association process be-
tween linear and cyclic species. In particular, Sleiman
and co-workers reported a new strategy to effect
photochemical control over molecular self-assembly
by using photoresponsive azobenzene units as supra-
molecular building blocks.”" In the monomers 14
and 15 (Figure 11a) the photoswitchable azobenzene
unit is incorporated in the main chain, which can un-
dergo a reversible trans—cis photoisomerization.”? In
the trans-isomer 14, due to the two aligned carboxyl-
ic groups, the monomer self-assembles into linear ag-
gregates (14,), while in the photogenerated cis-form
15, the carboxylic acids are oriented in a near per-
pendicular fashion; thus, they can self-assemble into
cyclic structures (15,).7

The reversible photoisomerization process was fol-
lowed by UV/Vis and 'H NMR spectroscopy. Irradia-
tion of trans-14 at 1 >300 nm results in a decrease in
the two absorption bands at 321 and 387 nm, with
an isosbestic point at 286 nm, and the appearance of
a new peak at 250 nm corresponding to cis-15 (Fig-
ure 11b). In [DgIDMSO, this photoisomerization re-
sults in distinct 'H NMR signals for 14 and 15, and
a 1:1.3 trans—cis photostationary state can be reached
after 2 h of irradiation. Kinetic studies carried out on
the cis—trans thermal conversion showed that the en-
thalpy of activation obtained was higher in CHCl,

R (AH” =97.44+42kJmol™") than in DMSO (AH” =
0 84.9+2.5 kJmol™), and the entropy of activation was
less negative in CHCl; (AS” =—15.9413.7 Jmol 'K™")
| \uq than in DMSO (AS”=-72.8+8.0Jmol'K™). This

data is consistent with an additional contribution to
\ activation energy of the cis-trans isomerization,
H

which must be coming from the dissociation of the
cis-15 H-bonded supramolecular structure. This result
seems to confirm the presence of discrete cyclic tet-
ramers (15,) in chloroform of increased stability than
linear H-bound oligomers. Transmission electron mi-
croscopy (TEM) and dynamic light scattering (DLS)
measurements also showed large differences in the
self-assembly behavior of 14 and 15 and revealed
a second level of self-organization of these molecules. Large
sheet-like aggregates were observed for trans-14 (Figure 11¢),
in agreement with the ordered arrangement of stacked linear
tapes. In contrast, the cis-15 isomer formed large bundles of
23 nm in diameter and 430 nm in length (Figure 11d). This
result suggests further organization of the supramolecular
cycles of 15, through m-m stacking and/or alky-alkyl interac-
tions.

Again, the potent GC H-bonding motif to direct association
has been used by Perrin et al.” to self-assemble 16 into tetra-
meric rosettes. The self-complementary GC heterocycle synthe-
sized by these authors orients the H-bonding faces of both
guanine (ADD) and cytosine (DAA) at a 90° angle, which is dic-

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. a) Peptide 13 and its conformation in the crystal. b) Segments of the crystal structure of 13, demonstrat-
ing the three hierarchical levels of self-assembly: rosette, double rosette, and two-double rosette. Adapted with

permission from Ref. [70]. Copyright 2008, American Chemical Society.
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tion of new peaks at very low
temperature is consistent with
a G—C pairing scheme and sug-
gests formation of a tetrameric
rosette in solution. DOSY experi-
ments as well as ESI-MS analysis
of 16 (Figure 12¢) supported the
tetrameric association, due to
the fact that neither a peak for
the trimer nor for any other
higher-order aggregate was de-
tected.

In another remarkable contri-
bution in 2011, Butkus, Warn-
mark, and colleagues reported
the first selective assembly by
tautoleptic aggregation of an
enantiomerically pure cavity, that
is, a supramolecular belt, from
one enantiomerically pure GC
monomer containing one inher-
ently nonself-complementary
motif "’

The demonstrated experience
of de Mendoza and co-workers
in the field of UPy deriva-
tives”®”” allowed them to build
a well-defined cyclic tetramer
like 17, (Figure 13e).7® In their
molecular design, two 2-ureido-

4-[1H]-pyrimidinone (UPy) moiet-
ies were attached to a 3,6-carba-
zolyl spacer with an angle of
about 90° in order to favor
cyclic arrangements of the mo-
nomer. In 17, the UPy subunits
-9 can adopt multiple conforma-

tions giving rise to cyclic oligo-

Figure 10. a) NMR spectrum and b) DOSY of monomer 13 and hexamer (13;), after cooling to 275 K. Blue, mono-
mer; red, hexamer signals. Adapted with permission from Ref. [70]. Copyright 2008, American Chemical Society.

tated by the central pyrrole unit. Association then leads to
a tetrameric cycle containing 12H-bonds (Figure 12a). Variable-
temperature '"H NMR from 25 to —70°C on a solution of 16 in
[Dg]DMSO/CDCl, verified H-bonding between the two faces of
the monomer (Figure 12b). At higher temperatures, N°H, of
the G-face rotates rapidly on the NMR time scale, and both
protons appear as a single broad coalesced resonance at
6.3 ppm. At —65°C they resolve as two distinct peaks at 5.75
and 7.3 ppm. In contrast, the amino protons of the N°H, of the
C-face appear as a very broad, almost undetectable resonance
(6.75-7.65 ppm), which at —10°C rapidly splits into two well-
resolved peaks at approximately 6.8 and 7.5 ppm. At —65°C
the NH, protons present four distinct resonances. The observa-

