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Amide cyclodextrin that recognises
monophosphate anions in harmony with water
moleculesy

Takashi Nakamura, ©*@ Hayato Takayanagi,” Masaki Nakahata, & *<
Takumi Okubayashi,® Hitomi Baba,® Yoshiki Ishii, @ Go Watanabe, { *<fo
Daisuke Tanabe® and Tatsuya Nabeshima 2

Anion recognition in water by synthetic host molecules is a popular and challenging topic. It has been
considered difficult because the water molecules compete for the recognition units. In this study, we
have successfully created a novel macrocycle that achieves precise recognition through multipoint
hydrogen bonding in harmony with water molecules. Specifically, an N-methylpyridinium amide B-
cyclodextrin (B-CD) derivative 1(OTf); was synthesized, whose amide groups are directly attached to
each pyranose ring. The pyridinium amide CD encapsulated a monophosphate anion in water, but it did
not show interactions with sulfonates or carboxylates, thus a remarkable selectivity was demonstrated.
Two monophosphates with different substituents, phenyl phosphate (PhOPOs?") and adamantyl
phosphate (AdOPO3%7), exhibited interesting contrasting pictures in the inclusion process, which were
revealed by a combination of NOESY experiments, ITC measurements, and MD simulations. PhOPOz%~
was positioned slightly “upper” (closer to the pyridinium amide side) in 17* with the oxygen atom of the
phosphate ester R—-O—P involved in the hydrogen bonds with the amide N-H, and configurational
entropy plays a key role in the inclusion. Meanwhile, AdOPO<?~ was positioned "lower” (closer to the
methoxy rim of CD) with the terminal —POs>~ forming hydrogen bonds with the amides, and the
hydrophobic effect is a major contributing driving force of the inclusion. The molecular design presented
herein to achieve the precise recognition in water and clarification of the detailed mechanisms including
the hydration phenomenon greatly contribute to the development of functional molecules that work in
agqueous environments.

the design of anion receptors, not only for their hydrogen
bonding ability with anions but also for their synthetic ease.**
Various artificial receptors have been developed for anion

Hydrogen bonds are widely employed in the recognition units of
synthetic receptors because of their directionality and
reversibility.’ In particular, amide N-H groups are useful in
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recognition, but many of them have been investigated in
organic solvents. On the other hand, one major target has been
to achieve the precise recognition of anions®*'' and other
molecules® in water. There is an intrinsic difficulty to
molecular recognition by hydrogen bonding in water, which
stems from the hydration and competition with water mole-
cules of the guest and recognition units, and from the fact that
electrostatic interactions are weaker in water, a solvent with
a high dielectric constant. In this context, new molecular
designs to overcome these challenges need to be developed.
Moreover, understanding the mechanism of the recognition
process, such as the hydrogen bonding pattern, the number of
involved water molecules, and the binding energy components,
would contribute to establishing an integrated scientific view
and design guideline for functional materials that work in
aqueous environments.

The combination of experimental and theoretical methods is
effective in investigating the binding modes and hydration of
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artificial host molecules. "H NMR measurements are used to
evaluate the state of hydrogen bonds between the recognition
units and a target guest from their chemical shifts. Further-
more, rich structural information offered by NOESY NMR
accurately determines the position of the bound molecule
together with the orientation of the functional groups in solu-
tion, and thereby delineates the detailed hydrogen bonding
patterns of the host and guest molecules.”** Isothermal titra-
tion calorimetry (ITC) is an important method that allows the
discussion about not only the enthalpy aspects, such as the
strength of bonding between host and guest, but also the
entropy aspects, such as the change in the structural degrees of
freedom associated with the bonding and hydration/
dehydration processes.”* The molecular perspectives
regarding the thermodynamics of host-guest chemistry have
been further investigated in biophysics and supramolecular
science using molecular dynamics (MD) simulations,>° as well
as experimental techniques. The potential of mean force (PMF)
is a representative quantity to describe the binding mechanism
of a host-guest pair with a specific reaction coordinate by
following the theory of statistical mechanics.***' The energetic
property can be equivalent to a free energy in the elementary
process of host-guest chemistry. Quantitative agreement of
energetics between experiments and simulations is sometimes
challenging because of the simplification of host-guest binding
thermodynamics as the elementary process in the MD simula-
tion** as well as the theoretical validity of intermolecular
interaction in condensed phases.*>** Nevertheless, computa-
tional chemistry plays a key role in the bridging of the structural
and energetic properties of the host, guest, and their complex
molecules to macroscopic quantities obtained through various
experimental measurements.***°

