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ABSTRACT: CH/π bonds are versatile elements for the construction of
complex molecular architectures, thus playing key roles in many
biomolecular recognition processes. Although seldom acknowledged,
aromatic units are inherently bivalent and can participate in CH/π bonds
through either face simultaneously, leading to the formation of ternary
stacking complexes. This sandwich-like arrangement is by far the most
common in natural complexes and could potentially lead to negative
cooperativity due to unfavorable polarization or electrostatic effects,
especially when polarized CH fragments are involved. To evaluate the
energetics of such interaction modes, we selected a biologically relevant
model, carbohydrate/aromatic stacking, and conducted an experimental
analysis comparing binary CH/π interactions to ternary CH/π/CH
stacking. Our approach utilized a dynamic combinatorial strategy, which is well-suited to reveal minor stability differences among
aromatic complexes. Our results showed that carbohydrate/aromatic stacking is relatively insensitive to molecular recognition events
occurring on the opposite side of the aromatic platform, whether exposed to water or involved in additional CH/π contacts, with free
energy fluctuations lower than 10%. Based on these data, for all practical purposes, the two opposing aromatic surfaces can be
considered independent, noninteracting binding sites, making aromatic platforms optimal connecting elements for supramolecular
cross-linking.
KEYWORDS: molecular recognition, dynamic covalent chemistry, reductive amination, equilibrium, sandwich-type,
CH/π ternary complexes, cooperativity, NMR

■ INTRODUCTION
Aromatic units are versatile molecular recognition elements,
capable of participating in a wide variety of noncovalent
interactions with both neutral and charged partners.1,2 Among
these, CH/π interactions are ubiquitous in biomolecular
complexes3−7 and play crucial roles in supramolecular,8,9

medicinal,10,11 and polymer chemistry,12,13 as well as in
catalysis.14,15 These interactions are considered a type of
nonconventional hydrogen bond, involving a polarized CH
fragment (soft acid) and a π-cloud (soft base). Traditionally,
CH/π interactions have been analyzed in the context of binary
CH-donor/aromatic complexes.3 However, aromatic units are
inherently bivalent, capable of interacting with multiple CH/π
donors through their two opposing faces simultaneously
(Figure 1). Indeed, these ternary arrangements are highly
common in proteins and ligand/protein complexes.4,16

Aromatic units within protein hydrophobic cores are often
sandwiched between aliphatic or aromatic CH fragments.
Similarly, molecular recognition epitopes formed by trypto-

phan or tyrosine residues are frequently preorganized by
intramolecular CH/π contacts. A prime example of this is seen
in carbohydrate/aromatic complexes, where certain aromatic
residues establish simultaneous CH/π bonds with both the
glycosidic ligand and another protein residue (Figure 1).17

Molecular recognition processes typically involve various
intermolecular noncovalent interactions, whose influence on
complex stability is often not directly additive due to
cooperativity effects.18,19 One well-studied example is the
mutual reinforcement of hydrogen bonds within hydrogen
bonding networks, which can increase stability by up to 3.3
kcal/mol.20 More recently, it has been shown that aromatic
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interactions can also benefit from cooperativity effects, with a
notable increase in π/π stacking energy in the presence of
ions.21,22 Cation/π interactions are similarly enhanced by π/π
contacts, though to a lesser extent.21 Still, the question whether
this also applies to nonconventional CH/π bonds remains; on
the one hand, they are primarily dominated by dispersive
forces, and therefore are expected to be relatively insensitive to
such influences. However, electrostatic contributions can
significantly modulate these interactions too. Thus, depending
on the complex geometry, mutual reinforcement or interfer-
ence between contacts cannot be ruled out. In particular, the
formation of sandwich-type ternary complexes with the
aromatic platform in the middle may lead to anticooperative
effects, potentially due to polarization of the π-cloud or to
secondary electrostatic repulsion between interacting CH
fragments or heteroatoms on either end. Despite the extensive
analysis of cooperativity in classical hydrogen bonds,
experimental studies on CH/π interactions remain scarce.18,19
Reported examples are limited to specific arrangements
involving several CH fragments and a single face of the
aromatic unit, where positive cooperativity has been observed,
as the stability contribution of each contact increases with
more interactions.23 Conversely, sandwich-type complexes
mediated by opposite aromatic faces, though common in
nature, have been largely overlooked by the chemical
community. This is understandable, as experimentally
analyzing such systems is challenging and requires not only
suitable model systems but also the ability to detect minor
stability differences. Herein, we set out to analyze the stability
of both binary and sandwich-type ternary interactions in water
(Figure 1, top-left and top-right, respectively).