ChemistryOpen 2016, 5, 10-32
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mers of various sizes and shapes
(Figure 13 a). However model op-
timizations for either cyclic trim-
ers or tetramers suggested that
only UPy subunits in which each
monomer are pointing to oppo-
site sides are compatible (Figure 13a-c). Besides, in the case of
the tetramer, a very favorable, sterically unhindered tubular
(belt-like) shape can be generated with both UPy subunits
being mirror images pointing to the same side of the carba-
zole spacer (Figure 13d). Low-temperature NMR experiments
showed unequivocally that the structure shown in Figure 13e
is the most favorable associated species. At 213 K (10 mm in
CDCl,), the spectrum displays a unique set of sharp signals for
the UPy subunits corresponding to a symmetric structure with
a plane of symmetry bisecting the carbazole core. As expected,
the methylene protons attached to the carbazolyl core split
into two doublets, accounting for a rigid structure with differ-
ent environments for each proton (Figure 14). These findings

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. a) H-bond self-assembly of trans-14 and cis-15 azodibenzoic acid.
b) UV/Vis absorption spectra recorded during the UV irradiation (. >300 nm)
of a 3.44x 10> m solution of trans-14 in MeOH. ¢) TEM image of 14. d) TEM
image of cis-15. Adapted with permission from Ref. [71]. Copyright 2003,
Wiley-VCH Verlag GmbH & Co. KGaA.

strongly point to a belt-shaped tetrameric assembly. In good
agreement with this geometry, the NOESY spectrum at 213 K
shows contacts between H' and the 4-carbazolyl proton as
well as with the urea protons. H?, however, is coupled with the
2-carbazolyl proton and also to the urea protons, but to
a lesser extent than H'. This indicates that both H-bonded
edges are oriented anti with respect to the carbazolyl N-sub-
stituent (Figure 14).

Very recently, the group of Gonzdalez-Rodriguez described H-
bonded cyclic tetramer systems that revealed high-fidelity
macrocyclization processes.”®’? The group prepared ditopic
monomers comprising a p-diethynylbenzene ring substituted
with complementary nucleosides (G and C) at both edges (Fig-
ure 15a). The linear structure of this rigid linker, together with
the 90° angle formed by the 5-C position and the 8-G position
upon Watson—Crick pairing, resulted in unstrained square-
shaped assemblies (18,-20,). The cyclic tetramers are formed
quantitatively in apolar solvents, as determined by 1D and 2D
NMR experiments, DOSY, and ESI Q-TOF MS. In order to dissoci-
ate them and study the underlying equilibrium processes, the
authors employed three different approaches: 1) adding highly

ChemistryOpen 2016, 5, 10— 32 www.chemistryopen.org
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[Dg]DMSO/CDCl; (60/40%). c) DOSY of the equimolar mixture of 16 and car-
bazole in [D;]DMSO. Adapted with permission from Ref. [74]. Copyright
2008, American Chemical Society.

polar solvents, like DMSO or DMF, 2) decreasing the concentra-
tion to the 107*-107°m range and employing highly sensitive
techniques like absorption, emission, and circular dichroism
(CD) spectroscopy, and 3) studying competition experiments
with a mononucleoside (C).* Tetramers 18,-20, exhibit an im-
pressive thermodynamic stability and constitute kinetically
steady products in the overall self-assembly landscape even in
highly polar solvents like DMF, where H-bonded association is
typically too weak. The titration experiments with a mononu-
cleoside competitor, were particularly revealing. As shown in
Figure 15b, upon addition of C to a solution of 18, the authors
observed the gradual disappearance of the tetramer proton
signals and the emergence of a new set of signals attributed

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. Low-temperature (CDCl;, 213 K) NOESY spectrum of com-

pound 17 (partial section showing contacts with methylene H' and H? pro-
tons). Reproduced with permission from Ref. [76]. Copyright 2011, American
Chemical Society.

to the 18:C complex, in fast equilibrium with excess C. This
process could be equally followed by fluorescence titration ex-
periments (Figure 15c¢) monitoring the emission of the 18 mol-
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Figure 15. a) Chemical structure of dinucleosidic monomers 18-20, their re-
spective cyclic tetramers and mononucleoside stopper C. Titration experi-
ments of 18, with C at 298 K measured by b) '"H NMR (C=10"3m) in CDCl,
or ¢) emission spectroscopy (C=5X10"°M; Lo, =390 nm) in CHCl,. d) Plots
of the degree of 18, association, measured by 'H NMR or emission, as a func-
tion of the equivalents of C added in DMF, THF, or CHCI,. Adapted with per-
mission from Ref. [78]. Copyright, 2015, Wiley-VCH Verlag GmbH & Co. KGaA
and with permission from Ref. [79]. Copyright 2015, American Chemical Soci-
ety.

ecule in the two associated states. Figure 15d plots the frac-
tion of 18 molecule associated as a cyclic tetramer vs. the
number of equivalents of C stopper added in three solvent sys-
tems: DMF, THF, and CHCl,. In order to fully dissociate the mac-
rocycle, about 50 C equivalents must be added, which under-
lines the stability of the macrocyclic assembly. The cyclotetra-
merization constants and EM values were determined in the
different solvent systems by diverse methods. The authors
point to the optimal monomer design and to the rigidity and
nonrotatable nature of the multipoint G—C binding interaction

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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as a key factor that enhances the magnitude of EM in their
system (EM=10%-10*wm), when compared to other cyclic tet-
ramers based on metal-ligand interactions (EM=0.1-20 m).
The guanine molecule itself has a strong tendency to associ-
ate in tetrameric macrocycles leading to the well-known G-
quartets,®8" where DD-AA double H-bonds are established
with the Hoogsteen G-edge. This species, that presents 4 car-
bonyl groups pointing towards the inner pore, is further stabi-
lized by cation complexation, typically with Na® or K™ salts
(Figure 16). Complexation leads, however, to multicyclic

o) N>:S:6 o, ™,
M+ \ %, R
20 ol N @
_H % “, N
N NN H % 0 N
fJ\N/H . VN\R
¢
H
NN
R H

Figure 16. Self-assembly of guanine derivatives into cyclic tetramers (G-quar-
tets) templated by alkaline salts.

stacked assemblies, named G-quadruplexes, in which the
cation is coordinated between pairs of quartets.®? Since the
stacked quadruplexes are the thermodynamic product, the
quantitative formation of isolated G-quartets has rarely been
observed.®*8¥ Cation-free or Na*-bound quartets have been
characterized in the crystal®®/ or gas phases,®™ or using cova-
lent®®*% and noncovalent®” templates. A few examples where
the G-quartet structure has been imaged onto surfaces are
given in the next section.