We now report the synthesis, structure, and anion recogni-
tion properties of N-methylpyridinium amide cyclodextrin 17*
(Fig. 1a) in harmony with water molecules. 17" was designed to
be obtained by the methylation of 3-pyridylamide cyclodextrin
2. We have previously reported cyclodextrin derivatives whose
multiple amide groups are directly attached to cyclic oligopyr-
anose frameworks.”?* They work as receptors to capture
anionic species in organic solvents. For example, the p-tolyla-
mide derivative 3 selectively bound hydrogen phosphonate
(RPO;H™) anions in solvents such as dichloromethane, chlo-
roform, acetonitrile, and DMSO (Fig. 1b). In contrast to the
strong inclusion of monophosphonate and monophosphate
anions, halide ions did not show any interaction with the amide
cyclodextrin, and carboxylates and sulphonates were only
weakly bound. Thus, its remarkable recognition ability was
demonstrated.>® Compared to other examples of the native and
modified cyclodextrins to bind anions,***'*** our amide cyclo-
dextrin derivatives have a carboxamide group directly attached
at the 5 position for each of the 7 pyranose rings. With this
design, the amide groups can direct inside the macrocycle's
cavity and exert multipoint hydrogen bonds to the included
species. In an aqueous mixed solvent (10% water-90% aceto-
nitrile (vol%)), however, the host-guest complex of the p-toly-
lamide derivative 3 dissociated.>® Thus, like other examples of

172 | Chem. Sci,, 2025, 16, 171-181

View Article Online

Edge Article
(a)
bMe 7
17+ 2
b) o
5 QLo 4
N e
H H
\\ / .N\é
0----H-O H
Phi-P=0
N—¢ / N
H o} “H
oL
'H J\L\ 1
=N H
0 N
3 .

Fig.1 (a) Structures of pyridinium and pyridyl amide cyclodextrins, 17+
and 2. (b) Structure of p-tolylamide cyclodextrin 3 and recognition of
PhPO<H™ by multipoint hydrogen bonds in the previous study.?

hydrogen-bonding receptors, the recognition of anions in water
is a challenge with this amide cyclodextrin receptor.

In order to generate the anion binding properties in water,
we postulated that the introduction of cationic and electron-
deficient groups on the amide substituents would strengthen
the multipoint interactions with the target anions. Then, the
pyridinium amide cyclodextrin 1(OTf), was designed. N-Methyl-
3-pyridylamide**** was chosen in anticipation of its strong
interactions with anions, as well as its stability compared to the
methyl-pyridiniums at the other substituted positions. In this
study, it has been found that 1(OTf), selectively recognises
monophosphate anions in water. To delineate the detailed
picture of the anion recognition mechanism, we have focused
on two monophosphate anions with different substituents,
PhOPO;*>" (G1*7) and AdOPO;>~ (G2”7), in the latter half of this
study. Intriguingly, the combination of a structural analysis by
"H-"H NOESY experiments, a thermodynamic analysis by ITC
measurements, and a computational analysis by MD simula-
tions, has revealed that the recognition mode, the hydration
behaviours, and the driving force of inclusion significantly
varied between the two phosphate anions in spite of their slight
difference in the hydrophobic group.

Results and discussion
Synthesis and structures of pyridinium amide cyclodextrin

3-Pyridylamide cyclodextrin 2 was synthesized by the conden-
sation reaction of per(5-carboxy-5-dehydroxymethyl)-B-cyclo-
dextrin*® and 3-aminopyridine (Scheme S1, Fig. S1, S2 and 510,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ESIY}). 2 was isolated in good yield (79%), given the seven-point
reaction and the weak nucleophilicity of 3-aminopyridine due to
the electron-deficient nature of the 3-pyridyl group. Next, the
seven 3-pyridyl rings of 2 were methylated. Several sets of
conditions were investigated, and MeOTf as a methylating
reagent and DMF as a solvent resulted in complete conversion.
As the combination of MeOTf/DMF gave the O-methylated
amidium salt of DMF* as a byproduct, 1(OTf), was purified by
size exclusion chromatography followed by reprecipitation.
1(OTf), was characterized by "H, *C, '°F NMR, ESI-MS, IR, and
elemental analysis (Scheme S2, Fig. S3-S9 and S11, ESIf). The
ESI-TOF mass measurement of 1(OTf),; confirmed that all the
seven pyridyl groups were methylated, and that the counter
anion is TfO™ (Fig. S9, ESIT).