■ RESULTS
To tackle the potential stability differences between binary and
ternary complexes, we focused our attention on a particular
type of CH/π complex of biological relevance, namely
carbohydrate/aromatic stacking,17,24,25 and resorted to an
updated version of a strategy previously developed by us.26−28

Our approach, based on the principles of dynamic
combinatorial chemistry,29,30 is ideally suited to reveal subtle
energy differences between interaction modes, and involves the
preparation of several 3-amino-sugar derivatives and aromatic-
containing aldehydes (Figure 2a). More specifically, we
designed and synthesized 1,3-diaxial amino-glycoside models
1−4 and aldehydes a1−a3. Derivatives 1−4 comprise a
reactive 3-amino-3-deoxy-α-D-altro-pyranose linked to differ-
ent CH/π donor glycosides (2−4) or to a reference ethylene
glycol fragment (1) as aglycon. On the other hand, aldehydes
a1−a3 contain a naphthyl unit that has been derivatized with
fragments of increasing complexity: while both aromatic faces
are solvent-exposed in a1−a2, in the case of a3 the naphthyl
ring already bears a β-galactopyranose cargo which participates
in a stable galactose/aromatic complex through the α face
(Figure S1). In order to derive the stability of the binary
carbohydrate/aromatic complexes (Figure 2b, top), we
performed pairwise competition experiments at 25 °C in
which buffered aqueous solutions containing equimolecular 1/
2, 1/3 or 1/4 mixtures were treated with a substoichiometric
amount of aldehydes a1 or a2 to form a dynamic mixture of
hemiaminals/imines/enamines in exchange (herein named by
combining the parent amino-glycoside and aldehyde notations,
i.e., 2-a1, 3-a2, etc.).
According to our experience,26−28 adducts derived from 2−4

present an intramolecular stacking involving the napththyl ring
and the α or β face of the corresponding CH/π donor
pyranoses. Thus, while the β-galactose or β-fluoro-mannose
units present in 2 and 3, respectively, lie on their α-face, the α-
glucopyranose in 4 forms a β-type complex. On the contrary,
no stacking is feasible in species generated from 1, which was
employed as reference. As a consequence of the newly
established contacts, imine pairs exhibit dissimilar stabilities
and equilibrium populations, rendering after chemical
reduction a nonequimolecular mixture of secondary amines
(named as the parent imines but with capital letters, i.e., 2-A1,
3-A2, etc.). These relative populations, evaluated by NMR,
allowed determining the interaction free energies of the
different carbohydrate/aromatic complexes (ΔGbinary).
Stability values for the CH/π contacts in the context of a

ternary carbohydrate/aromatic/carbohydrate complex
(ΔGternary) were derived employing an identical procedure
with aldehyde a3 (Figure 2b, bottom). As a final step, ΔGbinary
and ΔGternary values were compared to reveal any cooperativity
effects between stacked glycosides within the sandwich-like
arrangement.
Figure 3a shows final amine populations obtained after

pairwise competition experiments performed with mixtures 1/
2, 1/3 or 1/4 (from top to bottom), employing a
substoichiometric amount of aldehydes a1, a2 or a3 (from
left to right). Population ratios, together with the inferred ΔG
values at 25 °C are also shown (see also Table S1). Thus, it can
be observed that reactions performed with pair 1/2 and
aldehyde a1 yielded reduced products 1-A1 and 2-A1 in a 4.4
ratio, consistent with a stability of 0.87 kcal/mol for the
galactose/naphthyl stacking. Results with aldehyde a2

Figure 1. Schematic representation of binary (left) and ternary (right)
CH/π complexes (top). These sandwich-like arrangements are
common in protein/carbohydrate complexes (bottom).
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paralleled those previously obtained (product ratio R = 4.8 and
ΔG = 0.92 kcal/mol), further supporting the free energy value
derived for the binary complex. Interestingly, reactions
performed with aldehyde a3 showed that the stability of the
galactose/naphthyl CH/π contacts in a galactose/naphthyl/

galactose ternary complex was almost identical to those
described for the binary interactions (product ratio R = 4.7,
ΔG = 0.91 kcal/mol). Indeed, all the observed free energies fall
within the range ΔG = 0.9 ± 0.03 kcal/mol implying a ±3.3%
variation with respect to the average and a maximal difference