2.4 Five-membered hydrogen-bonded macrocycles

One of the few examples of five-membered supramolecular
macrocycles was reported in 1998 by Hamilton and co-work-
ers.”? They previously showed that acylaminopyridine and car-
boxylic acid derivatives could form extended™ or cyclic aggre-
gates®* depending on the conditions and the nature of the
interacting components. Molecular modeling of monomers 21
and 22 suggested that the angle between the substituents
should control the structure of the final cyclic aggregate
(Figure 17). For 21 (120° angle), both cyclic hexamers and
cyclic pentamers can be formed from the planar and nonpla-
nar disposition of the H-bonding groups, respectively. Howev-
er, with 22 (60° angle), cyclic trimers appear geometrically fa-
vored with no apparent distortion of the bidentate H-bonds
(Figure 17b). According to the authors, the cyclization process
in solution may be favored since 2n H-bonds are formed from
n associating particles compared to only (2n—2) for a linear
type of aggregation. Concentration-dependent 'H NMR experi-
ments in CDCl;, [Dg]IDMSO:CDCl; (1:10 and 1:5) and [Dg]DMSO

ChemistryOpen 2016, 5, 10-32
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of Chemistry.

over a concentration range 0.1-100 mm gave rise to the corre-
sponding dilution curves, which were analyzed by the Saun-
ders and Hyne model.*” Dilution data for 21 fitted best to the
monomer-pentamer model and to the trimer for 22. In addi-
tion, the analysis showed that the pentameric aggregate of 21
is more stable than the trimeric association of 22 owing to the
Coulombic repulsion between the carboxylate groups.
Monomers 23 and 24 display highly preorganized structures
able to give rise to pentameric 23; and hexameric 244 cycles,
respectively, mediated by either 20 or 24H-bonds formed be-
tween UPy subunits (Figure 18).°Y To establish the structure of
the cyclic aggregates, the authors used complementary meth-
ods, such as VPO, gel permeation chromatography (GPC), and
ESI-MS. All these techniques confirmed the formation of the
expected aggregates but also revealed that the proposed
cyclic structures 235 and 244 are not exclusive products. Addi-
tional DOSY experiments were useful to distinguish two con-
centration regimes for 24. At concentrations above 10 mwm, the
hexamers of 24 aggregate into higher-molecular-weight struc-
tures. Between 10 mm and 1 mw, the relative diffusion coeffi-
cient of 24 is smaller than the diffusion coefficient of 23.
Therefore, at concentrations greater than 1 mm, aggregates of
monomer 24 have a higher molecular weight than those of
23, which is in agreement with the pentameric and hexameric
structures suggested. Despite the high binding constant of the
UPy derivatives®-®? and the highly preorganized structures of
the monomers, the experimental results have shown that the
formation of defined aggregates in solution is a dynamic pro-
cess, in which the aggregates of interest are part of a mixed
population and are the predominant species under only cer-
tain conditions. The higher stability of hexamer 24, relative to

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

.@’* ChemPubSoc
D! Europe
a

C1qHa2s

24,

Figure 18. a) Structures of 1,3-adamantane and 2-methyl-1,3-phenylene bis-
ureidopyrimidinones 23 and 24. b) Schematic representation and c) front-
view representations of energy-minimized pentameric and hexameric assem-
blies. Adapted with permission from Ref. [96]. Copyright 2005, Wiley-VCH
Verlag GmbH & Co. KGaA.

pentamer 23,, may be ascribed to its, presumably, more flat-
tened structure (Figure 18c¢), which allows hierarchical aggre-
gation into higher-order-molecular-weight oligomers, as re-
vealed by VPO and 'H NMR diffusion measurements.

2.5 Six-membered hydrogen-bonded macrocycles

The groups of Lehn® and Mascal®® ' have pioneered the
synthesis of Janus-type molecules like 25, 26, and 27, which
contain H-bonding codes of both cytosine (AAD) and guanine
(DDA) that mediates their self-organization into a hexameric
supramolecular macrocylic structure (Figure 19). The quantita-

ChemistryOpen 2016, 5, 10— 32 www.chemistryopen.org

Sleliel e

) Open Access )
< ChemistryOPEN

Reviews

|
CI:BH17 98H17

_N N N (e} N N N O
LA G G LA G (O ¢
NN N AN

2 g

A D H

c d

®
=

: o

2 e )

P o W

eﬁ“‘o&" 1{{“’

wd B t‘f\l "

A, ® e,
el N d s
B J‘ & > ,«"4"“

r 1]

Figure 19. a) Proposed self-assembly of the self-complementary heterocycles
25 and 26 into a supramolecular macrocycle; schematic and structural repre-
sentation (AD: hydrogen acceptor-donor site). Adapted with permission
from Ref. [97]. Copyright 1996, Royal Society of Chemistry. b) Self-assembled
hexameric structure from monomer 27. Adapted with permission from

Ref. [98]. Copyright 1996, Wiley-VCH Verlag GmbH & Co. KGaA. c) Oblique
and d) cell view of the hexagonal packing of 27 in the crystal. Adapted with
permission from Ref. [99]. Copyright 1999, American Chemical Society.

tive estimation of the association constant of 25 and 26 in
apolar solvents was hampered by solubility problems, but

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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"H NMR spectroscopic and VPO measurements in chloroform
indicated that the desired hexamer is formed in solution.”®
Moreover, X-ray crystallographic studies confirmed the pres-
ence of the cyclic hexamer 27, in the solid state (Fig-
ure 190).%%° In this structure, 27 hexamers overlapped each
other to describe a highly porous solid with an interwoven
network of channels (Figure 19d). This work represents one of
the few examples where suitable monocrystals for X-ray analy-
sis have been obtained in which the structure resolved faithful-
ly represents the assembly found in solution. The rigid nature

Figure 20. Monomer 28 and the corresponding hexameric aggregate 28,.
Adapted with permission from Ref. [101]. Copyright 1998, American Chemi-
cal Society.
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and full preorganization of the molecule towards cyclization
must inhibit the formation of linear oligomers and other H-
bonded species and clearly helps in the formation of a well-or-
dered network at the solid state.