The NMR spectra of 1(OTf), were relatively sharp in CD;0D,
and all the "H and "*C signals were assigned using the "H-'H
COSY, NOESY, 'H-®C HSQC, and HMBC measurements
(Fig. S5-S8, ESIf). However, the '"H NMR measurement of
1(OTf); in D,O at 298 K gave broad signals. To investigate the
reason for the broad signals, the 'H NMR spectra of the D,O
solution of 1(OTf), were measured at different temperatures
(Fig. S12, ESIt). The signals coalesced at 363 K, and they
correspond to the structure of 17* with seven-fold symmetry.
Meanwhile, at 278 K, the signals became sharper than those at
298 K, but many signals with low intensities were also observed.
This suggests the existence of the C;-symmetric self-inclusion
conformer in which one of the aromatic substituents is tilted
inside.***** This self-inclusion conformer was also supported
from the observation of the amide N-H protons. Fig. 2a and
b show the comparisons of the NMR spectra of 1(OTf), at 278 K
in D,0 and H,0/D,0 = 9/1 (WATERGATE). The signals at 10.5-
11.6 ppm were observed only in H,0/D,0 = 9/1, and are thus
assigned to the exchangeable amide N-H protons of 1(OTf),.
There are 8 N-H signals (%), one relatively large signal (filled
triangle in Fig. 2b) and seven small signals with equal intensi-
ties (open squares in Fig. 2b). The one large signal was assigned
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Fig. 2 Investigation of structures of 1(OTf); and change in amide N-H
signals upon binding a monophosphate. (a and b) Comparison of H
NMR spectra of 1(OTf); in DO (a) and H,O/D,0O = 9/1 (b, WATERGATE)
([1(OTH)7] =2 mM, 600 MHz, 278 K). (c-f) IH NMR titration experiment
for AdOPOzNa, (G2Nay) against 1(OTf); in H,O/D,O = 9/1 ([1(OTf);] =
2 mM, 600 MHz, 298 K, WATERGATE). Amide N-H and aromatic
regions are shown. (c) 1(OTf);. (d-f) 1OTf); + AJOPOzNa,. (d)
AdOPOzNa, 0.5 equiv.; (e) 1.0 equiv.; (f) 1.5 equiv. [/2(OTf);].
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to the C,-symmetric conformer in which all the substituents are
out, and the seven small signals were assigned to the C;-
symmetric self-included conformer. The diffusion coefficients D
[m* s~"] obtained from a "H DOSY measurement at 278 K (D,0)
are similar for these two species (Fig. S14, ESIt). The observed
values are log D = —10.0 for the C; conformer and log D = —10.1
for the C; conformer. The results discussed above as well as the
fact that 1(OTf), exhibits different "H NMR spectra in different
solvents (Fig. S13, ESIT) all support the fact that there are two
conformers, not a monomer and assembled products. The ratio
of these two conformers was evaluated to be C,: C; ~ 4:6 (278
K, D,0) based on the 'H integral ratio.

Inclusion of phosphate anions

The anion recognition properties of 1(OTf), in water were then
investigated by NMR measurements. When PhOPO;Na,
(G1Na,) was titrated into the D,O solution of 1(OTf),, a new set
of "H NMR signals appeared in the 0-1 equiv. range (Fig. 3a-e
and S15, ESIT). This result suggested the formation of a 1:1
complex between 17* and PhOPO;>". The formation/
dissociation is slow on the 'H NMR timescale, which is in
contrast to the usual cyclodextrin-guest complexation driven by
the hydrophobic effect. The slow exchange allows evaluation of
the "H integral ratio between the pyranose moiety of 1" and
aromatic proton of PhOPO,*~, which supports the 1:1
composition of the host-guest complex.