Figure 2. (a) Library of altrosamine models 1−4 (top) and aldehydes a1−a3 (bottom) employed for the study of facial cooperativity effects in
stacking complexes. (b) Schematic representation of the dynamic combinatorial approach used to this end (see the main text). Adduct populations
are too low for NMR detection. Therefore, imine structures were selected for illustrative purposes as the reduction step must inevitably involve
these species.
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of 0.05 kcal/mol between individual values. Similar results
were obtained with 1/3 and 1/4 pairwise competitions. More
specifically, the slightly enhanced strength of the fluoro-
mannose/naphthyl interaction established within adducts 3
was in the 1.05 ± 0.05 kcal/mol range, either in the context of
the binary or ternary complexes, with max. differences
amounting to 0.1 kcal/mol (adducts 3-A1 vs 3-A2, Figure

3a). Finally, the glucose/naphthyl stacking formed in
secondary amines 4 displayed a more reduced stability, the
expected behavior for an interaction involving the endocyclic
oxygen of the pyranose β-face.27 However, as observed with
the previous models, obtained free energies were almost
identical in all cases, being all values within the 0.56 ± 0.03
kcal/mol range and a max. difference of 0.05 kcal/mol (4-A2

Figure 3. (a) Competition experiments performed in NMR tubes with pairs 1/2 (top), 1/3 (middle panel) and1/4 (bottom) employing aldehydes
a1, a2 and a3 (from left to right). Key signals of the final adducts (corresponding to the benzylidene CH proton) are represented in every case,
together with the estimated product ratios (R) and derived free energy values (kcal/mol). (b) HSQC data sets obtained from pairs 2/1 (top) and
4/1 (bottom) after reaction with aldehydes a1 (cyan), a2 (red) and a3 (black and gray). (c) Stacking interactions in adducts 2-A1, 2-A2, 2-A3
(top) and 4-A1, 4-A2, 4-A3 (bottom) are shown.
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vs 4-A3). Strikingly, our experiments revealed minor to null
differences between identical CH/π bonds within the binary or
ternary framework.
CH/π contacts translate in upfield shifted NMR proton

signals whose chemical shifts are exquisitely sensitive structural
reporters. Taking this into consideration, 2D-NMR experi-
ments were acquired with the final reaction mixtures to derive
information about the interaction modes. Thus, Figure 3b
shows HSQC data sets acquired with pairs 1/2 (top) and 1/4
(bottom) after reductive amination with aldehydes a1 (cyan),
a2 (red) or a3 (black/gray). Chemical structures for the
corresponding secondary amines are represented in Figure 3c.
If we look at product 2-A3, it can be observed that it comprises
two stacked galactoses, represented in black and gray, each one
involved in CH/π contacts through the α-face. Accordingly,
NMR signals for the interacting protons H1, H3 and H5
exhibited highly unusual chemical shifts. For the galactose
represented in gray, these amount to 2.9, 1.5, and 2.1 ppm,
respectively. Observed δ perturbations are, in all cases, in the
Δδ = 1.5−2.0 ppm range, consistent with a fixed and rather
stable stacking complex. Interestingly, almost identical Δδ
values were detected for the analogous galactose unit present
in the unreacted aldehyde a3, or in adduct 4-A3 (Figure 3b,
bottom-right panel). This almost invariable chemical shift
pattern for the interacting galactose hydrogens regardless of

the final complex architecture seems to imply that the
galactose/naphthyl stacking is, in fact, insensitive to molecular
recognition events happening on the other side of the aromatic
platform, either solvent-exposed or totally occluded by
additional CH/π contacts. Likewise, chemical shift perturba-
tions detected in galactose 2 upon reaction with aldehydes a1
(cyan), a2 (red) or a3 (black) were fairly similar (Figure 3b,
top panels), with observed differences among them inferior to
0.2 ppm, pointing to minor geometrical deviations between
binary or ternary complexes. Finally, model 4 products echoed
the same behavior (Figure 3b, bottom panels). In summary,
these results indicate that opposite aromatic faces behave as
independent noninteracting CH/π acceptor sites both in terms of
structure and binding strength.
To further support this conclusion, we decided to perform

additional experiments employing an alternative, more direct
approach. The previously described strategy relies on the
assumption that the relative population of final secondary
amines reflects that of the intermediate hemiaminal/imine/
enamine species and, therefore, is not affected by slight
differences in the relative reduction rates. Considering the
subtle nature of the analyzed effects, we decided to validate this
hypothesis by excluding this latter step from our protocol and
evaluate directly the relative adduct concentrations in
equilibrium. To this end, the scaffold present in disaccharide