Using the complementary DDA-AAD H-bonding motif, Kolo-
tuchin and Zimmerman designed a more robust hexameric ag-
gregate (Figure 20)."°Y Additionally to the 18 H-bonds formed
by the pairing of self-complementary sites, six secondary H-
bonds are also present involving the 2-NH groups. Solvent-
dependent "H NMR experiments showed that the cyclic aggre-
gate 28 is stable in 15% aqueous THF. The authors demon-
strated that this unit can effectively self-assemble dendrim-
ers.'927% To this aim the 2,8-diamino-2-ethylpyrimido-(4,5-
b)(1,8)naphthyridine-3H-4-one subunit (29) was synthesized
with a first (29a), second (29b), and third generation (29c)
Fréchet-type dendron attached to the 8-amino group (Fig-
ure 21a). Studies using 'H NMR, SEC, and DLS support the co-
operative formation of cyclic hexamers in apolar solvents. The
stability of the self-assembled dendrimers is dependent on the
size of the attached dendron. Thus, CDCl; solutions of 29a-
c were titrated with [Dg]DMSO until the hexamer signal was no
longer visible. Figure 21b shows representative data for hexa-
mer (29a)s whose tert-butyl and NH group signal intensity reg-
ularly decreases upon addition of [Dg]DMSO and then fully dis-
appears at 35% (v/v) [Dgd]DMSO/CDCl;. The same experiments
were carried out for 29b and 29c¢, but in these cases the
amount of [Dg]DMSO required to fully dissociate the hexamer
in CDCl; was 19 and 9% (v/v), respectively. These results indi-

DMSO-de/CDCl3 (v/v) Monomer%
13% tert-Butyl in 23%
hexamer
NH-3 NH-2 NH-8 tert-Butyl in
1 monomer

19% 43%
24% 62%

A A A M
28% 81%

A S, N . L
32% ‘A—‘ 93%
35% 100 %

NH-3 in monomer
—
14 13 12 1 10 12 1.0 08 06  ppm

Figure 21. a) Molecular structure of monomers 28 and 29 and the corresponding hexameric assembly. b) "H NMR titration of 284 in CDCl; by [DJDMSO.
Adapted with permission from Ref. [104]. Copyright 2002, American Chemical Society.
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cated that the stability of the hexameric aggregates decreases
with increasing dendrimer size: (29a)s > (29 b)s > (29 ¢)¢, Which
suggests important steric effects between the peripheral bulky
groups.

Chen and co-workers used hydrazide-based supramolecular
synthons linked through a 120° spacer, with properly encoded
recognition sites, to favor a spontaneous self-assembly process
into well-defined hexameric rosettes, as shown in Fig-
ure 22a."%! However, the conformational flexibility of the mo-
nomer, which can also adopt a conformation with a C2 axis,
allows the formation of linear polymers in solution, which may
compete with macrocyclization. First evidence supporting the
formation of cyclic supramolecular associates of 30-32 was
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provided by 'H NMR spectra in CDCl;, (Figure 22b). Dilution
'HNMR experiments within a concentration range of 100-
1 mm showed no prominent changes suggesting a high stabili-
ty of the assembly. However, when a 10 mm solution of 32 in
CDCl; was titrated with [Dg]DMSO, in addition to the signals
corresponding to the hexamer, new signals corresponding to
the monomer also appeared when the [DgDMSO content
reached about 4%. No other signals were found during the
whole titration process (Figure 22¢). This phenomenon along
with the high association constant calculated for the hexame-
ric species (between ~10'® and 10°m~° in CDCl;-[DJDMSO
mixtures) suggests that the self-assembly/disassembly of hexa-
mer (32), is a highly cooperative process (K,=3.67x10'°M~ in
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Figure 22. a) Conformation and aggregation analysis of 120° spacer linked hydrazide-based ditopic monomers 30-32: nonsymmetric conformation vs. sym-
metric conformation; cyclic hexamer vs. linear polymer, with hydrogen labeling scheme indicated. b) Stacked partial '"H NMR spectra of 30-32 in CDCl; (298 K,

600 MHz). c) 'H NMR spectra of 32 in CDCl, titrated with [Dg
can Chemical Society.
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4% [D¢]DMSO/CDCl;) and rules
out the formation of linear spe-
cies.

Because of the dynamically
and kinetically stable nature of
this kind of assemblies, the as-
sembly from monomer 33 with
chiral auxiliary terminal groups
also displayed supramolecular
chirality in solution, which was
confirmed by concentration-de-
pendent CD spectra in chloro-
form (Figure 23).

By changing the location of
the alkoxy group on the spacer
of the hydrazide-based mono-
mer (from position 5 to posi-
tion 4) the authors were able to
fix a syn-anti conformation (Fig-
ure 24a). As a result, a high re-
gioselectivity for the self-assem-
bly process was achieved (Fig-
ure 24b)."  'HNMR experi-
ments of compounds 34 and 35
in CDCl; suggest the formation
of well-defined shape-persistent
cyclic hexamers in solution,
where the exchange of hydra-
zide units on the inner and
outer sides is slow on the NMR
time scale, and two sets of sig-
nals were observed for both
parts as well (Figure 24c). These
results, along with the evidence
of intermolecular contacts
among the molecules in the
cyclic species observed by
NOESY and COSY (correlation
spectroscopy) analysis, clearly
show a precise control of the rel-
ative positions of the hydrazide
units in the resulting cyclic hex-
amers.