3P NMR observation during the course of the titration
experiments revealed a signal assigned to the encapsulated
PhOPO;>™ at 6 = —2.6 ppm, which is shifted upfield compared
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Fig. 3 Binding of PhOPOsNa, (GINa,) and 1(OTf);. (a—e) *H NMR
titration experiment of PhOPO3zNa, against 1(OTf); in D,O ([1(OTf);] =
10 mM, 600 MHz, D,0, 298 K). Aromatic and sugar regions are shown.
(a) 1(OTf);. (b—d) L(OTH); + PhOPOzNa,. (b) PhOPOzNa, 0.25 equiv.; (c)
0.50 equiv.; (d) 1.0 equiv. [/L(OTf);]. (e) PhOPOzNa,. (f and g) UV-vis
titration experiment of PhOPO=Na, against 1(OTf), ([1(OTf);] = 12 uM,
H,0, 298 K). (f) UV-vis absorbance spectra. (g) A least squares fitting to
determine the binding constant K (data at A;ps = 290 nm).
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to the free PhAOPO,;>~ (6 = 0 ppm) (Fig. S16, ESIt). Meanwhile,
the '°F NMR signal of TfO™ as a counter anion of 1”* did not
change before and after the inclusion of PhOPO;>~, thus TfO™ is
not suggested to be encapsulated inside the cavity of 17
(Fig. S17, ESIt). The UV-vis and circular dichroism spectra of
1(OTf), also changed in the presence of PhOPO3;Na,, indicating
some conformational changes upon the inclusion of PhOPO;>~
(Fig. 3f and S18, ESIT). The binding constant K [M '] of 1(OTf),
with PhOPO;Na, in H,0 was determined to be log K = 5.10 +
0.05 (Fig. 3g).

Involvement of the amide N-H in the anion binding was
investigated by 'H NMR measurement in H,0/D,0 = 9/1.
PhOPO;Na, was initially investigated as a guest, but the
amide protons disappeared upon complexation, possibly due to
the exchange process having a similar timescale to the NMR
(Fig. S19, ESIt). The use of another phosphate, AdOPO;Na,
(G2Na,, see Schemes S3-S5 and Fig. S20-S25 in the ESI for its
synthesis and characterization), led to their successful obser-
vation (Fig. 2c-f, S26 and S27, ESIT). The amide N-H signals of
the guest-free 1(OTf), were observed as a broad signal at
10.74 ppm, but the N-H signals assigned to the inclusion
complex of AdOPO;>~ were observed at 11.72 ppm. This
downfield shift supports the existence of hydrogen bonds of the
N-H group with the -PO;>~ group of AdOPO;>".

Structural analysis by "H-"H NOESY

"H-'H NOESY NMR provided important information and
intriguing insights about the structures of the inclusion
complexes (Fig. 4). "H-"H NOESY measurement of the sample
of 1(OTf); and PhOPO;Na, revealed correlations between the
protons of Ph (n—p in Fig. 4a) and those of the 3- and 5-positions
of the pyranose ring as well as that of the methoxy group at the
3-position (c, e, and g in Fig. 4a). This supports the fact that the
Ph group of PhOPO;> is included inside the cavity, since the
protons ¢ and e are positioned at the internal face of the

View Article Online
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cyclodextrin torus. As only the ortho proton of Ph (n) showed
NOE correlations with the proton at the 5-position of pyranose
(e), the direction of PhOPO;>~ was determined as depicted in
Fig. 4a with its -OPO;>~ group positioned near the amide N-H
groups. The NOE correlation pattern between the Ph group and
the pyranose ring as well as the absence of NOE between the Ph
group and the methyl group of the pyridinium (m) also sup-
ported the conclusion that the anionic -OPO;>~ groups are not
near the cationic N-methylpyridinium groups.

A "H-'"H NOESY spectrum of the sample of 1(OTf), and
AdOPO;Na, is shown in Fig. 4b. As in the case of PhOPO;>, the
NOE correlations confirmed the inclusion of AdOPO;>~ in the
cyclodextrin cavity of 17*. A notable point is that the methoxy
proton (g) showed NOE correlations to all the protons of the
adamantyl group, including the methylene proton (g) adjacent
to the phosphate group. This result suggested that the position
of the encapsulated AdOPO;> is closer to the methoxy rim of
the cyclodextrin cavity (“lower” when the orientation of 17" is as
in Fig. 4) than that of PhOPO;>".

Selectivity in molecular recognition

Next, the recognition properties of 1(OTf), were investigated
with various guests using UV-vis titration (Fig. S29-S34, ESIt)
and '"H NMR experiments (Fig. S35 and S36, ESIT). In order to
quantitatively compare the binding constants K [M '] (Fig. 5),
the MES (2-morpholinoethanesulfonic acid) buffer at pH 7.0
was used as a medium for the titration experiments. It was
checked by '"H NMR that the interaction between MES and
1(OTf), was weak (Fig. S28, ESIT). In MES buffer (pH 7.0), the
binding constant of PhOPO;Na, (G1Na,) to 1(OTf), (12 uM) was
log K= 4.71 + 0.07, thus slightly lower than H,O (log K= 5.10 +
0.05), but the inhibition effect was low.