Figure 4. (a) Schematic representation of the dynamic combinatorial experiment designed to evaluate the relative stabilities of CH/π complexes in
the context of binary or ternary arrangements. (b) Competitions performed with pairs a1/a3 or a2/a3 and disaccharides 5 or 6 as at 10 °C. Key
signals for the final adducts are represented in every case, together with the estimated product ratios (R) and derived free energy differences
(ΔΔGcal/mol). Molecular dynamics ensembles (explicit water, 1 μs) calculated for adducts 5-a1 and 5-a3 are represented on the left (see also Figure
S4). (c) HSQC data sets acquired for hemiaminals 6-a1, 6-a2 and 6-a3 at 25 °C. Up-field shifted signals for glucose H2 proton are highlighted.
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models 1−4 had to be redesigned by inverting position 2 of the
amino-altrose unit, from D-altro- to D-allo-configuration.
According to our experience,28 this simple modification allows
removing the benzylidene fragment, whose sole purpose was to
anchor the D-altropyranose in a 4C1 conformation. More
importantly, this inversion enhances the nucleophilicity of the
axial amine in position 3 and increases the stability of the
hemiaminal species, overall making them now amenable to
integration by NMR (at pH > 8.0). This is in contrast with
imine or enamine species which remain undetectable (Figure
S2).31

Another substantial change with our previous protocol is
that in this new setup the competing reagents are the
corresponding aldehydes, allowing for an orthogonal assess-
ment of the interaction energies. Accordingly, we synthesized
disaccharides 5 and 6, equipped with a β-galactose and an α-
glucose as CH/π donor glycosides, respectively. Next, buffered
aqueous solutions containing an equimolecular mixture of
aldehydes (i.e., a1/a3) at 10 °C were treated with derivative 5
or 6 to generate a minor fraction of the two hemiaminal
derivatives, whose relative populations reflect the strength of
the newly established CH/π contacts. This straightforward
strategy is outlined in Figures 4a and S3, where example
snippets of the performed experiments are shown in Figures 4b
and S5−S6. By doing so, we were able to observe that the
treatment of an equimolecular a1/a3 mixture with disaccharide
5 leads to the formation of adducts 5-a1 and 5-a3, with the
naphthyl unit partaking in binary and ternary intramolecular
CH/π interactions, respectively (no evidence for higher order
aggregates was found. Figure S7).
Interestingly, according to NMR data, the single stacking

present in 5-a1 was slightly favored over the sandwich-type
adduct 5-a3, suggesting that in the latter a minor interference
between stacking contacts could be at work. However, the 5-a1
/5-a3 equilibrium ratio (1.2/1.0) was consistent with a very
minor free energy difference between both species, in the 0.10
kcal/mol range. Similarly, the treatment of pair a1/a3 solution
with derivative 6 yielded adducts 6-a1/6-a3 with an
equilibrium ratio inferior to 1.1, implying a stability difference
between complexes lower than 0.05 kcal/mol in favor of the
binary stacking (see also Table S2).
Finally, experiments performed with a 1:1 a2/a3 mixture

employing disaccharides 5 or 6 yielded almost equimolecular
adduct mixtures with a slight excess of 5-a3 and 6-a2,
respectively, in both cases below 10%. According to these
assays, CH/π contacts in the context of binary or sandwich-like
ternary interactions are nearly isoenergetic. This close
equivalence also stems from the geometrical features of the
complexes. As an example, Figure 4c shows key HSQC signals
of the glucose unit in 6 upon reaction with aldehydes a1 (6-
a1), a2 (6-a2) and a3 (6-a3), where the interacting protons
H2 and H4 consistently provide upfield shifted cross peaks. In
particular, H2 signals exhibit chemical shifts around 1.4 ppm,
with Δδ values above −2 ppm. Interestingly, this large
perturbation is almost identical for the three adducts,
indicating that the carbohydrate/aromatic stacking geometry
must remain insensitive to recognition events occurring on the
opposite face of the aromatic system (see also Figure S8).