Yagai et al. have demonstrated
that the barbiturate unit is
a powerful functional group for
the organization of m-conjugat-
ed units into unique nanostruc-
tures."” " For instance, mono-
mers 36, 37, and 38 self-assem-
ble into H-bonded hexameric ro-
settes in apolar solvents, which
can further stack to afford highly
ordered nanostructures such as
nanorings"” %! or nanorods."”!

These nanostructures were clearly visualized by atomic force
microscopy (AFM) studies (Figures 25 and 26).
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Another remarkable six-membered system was provided by
Fenniri and colleagues in a system related to the one of Lehn
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Figure 25. Chemical structures of 36 and proposed mechanism for the for-
mation of nanorings and nanofibers by hydrogen-bonded macrocycles. AFM
height images of nanostructures of a) 36b at 1x 10 *m and b) 36a at
2x107° ™ spin-coated from MCH solutions onto HOPG (z scale: 20 nm).
Adapted with permission from Ref. [108]. Copyright, 2011, Wiley-VCH Verlag
GmbH & Co. KGaA and with permission from Ref. [107]. Copyright 2009,
American Chemical Society.

and Mascal. They created a heterobicyclic GC monomer con-
taining the Watson-Crick DDA H-bond array of guanine and
the AAD array of cytosine (Figure 27a). Because of the asym-
metry of its H-bonding edges, the GC monomer undergoes
self-assembly in water"""™ as well as in polar solvents!™""
to form a six-membered macrocycle maintained by 18H-
bonds. The resulting hexameric rosette then self-organizes hi-
erarchically to produce tubular stacks (named rosette nano-
tubes, RNs) with tunable dimensions and properties (Fig-
ure 27b). The peripheral diameter and its properties are dictat-
ed by the choice of the functional groups conjugated to this
motif whereas the inner space is directly related to the dis-
tance separating the H-bonding arrays within GC."'®"% For in-
stance, the authors designed a heterotricyclic self-complemen-
tary molecule, which possesses the same H-bonding code, but
separated by an internally fused pyridine ring (Fig-
ure 28a)."® "% Compared to 41, the assembled rosette nano-
tube 40 shows a higher diameter and a larger ;t system that
can allow electronic transport along the main axis (Figure 28b).
AFM, TEM, and SEM images of randomly oriented RNs ob-
tained from 40 featured an outer diameter of 4.3 nm, the
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e) SEM. White arrows point to individual RNs. Reproduced with permission
from Ref. [119]. Copyright, 2010, American Chemical Society.

inner and outer diameters of 40 increasing by 0.4 and 0.9 nm
relative to 41, respectively (Figure 28 b-e)."”!

One of the latest developments of the group consists of the
generation of related systems with chiroptical behavior."?*'?"
They rely on the ability of a single chiral molecule to express
multiple supramolecular chirality outputs as a result of pre-
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ferred conformational states under a set of physical conditions
(e.g. different solvents). These chiromers are supramolecular
conformational isomers that a) are thermodynamically stable,
b) can memorize their chirality, and c) can amplify their chirality
in an achiral environment.

3 Hydrogen-Bonded Macrocycles Studied onto
Surfaces

We thought it would be convenient to include in this review
a discussion on H-bonded cyclic systems studied on diverse
surfaces, like highly oriented pyrolytic graphite (HOPG) or gold
substrates, by scanning tunneling microscopy (STM). We will
focus again on planar monocyclic systems, the typical motifs
stabilized in two dimensions, in which the discrete macrocycle
constitutes the primary repeating unit. This unit then forms
a network by means of secondary interactions that are differ-
ent from the H-bonds that hold the cycle together. Compared
with the previous examples studied in solution, most of these
cyclic systems deposited onto surfaces are bound by relatively
weak H-bonding interactions, which would be too labile to
afford the same macrocycles in solution. Cyclic systems are still
formed due to the stabilizing molecule-substrate interactions
and the fact that the molecules are concentrated on a surface.
Upon physisorption, several degrees of translational, rotational,
and vibrational freedom are lost, and as a result, molecules
that display very weak and ill-defined binding in solution can
form well-ordered assemblies when confined in two dimen-
sions. This concentration effect, however, eliminates the prefer-
ence for intramolecular vs. intermolecular binding observed in
solution. Therefore, nothing can assure that closed H-bonded
species are going to dominate over open oligomers onto sur-
faces, even if the molecule is preorganized for ring-closure.
Macrocycles are either observed at low monolayer coverages
or because the overall network is more stable when the mono-
mer assembles in its cyclic form. As a matter of fact and to the
best of our knowledge, none of the monocyclic systems re-
ported so far have been quantitatively obtained in solution
and then transferred to a solid substrate with total fidelity and
structural integrity.