First, the aromatic phosphates (G3> -G5>~) were investigated,
and they exhibited similar high log K values (4.9-5.2) as G1°7,
regardless of the electron-deficient group or steric hindrance
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Fig. 4 Structural investigation of inclusion complexes of 1(OTf); and phosphate anions by *H-"H NOESY analysis (600 MHz, D,O, 298 K). (a)

PhOPOsNa, (GINay). (b) AdOPOzNa, (G2Nay).
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Fig. 5 Structures of anions and categorization in terms of binding
constant K [M~Y] with 1(OTf);. The log K value for each anion is shown
in parentheses (error = SD (n = 3)). Conditions: [a] UV-vis titration
(H20, [LOTf;] = 12 uM, [MES buffer] = 0.38 mM, pH = 7.0). [b] *H NMR
titration (D20, [L(OTf);] =1 mM, [MES buffer] =32 mM, pH =7.0 (pD =
7.5)). Ic] *H NMR titration (D,O or MES buffer in D,O (pH = 7.0 (pD =
7.5))).

around the -OPO;>~ group. It was suggested that the ~OPO5>~
group is an important factor for the anion binding. Meanwhile,
benzenesulfonate (G9~) or benzoate (G10~) did not bind with
1(OTf),, thus a remarkable selectivity depending on the func-
tional groups has been demonstrated. Phenylphosphonate
(G7°7) was in the medium strength range (logK = 2.6 + 0.2).
Meanwhile, the inorganic phosphate (H,PO,") and hydrophilic
phosphates (G13~, AMP, ADP, ATP) were not bound, so it is
certain that the hydrophobic effect plays a partial role. Diphenyl
phosphate (G117) and binaphthyl phosphate G12™ were also not
bound, probably because their bulkiness hindered access of the
phosphate group to the amides inside the cavity of the cyclo-
dextrin 17*. The highest value among the investigated guests was
observed for AdOPO,>~ (G2°7) with log K = 6.0 #+ 0.1. In the case
of the adamantane derivatives, the contribution of the hydro-
phobic effect is apparently higher, as can be seen from the fact

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the adamantyl carboxylate G6~ also showed a substantial
value (log K = 4.0 £ 0.2). However, the -OPO;>~ group in G2~
surely plays a substantial role, which can be concluded from its
comparison with a neutral guest, adamantanol G8, whose
binding was weaker than the phosphate G2>~ by more than 3
orders of magnitude (log K = 2.3 £ 0.2).

The pK,, value of PhOPOzH, (H,G1) is 5.85,* thus it mostly
exists as a dianion at pH = 7.0 (G1°~ : HG1~ = 93 : 7). In order to
determine the protonation state of the phenyl phosphate bound
in the pyridinium amide cyclodextrin 17", the UV-vis titration
was also performed at pH = 5.5 (where G1>~ : HG1~ = 31:69)
instead of pH = 7.0. As a result, the overall binding constant was
the same, log K = 4.6 £ 0.1 (Fig. S37, ESIT). This result that the
binding constant is not dependent on the pH suggests that (1)
both the dianion G1?>~ and monoanion HG1~ can bind to 17,
and (2) dianion G1”~ is the dominant state to bind to 17" at pH
= 7.0, where 93% of the unbound phenyl phosphate exists as
a dianion.

Calorimetric analysis

Next, the thermodynamics of the binding of phosphate anions
with pyridinium amide CD 1(OTf), were investigated by ITC
(isothermal titration calorimetry) measurements (Fig. 6, S42
and S43, ESIt). PhOPO;3;Na, (G1Na,) and AdOPO;3;Na, (G2Na,)
were investigated, and these two phosphates showed interesting
contrasting results.

First, the binding of PhOPO;Na, was found to be endo-
thermic in the measured temperature range (5-45 °C) (Fig. 6a).
Fitting with a 1:1 binding model yielded the thermodynamic
parameters (AG, AH, AS) as shown in Fig. 6¢, which demon-
strated that the reaction is entropy-driven (AH > 0, AS > 0). The
temperature dependence of the enthalpy change indicated that
the molar heat capacity change AC,, (= 0H/JT) had a positive
value, +160 + 50 J mol~ " K~ ' (Fig. 6e) In general, it is known
that the binding of hydrophoblc molecules to unmodified
cyclodextrins shows negative values for both AH and AC,.*®
Thus, the result obtained here for the pyridinium amide CD
1(OTf); and PhOPO;Na, is in contrast to this native
cyclodextrin-guest binding, and it suggested that the normal
hydrophobic effect is not the main driving force.