■ CONCLUSIONS
In summary, herein we report on a dual experimental study
based on a dynamic combinatorial strategy capable of revealing
very minor stability differences among complexes. The

obtained results show insignificant free energy differences
between binary and ternary interactions, almost within the
detection limit of the employed methodology (<0.05−0.10
kcal/mol), representing less than 10% variation in the overall
free energy value. According to this, interactions between
stacked glycans mediated by the aromatic unit are indeed
negligible.
In our opinion, the lack of cooperativity effects observed in

our experiments reflects the distinct nature of CH/π bonds
compared to conventional hydrogen bonds, cation/π or anion/
π interactions. First, dispersive forces dominate in CH/π
contacts, complemented by significant hydrophobic forces,
while electrostatic interactions contribute less, even for
polarized CH fragments. This contrasts with ion/π inter-
actions, where both electrostatic forces and polarization play a
major role, especially with large, polarizable π-surfaces.22 In
addition, CH/π bonds are typically weak, even in water
(energy contributions for carbohydrate/aromatic complexes
are typically in the 0.5−1.5 kcal/mol),27 rendering their
potential for aromatic polarization limited.
In conclusion, the results of the current study indicate that

regarding CH/π bonds, opposite aromatic faces can be
deemed as independent binding sites for all practical purposes,
making them capable of forming ternary contacts without any
associated energy penalty.

■ MATERIALS AND METHODS
The synthesis of derivatives 1−4 has been previously described by our
group.26,27 Regarding compounds 5−6 and aldehydes a1−a3 a
detailed description of the experimental and synthetic protocols
together with the characterization of products and intermediates is
included in the Supporting Information.

Dynamic Combinatorial Competition Experiments with
Altrosamine Derivatives 1−4
Equimolecular 1/2, 1/3 or 1/4 mixtures (∼1 mM each) in D2O (10
mM Sodium phosphate) were treated with a substoichiometric
amount of either a1, a2 or a3. It is worth noting that under the
employed pH conditions (pH 6.0) reductive amination is particularly
rapid, gradually slowing down under more alkaline conditions. The
amount of the aldehyde (300−400 μM) was carefully adjusted to
achieve conversions of the altrosamine derivatives inferior to 30%,
thus favoring an effective competition of the disaccharide pairs for the
aldehyde. After a 1 h equilibration period at 25 °C, sodium
cyanoborohydride (5 mM) was added to promote a quick reduction
of the imine intermediates. Product formation was followed by 1D-
NMR. The final ratio between reduced products was derived by
integrating NMR signals in 1D experiments, which were acquired
employing long relaxation delays (d1 = 10). For integration purposes,
benzylidene nonaromatic CH protons were selected, as they generally
provided sharp singlets in well resolved regions of the proton spectra.
In particular cases, we resorted to a peak fitting protocol within the
Mestre software32 to allow accurate integration of partially over-
lapping signals. Product ratios were translated into free energies
according to ΔG = −RTLn(X), were X stands for the experimental
product ratios.
NMR characterization of the reaction mixtures was accomplished

after adding larger quantities of the corresponding aldehydes plus
reductive agent, in order to increase the concentration of final
products. Both HSQC and TOCSY data sets were acquired with these
samples on a Bruker Avance 600 at 25 °C to assign all the CH
fragments involved in CH/π interactions with the naphthyl unit.

Dynamic Combinatorial Competition Experiments with
Allosamine Derivatives 5−6
Equimolecular a1/a3 or a2/a3 mixtures (1 mM each) in buffered
D2O solutions (10 mM Sodium phosphate, pH 8.2) at 10 °C were
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treated with an excess of allosamine derivative, 5 or 6, to generate the
corresponding hemiaminals (usually in the 100 μM range), which
were characterized by NMR. It should be mentioned that these
species are only detectable at pH values greater than 8.0. After a 1 h
equilibration period, adduct ratios, formally equivalent to the
thermodynamic equilibrium constant for adduct exchange, were
derived by integrating NMR signals in 1D experiments acquired with
long relaxation delays (d1 = 10). For integration purposes, we
selected galactose or allosamine H5 protons (for 5 and 6 adducts,
respectively), as they provided, in most cases, well-resolved non-
overlapping peaks. HSQC and TOCSY data sets were acquired with
the final mixtures on a Bruker Avance 600 at 10 °C to assign all the
CH fragments involved contacts with the aromatic platform.
Equilibrium constants (Keq) were translated in free energy values
according to the Gibbs equation ΔG = −RTLn(Keq).
It is important to note that inorganic cations have no discernible

effect on the strength of the analyzed CH/π interactions at the
employed buffer concentration (see experiments performed with
different amounts of sodium chloride in Figure S9).

Molecular Dynamics (MD) Simulations
MD trajectories for the alternative hemiaminal adducts were collected
as previously described.6
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