Dipole—dipole interactions occur when the electronegative
portion of one molecule is attracted to the electropositive por-
tion of a second molecule. This interaction can also be seen as
a weak and single H-bond. Using low-temperature STM, Mashi-
ko and co-workers''®? showed that cyano-substituted porphyr-
ins, like 42, adsorbed on a gold surface, could form cyclic trim-
ers and tetramers endowed with a small central pore (Fig-
ure 29a-e). The estimated length of the CH--NC bond is
around 2.6 A and 2.5 A, suggesting weak H-bonding interac-
tions. They anticipate useful electronic and optoelectrical func-
tions for their systems, as electron or energy transfer could
occur across hydrogen-bonded interfaces. Furthermore, the
group of Mashiko points out that the central porphyrins and
cyanophenyl substituents within their clusters are decoupled
from both the surface and surrounding clusters, since the
bulky tert-buthylphenyl insulators attached to the surface pre-
vent any direct interaction. Later, Diederich and co-workers!'??
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Figure 29. a,d) STM images at 63 K of the supramolecular aggregation of
compound 42 on Au (111). ¢) Chemical structure of porphyrin 42. b,e) Cor-
responding molecular models. Reproduced with permission from Ref. [122].
Copyright 2001, Nature Publishing Group. f-p) STM images of porphyrin 43
on Cu (111) with corresponding molecular models. g) Chemical structure of
43. Reproduced with permission from Ref. [123]. Copyright 2009, Wiley-VCH
Verlag GmbH & Co. KGaA.

were able to self-assemble a larger Zn" porphyrin derivative 43
into discrete macrocyclic-polymorphs on the Cu (111) surface,
growing in size. At submonolayer coverage, the cis-porphyrin
43 forms cyclic trimers, tetramers, pentamers, and hexamers
held together by CN--H—C(sp? H-bonding (Figure 29 f-p), in-
volving the positive polarized hydrogen ortho to the CN group
of the neighboring molecule. Also, antiparallel CN--CN dipolar
interactions help in the stabilization of the oligomeric macrocy-
cles. The authors argued that the very strong adsorbate-Cu
(111) substrate interactions, due to the extended m-system of
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the porphyrins, compensate the loss in antiparallel CN--CN
forces and are the origin of the diversity of the obtained
porous macrocycles, compared with the earlier work of Mashi-
ko.[122]

These H--N=C interactions featured by associating cyano-
phenyl rings are substantially weaker than classic H-bonds in-
volving more acidic O—H or N—H H-bond donors. The H-bond
formed between two carboxylic acids is the most widely used
form by researchers for preprogramming 2D networks. The
benzene ring solely meta-substituted with two carboxylic acid
substituents (isophtahic acid) cannot form a porous nanostruc-
ture and prefers a densely-packed network with zigzag linear
chains. However, there are ways to circumvent this and pro-
mote cycle formation. For instance, Hecht, Grill, and col-
leagues" made use of peripheral azobenzene derivatives
equipped with —COOH groups to direct the supramolecular
self-assembly of highly stable discrete hexameric rosettes (Fig-
ure 30a,b). In the rosette, each molecule is connected to both
of its neighbors and forms the maximum number of nondis-
torted carboxylic acid dimer motifs. Therefore, the binding
energy per molecule is maximized. They measured a distance
of 3.6+0.7 A between oxygen atoms, so the pore diameter is
around 1.7 nm. They failed to assure molecular switching, as
the isomerization of the azobenzene derivatives was sup-
pressed on the surface, probably due to the lack of bulky tert-
butyl groups on the inner H-bonding phenyl fragment, leading
to an increased coupling to the surface. On the other hand, De
Feyter and co-workers"® proved how coronene (COR) could
act as a molecular template directing the assembly of iso-
phthalic acid 44 and afford a heteromolecular cluster (Fig-
ure 30¢,d). Six molecules are held together by 12H-bonds,
leaving a cavity of ~1 nm in diameter, where COR fits perfectly
and further stabilizes this 2D crystal via van der Waals interac-
tions with a force of —13 kcalmol™, according to their molecu-
lar mechanics calculations. Larger pores able to host a Cu'-
phthalocyanine were also obtained by Bai and colleagues'*®
with the triple-armed amphiphile 45 (Figure 30¢e,f). They be-
lieve their approach may allow profiting from the properties of
molecular semiconductors, such as phthalocyanines, in poten-
tial applications like photoconductors, electronic devices and
gas sensors.

Other molecular families carrying O-+-H H-bonding moieties
can be used. Mamdouh et al."*” imaged at the solid-liquid in-
terface porous discrete cyclic tetramers from an alkylated mon-
odendron 46 (Figure 31a,b). The formation of tetramers is due
to H-bonding between the carboxylic group of one monoden-
dron and the hydroxyl group of another one. The alkyl chains
help in reducing the mobility of the molecules when physisor-
bed on graphite.

Matzger and co-workers"® formed hexamers based on an
amphiphilic amide 47, further stabilized by van der Waals inter-
actions between the long alkyl chains (Figure 31¢,d). The au-
thors described how, depending on the conformation of the
amide, 3- and 6-fold symmetric H-bonding patterns can be
seen. In the 3-fold rotation axis, a typical arrangement of three
dimers, united by a single H-bond each, takes place. Hexameric
rings involving 12H-bonding donors and six acceptors exist as

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 30. 2D nanoporous self-assembled systems based on carboxylic
acids. a) STM image (5.2x5.2 nm?; 1=0.11 nA; V=1 V) on Au (111) and

b) self-assembled model. Reproduced with permission from Ref. [124]. Copy-
right 2008, Springer. ¢) STM image at the 1-octanoic acid/HOPG interface of
the self-assembled pattern of 44 and COR (I,.,= 530 pA, V,,,.=—1.00 V).

d) Corresponding molecular model. Reproduced with permission from

Ref. [125]. Copyright 2008, American Chemical Society. €) STM image of the
network formed by 45 on HOPG and f) model. Reproduced with permission
from Ref. [126]. Copyright 2004, American Chemical Society.

well at the sixfold axis. In this case, the two oxygen lone pairs
make H-bonds with two hydrogen atoms in an amide. An
amide was also used as H-bonding carrier by Cousty and co-
workers,*? who were able to stabilize hexamers of 2-pyrroli-
done 48 on Au (111) (Figure 31¢/f). They observed a periodic
arrangement of hexamers (unit cell parameters: a=1.33+
0.05nm, b=1.33+0.05nm, and y=120+1°) corresponding
to cyclic pyrrolidone funnel-like hexamers. They proposed
a model where each molecule establishes one H-bond with
each one of its two nearest neighbors and the plane of each
molecule is tilted with respect to the gold substrate. The dis-
tance measured between neighboring residues is 0.5 nm and
fits the funnel-like arrangement. Theoretical calculations
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Figure 31.a) STM image of 46 at the 1-phenyloctane/HOPG interface