The standard entropy AS° can be expressed as follows:>~>
AS" = AS,,, + AS,;, + AS, ¢, Where AS | is the change in the
solvation entropy, AS, . is the change in the mixing entropy,
and AS,, is the change in the configurational entropy. AS,,, at
25 °C has a relationship with the molar heat capacity change

AC, as in the following equation:****
AS,;, = AC, In(298.15 K/385.15 K). This leads to
AS,,, = —40 £ 12 Jmol " K, which means that water mole-

cules become structured when PhOPO;Na, and 1(OTf), form
the host-guest complex. For a bimolecular reaction (A + B => P),
AS, .. is —33 J mol ' K . Thus, AS_ . can be estimated to
be +245 & 12 J mol ' K. This high positive value is in contrast
to the negative AS, . seen for the host-guest systems of
unmodified cyclodextrins.*

Meanwhile, the binding of AAOPO;Na, was endothermic at

low temperature (5 and 15 °C), but exothermic at high
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Fig. 6 Isothermal titration calorimetry measurements of the binding

of phosphates (PhOPOzNa, (G1Nay) and AdOPOzNa, (G2Nay)) with
1(OTf); in H,O. Conditions: cell: 1(OTf);, 0.2 mM, 200 ul; syringe:
PhOPOsNa, or AAOPO3zNay, 4.0 mM; injection: 2.0 pulL each. Error bars,
SD (n = 3). (a and b) Enthalpograms and AH change per injection [kJ
mol™ inj.] observed in measurements at different temperatures: (a)
PhOPO3Nay; (b) AdOPOzNa,. (c and d) AG, AH, and —TAS for the
binding of phosphates: (c) PhnOPOzNay; (d) AdOPOzNa,. (e and f) AH-
T plot to evaluate AC, = dH/dT: (e) PhAOPO3Nay; (f) AdOPOsNa,.

temperature (35 and 45 °C) (Fig. 6b). AH decreases as the
temperature increases (Fig. 6d), and AC, = —280 = 20 ] mol !
K ' was obtained from the AH vs. T plot (Fig. 6f). The trend in
the thermodynamic parameters (AH ~ 0, AS" >0, AC, <0)
is similar to that of the normal hydrophobic effects,
thus the hydrophobicity of the adamantyl group
contributes to the binding in the case of AdOPO;Na,.

The treatment of AS° in the same manner as
already described yielded AS.,, = +71+4]Jmol" K
and AS,,;=+29+t4]Jmol" K, which are substantially
different from the values for PhOPO,;*~
(ASy, = 40 mol™ K'and AS,;, = +245]Jmol" K?).

Thus, by comparison with the results of AdOPO,;”>", it was
indicated that an interesting phenomenon more than the
normal hydrophobic effects seen in the unmodified CDs is
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involved in the recognition of PhOPO;>". One possible expla-
nation might be that partial conversion of the self-included
conformer of 1(OTf), to the non-included conformer upon
inclusion of PhOPO;>~ leads to exposure of the self-included
pyridinium amide group to the outside, which leads to hydro-
phobic ordering of H,O around the pyridinium group
(AS..;, <0) and increased flexibility of the host framework
(ASZOnf > O)‘

Comparison of binding constants

The binding constants K between pyridinium amide CD 1(OTf),
and phenyl phosphonate G1Na, determined by the UV-vis,
NMR, and ITC measurements are summarized in Table 1. The
binding constant K has a tendency to increase under dilute
conditions (see also Fig. S40 and S41, and Table S1+ for a dilu-
tion experiment of an NMR sample of the host-guest complex).
The weak but competitive effect of counter anions (TfO™) is
a possible factor (as discussed, the negligible change in '°F
NMR signal of TfO™ before and after the inclusion of G1>~
suggested that TfO™ was not encapsulated inside the cavity of
17" (Fig. S17, ESI{)). The binding constant K determined by ITC
was slightly smaller than the value determined by UV-vis
(entries 2 and 3). This might be because the exchange of the
outer counter anions, which does not appear in the UV-vis
spectral change of 17", is involved in the latter half of the ITC
titration. The H/D isotope effect was not seen in the values of
the binding constants (entries 6 and 7).

Molecular dynamics simulation

To further clarify the anion recognition mechanism of the pyr-
idinium amide CD 17*, an all-atom MD simulation and its free-
energy analysis in an aqueous environment were utilized in this
study. Three guests are chosen here: PhOPO,;>~, which was
included in an endothermic process; AdOPO;>~, which was
supposedly recognised by the normal hydrophobic effects; and
PhCO, ", which did not show any interaction in the experiment.
The distance between the centres of mass of the host and guest
was initially set to 0 nm, and was increased to generate the
initial structures of the MD simulations (Fig. 7a). The obtained
complex of the 1”*-guest pair was equilibrated with seven TfO~
counter anions in the aqueous solution of 18 000 water mole-
cules. The MD system consisted of approx. 72 000 particles,
which corresponds to a concentration [1(OTf);] = 3.0 mM. The
atomic charges in the host 1(OTf), and guest molecules were
determined at the DFT level of HF/6-31G+(d,p), and the force-
field parameters were assigned within the modern framework of
a second-generation general amber force field (GAFF2).>>*® An
umbrella-sampling analysis was performed using the model of
TIP4P/Ew with the position restraint of the harmonic potential
(see the ESIT for the detailed settings).

Fig. 7b shows the potential of mean force (PMF) in the
inclusion process of 17", Representative structures of the host-
guest binding regions are shown together in Fig. 7c. The PMF
reflects the free energy AG derived from the following
equation:31,35,57759

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The binding constants K between PhOPOsNa, (G1Na,) and 1(OTf); determined using various concentrations of 1(OTf); and

measurement methods (error = SD (n = 3))

Entry Method Solvent [1(OT),] [mM] logk [M ]
1 'H NMR D,O 2.0 x 10° 3.3+0.2
2 ITC H,0 2.0 x 10? 4.29 £ 0.03
3 UV-vis H,O 2.0 x 10% 5.0 £ 0.1
4 UV-vis 0.38 mM MES buffer (pH = 7.0) 3.6 x 10 4.6 £0.1
5 UV-vis 0.38 mM MES buffer (pH = 7.0) 1.2 x 10 4.71 £ 0.07
6 UV-vis H,0 1.2 x 10 5.10 £ 0.05
7 UV-vis D,0 1.2 x 10 5.2+ 0.1
AG=—-RTInCK=—-RTInCV+ AG. (1) anion moved freely without any orientational restriction from

AG on the left side of eqn (1) is the standard binding free energy
at 25 °C, 1 bar, and 1 M, which is equivalent to the experimental
observation. The term —RTIn C°V behaves as the modification
for the difference in concentration, in which C° is the standard
concentration and V is the effective volume of the binding site
in the inclusion complex. Note that the PMF is not identical to
the experimentally determined binding constant K because of
the term —RT'In C°V. The PMF profiles in Fig. 7b indicated that
AG' was strongly negative for AAOPO;>~ in the region of 0-
0.50 nm. The profile of PhOPO;>~ showed a small but clear
minimum at around 0.2 nm. That of PhCO,  also showed
a minimum at around 0.1 nm, but PhCO,~ showed a long-range
repulsive interaction when the host-guest distance became
smaller. These results suggest that, in line with the experi-
ments, the bindings of AdOPO;>~ and PhOPO;>~ were favour-
able for the inclusion distance, and that of PhCO,” was
relatively unfavourable in the formation of the host-guest
complex. It should be noted that the binding behaviour of the
phosphate guests with the host 17" was qualitatively captured in
the present MD simulation, while the quantitative agreement of
the binding free energy with the experimental measurements
was not achieved even when considering the correction term of
—RTIn C°V. Although free energetics for neutral CD derivatives
has been estimated in the preceding study,* the difference in
this study may be due to the force field issue for the ionic groups
of 177333 AG' was much smaller for AJOPO;>~ than the
experimental value of AG. Considering that —RT'ln C°V was
estimated to be around 10 k] mol~* when the effective volume
of the binding site in 1’7" was that of a sphere with a radius of
0.2 nm, this difference can be interpreted to be the result of
a very large —RT'In C°V, indicating the formation of a tightly-
bound AdOPO;>~ complex with a small V, like a pinning state.