(l,=0.5 nA, V,,s=—0.518 V). b) Tentative molecular model and chemical
structure. Reproduced with permission from Ref. [127]. Copyright 2004,
American Chemical Society. ¢) STM image at the 1-phenyloctane/HOPG inter-
face (I,=300 pA, V,=0.80 V). d) Computed model. Reproduced with permis-
sion from Ref. [128]. Copyright 2009, American Chemical Society. €) STM
image of 48 on Au (111) and f) structure and model. Reproduced with per-
mission from Ref. [129]. Copyright 2000, Elsevier. g,i) STM images of 49 on
Ag (111). h) Molecular structure of 49 and association model. Adapted with
permission from Ref. [130]. Copyright 2015, AIP Publishing LLC.

showed that this macrocycle was only slightly more stable
than the pyrrolidone dimer. However, the hexameric shape fits
better the Au (111) lattice, and the molecule-substrate interac-
tions are, therefore, stronger than for a dimer, explaining the
absence of polymorphism.

H-bonded assemblies in which the individual components
carry opposite charges have higher stabilities than assemblies
consisting of neutral components and can be seen as ion-pair-
reinforced motifs.” Recently, Kunkel et al."*” prepared a strong-
ly dipolar p-benzoquinonemonoimines to study the competi-
tion between chemical interactions and substrate effects in the

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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self-assembly on metal surfaces. When sublimating the butyl
zwitterionic molecule 49 and making the deposition on the Au
(111) surface, ring-shaped tetramers stabilized by four H-bonds
were obtained (Figure 31g,h). In this case the geometrical hin-
drance of the alkyl substituents is an important factor to limit
the size of the cluster. For instance, in the case of the parent
p-benzoquinone-monoimine, with no alkyl substituent and
therefore smaller constraints, larger rings consisting of six mol-
ecules are the most frequently observed. For this bigger self-
assembled macrocycle, the pore is large enough to host a sev-
enth molecule (Figure 31i).

Stohr et al."*" also used classic H-bonds, involving in this
case N—H moieties. They stabilized discrete trimers of the pery-
lene derivative 50 on the Cu (111) surface by intermolecular
resonance-assisted H-bonding. Upon annealing a sample with
a coverage of 0.85 mL 50 at 300°C, trimeric structures in the
form of rings are found (Figure 32a-b). The authors argue
whether their molecular surface assembly, which is highly
robust, may be suitable for the construction of self-organizing
structures able to host deposited material at lower tempera-
tures. The reported energy per single acceptor-donor pair in
solution quantified by typical methods like NMR or UV/Vis is
close to 1.0-1.4 kcalmol '.*¥ However, since H-bonding is
a strong dipole-dipole attraction, highly dependent on the mo-
lecular environment, these energy values in solution are to be
taken on surfaces as upper limits. Even so, successive H-bond
motifs allow the stabilization of more complex macrocycles.
Melamine 51 appears here as a very useful synthon for the
construction of self-assembled monolayers, as it presents three
DAD recognition sites. When increasing the number of H-
bonds to three parallel ones in a ADA-DAD pair, the associa-
tion energy rises to very high values. In 2009, Walch et al.*
were able to obtain stable monolayers of melamine as six-
membered rings, stabilized by 12 internal N~"H—N H-bonds at
the liquid-graphite interface. In these systems, fatty acids, such
as nonanoic acid, were used as solvent. It is interesting to see
that nonanoic acid not only serves as a medium for the solute
molecules, but it also stabilizes and isolates the macrocycles
on the surface. Twelve solvent molecules arrange radially
around the melamine molecules, establishing a total of 36 H-
bonds and allowing the formation of crystalline hexameric
cycles (Figure 32¢,d). 51 forms very tight complexes with car-
boxylic acids as a result of proton transfer. Through selective
adsorption of appropriately functionalized nanoparticles, Walch
and co-workers believe their isotopological networks could
serve to investigate particle-particle interaction as a function of
the distance.

Using a related H-bonding motif, the diaminotriazine, Jonk-
heijm et al."*¥ stabilized at the solid-liquid interface hexameric
m-conjugated rosettes from molecule 52, which bears
a oligo(p-phenylenevinylene) (OPV) fragment (Figure 32¢f).
They bet on the ability of their molecule to function as an
ideal channel for transportation, as it self-assembles into a solu-
ble tubular aggregate, by virtue of its apolar shell. Later,
Hoeben et al.™® saw how the true ADA-DAD motif of mela-
nine could stabilize other self-assembled macrocycles at the 1-
phenyloctane/HOPG interface. By applying a drop of the V-
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Figure 32. a) STM image of 50 on Cu (111) and b) model. Adapted with per-
mission from Ref. [131]. Copyright 2005, Wiley-VCH Verlag GmbH & Co.
KGaA. c) STM image of 51 at the nonanoic acid/HOPG interface (=110 pA,
V,=1.0 V). d) Association model and chemical structures. Reproduced with
permission from Ref. [133]. Copyright 2009, American Chemical Society.

e) STM image of 52 at the 1-phenyloctane/HOPG interface (/,=0.50 nA,
V,=—0.50 V). f) Chemical structure and association modes. Adapted with
permission from Ref. [134]. Copyright 2004, Wiley-VCH Verlag GmbH & Co.
KGaA. g) STM image of 53 at the 1-phenyloctane/HOPG interface

(l,.=0.48 nA, V,=—0.486 V). h) Chemical structure and association modes.
Adapted with permission from Ref. [135]. Copyright 2008, Wiley-VCH Verlag
GmbH & Co. KGaA.

shaped-molecule 53 solution into the freshly cleaved HOPG
substrate, trimers and tetramers were observed (Figure 32g,h).
In the first example,™¥ each molecule establishes four H-
bonds for stabilizing the six-membered rosette (~7 A pore di-
ameter) with six hydrogen donor-acceptor pairs. In the second
one,*¥ the bifunctional molecules with two H-bonding arrays
available for complementary binding allow the formation of
smaller discrete macrocycles.

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Some research groups have combined N--H and O--H H-
bonding in order to get more interesting self-assembled mac-
rocycles. For example, Ziener and co-workers*® obtained trim-
ers from an interplay of both H-bonds and van der Waals inter-
actions of lactim/lactam moieties (Figure 33a-b). The synthe-
sized phthalhydrazide 54 undergoes tautomerism between
three forms, and discrete cyclic units are formed if neighboring
molecules establish double H-bonds in both sides of the mole-
cule, through their two N—C—O H-bonding moieties. The
trimer is formed by six H-bonds in the lactim/lactam tautomer-

Figure 33.a) STM image of 54 at the 1-chloronaphtalene/HOPG interface
(l,=27 pA, V;=251 mV). b) Chemical structure and model. Reproduced with
permission from Ref. [136]. Copyright 2006, American Chemical Society.

c) STM image of 55 at the TCB/HOPG interface (=5 pA, V,=200 mV). d) As-
sociation mode and chemical structure. Adapted with permission from

Ref. [137]. Copyright 2010, Wiley-VCH Verlag GmbH and Co. KGaA. e) STM
image of 56 at the 1-phenyloctane/HOPG interface of 56 (|, =28 pA,
V,=—0.600 mV) along with model and chemical structure. Reproduced with
permission from Ref. [145]. Copyright 2010, American Chemical Society.

f) STM image of 57 at the TCB/HOPG interface (=17 pA, V,=450 mV).

g) Chemical structure and model. Reproduced with permission from

Ref. [146]. Copyright 2011, Royal Society of Chemistry.
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ic form. This adaptive nanostructure may serve, in combination
with metal complexation, as a template to achieve addressable
functional devices for molecular or optical electronics.
Ciesielski et al. explored the self-assembly process of nucleo-
base derivatives such as the naturally occurring guanine.®”
The G quartet (G,) is an H-bonded macrocycle first identified in
1962 as the basis for the aggregation of 5-guanosine mono-
phosphate,*® and it can be seen as an ideal scaffold to con-
struct functional assemblies.®*'**7*? However it was observed
to self-assemble on the HOPG surface as ribbons unless it
forms a cation-templated assembly with K* when adding
100 eq of potassium picrate (Figure 33¢,d). The cation plays
a crucial role in stabilizing the guanine tetramer through ion-
dipole interactions with the inner carbonyl moieties. The unit
cell contains four molecules and lead to an area of 521+
1.35 nm?. The authors attribute the high-contrast circular fea-
ture to the K™ ions not being located in the same plane as the
G, as it is also the case in solution."* The observed packing
motif differs also from the one observed in UHV without tem-
plating ions"*¥ Ciesielski and co-workers present a first proto-
type in the generation of nanopatterned responsive architec-
tures with their in situ reversible assembly and reassembly be-
tween two highly ordered supramolecular structures. Another
interesting approach for the stabilization of the G, on the sur-
face was published by Gonzalez-Rodriguez et al. that same
year."! They capped a guanosine derivative with an OPV oli-
gomer and observed how compound 56 formed a monolayer
of individual quartets on the HOPG substrate, without any
cation-templated stabilization of the assembly (Figure 33e).
The authors argue that the bulky ribose group blocks the NH,
proton and the formation of G-ribbons is prevented because
of steric hindrance, resulting in the stabilization of the circular
tetramers. These authors also succeeded in the construction of
large disk-shaped organic nanoparticles and aim at progres-
sively enhance the fluorescence of their dynamic self-assem-
bled nanoobjects. Later, inspired by Watson-Crick base pairing,
again Ciesielski et al." prepared an isocytosine (iC) derivative
57 bearing two different faces: one with an AA H-bonding pat-
tern and the other presenting a DD motif. In that way, they
crystallized a heterohexameric macrocyle on the HOPG/TCB in-
terface, further stabilized by intermolecular van der Waals in-
teractions between the six-membered assemblies (Figure 33 f-
g). The measured unit cell parameters lead to an area of 6.54 +
0.27 nm? containing six iC derivatives, a single molecule occu-
pying an area of 1.0940.05 nm? and the pore size is around
6 A. The comparison of the heterocycles shown in Figure 33
constitutes a nice picture to demonstrate the influence of the
H-bonding pattern and molecular geometry on the size of the
cyclic associated motif obtained, from trimers to hexamers.

4 Conclusion

Cyclization into closed assemblies is the most recurrent ap-
proach to realize the noncovalent synthesis of discrete, well-
defined nanostructures. The advantage that an intramolecular
binding interaction offers, in comparison with the intermolecu-
lar association, is a convenient approach to afford quantitative

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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amounts of a given supramolecular species under thermody-
namic control. This review article provides numerous examples
of H-bonded monocyclic systems and their characterization by
solution or surface techniques. It is clear that the size of the as-
sembly will depend on geometric issues such as the monomer
structure and the directionality of the binding interaction,
whereas the fidelity achieved relies largely on structural preor-
ganization, low degrees of conformational flexibility, and tem-
plating effects.

Employing reversible interactions between programmed
monomers to build complex nanostructures is clearly more ap-
pealing than the fully covalent approach."**% The latter has
the main advantage of robust, nondynamic stability, but the
disadvantage of tedious, often inefficient synthetic routes.
Therefore, in order to realize the full potential of noncovalent
synthesis, we must develop both characterization techniques
and supramolecular strategies that allow us to convincingly de-
termine the structure of a given aggregate, on one hand, and
to “freeze” its dynamic behavior, on the other.
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