We further focused on the structural mechanism of inclu-
sion in the range of 0-1.6 nm. Fig. 7d shows the orientation
dependence for the phosphate anions with respect to the host-
guest distance (see the ESI} for the energetic profiles in
response to the reaction coordinate). As seen in Fig. 7d, the
inclusion profile can be divided into three regions with energy
gaps between them; i.e., the outer region (>1.0 nm), interme-
diate region (0.5-1.0 nm), and inclusion region (0-0.5 nm).
Interestingly, these three stages were characterized by the
orientation of the phosphate anions (Fig. 7d). The phosphate

© 2025 The Author(s). Published by the Royal Society of Chemistry

the host 17" in the outer region. When the distance became less
than 1.0 nm (intermediate region), the phosphate group was
orientated in the opposite direction from the host (Fig. 7c and
d). This corresponded to the partial inclusion of the hydro-
phobic group and the exposure of the -OPO;>~ group to the
exterior water. As the guest became included deeper, hydration
of the phosphate groups decreased while the interaction with
the host CD 17" increased (Fig. $461). When the anion got closer
to the inner cavity (0-0.5 nm, inclusion region), the orientation
of the phosphate group reversed to the side of the pyridinium
groups of 17" (Fig. 7c and d). This orientation flip was permitted
by the favorable intermolecular interaction competitively over-
coming the solvent-reorganization effect in the aqueous envi-
ronment (Fig. S467), which leads to an overall stabilization of
AG' inside the inner CD cavity (Fig. 7b). The change in the
orientation then allowed the formation of hydrogen bonds with
the amide N-H groups as described in the next section (Fig. 8).
Thus, this boundary of the intermediate and inclusion regions
can be interpreted as the point where the stabilization by host
17" (hydrophobic effects, hydrogen bonds, and electrostatic
interactions) surpasses the hydration of the phosphate group.
Next, the difference in the inclusion process of the two
phosphates, AdOPO;>~ and PhOPO,>, was analysed in terms of
the energy barriers for AG' at the boundaries as well as the
interaction energy with water. For the recognition process of
AdOPO;”>", only a small energy barrier could be identified
across the boundary of the outer-intermediate regions and the
PMF monotonically decreased as the deep inclusion complex
formed (Fig. 7b). In the case of PhOPO;>", the energy barrier at
around 1.0 nm was also low and thus a partial inclusion
complex could be easily formed. However, PhOPO;>~ had a high
energy barrier across the boundary of the intermediate-inclu-
sion regions (Fig. 7b). As already discussed, this free energy
barrier before forming the deep inclusion complex is inter-
preted as the dehydration step of the host and the guest. For the
partial inclusion state in the intermediate region, the small
hydrophobic group of PhOPO;>~ offered enough space to co-
include a water molecule in the CD cavity, which implies an
increase of the effective volume of the binding site included in
eqn (1). The water molecule could bind to the phosphate ester
oxygen R-O-P of PhOPO;>~ via a hydrogen bond in the inter-
mediate region, which disturbed the orientation flip of the
phosphate group directing outward from the CD cavity (Fig. 7d).
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Fig. 7 Binding free energetics during the host—guest interaction
between 1(OTf); and anions observed in the MD simulation. The gray
lines in (b—d) represent the boundaries of the inclusion-intermediate
and intermediate-outer regions. The error bars are standard devia-
tions. (a) A schematic diagram of umbrella-sampling analysis as
a reaction coordinate with the distances of the centers of mass of host
and guest. (b) Potentials of mean force (PMF) for the anion guests
PhCO,~, PhOPO3?", and AdOPOs*". Inset: an enlarged view in the
range of 0—3.7 nm. (c) Representative structures observed at distances
of 0.15, 0.65, and 1.11 nm. (d) Orientation of the phosphate guests
during the binding process. The angle 6 is defined by a vector
perpendicular to the oligopyranose torus of B-cyclodextrin and
another one in the direction of the phosphate group (see Fig. S45 in
the ESIT for details).
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Fig. 8 Structures and hydrogen bonding patterns for the inclusion
complex of 1’*. The error bars in (a) are standard deviations. (a)
Comparison of dexpt (NOE) and (dwp) for the H-H distances in the
inclusion complexes of PhAOPO3%~ and AdOPOs>". The values for each
pair of hydrogen atoms are summarized in Tables S2 and S3, ESI.{ (b
and c) Probability distribution of the number of hydrogen bonds of the
phosphate anions with amide CD 17*, water, and the sum of both: (b)
PhOPOz?~; (c) AdOPOs?>~. The hydrogen-bonding states for
PhOPOs?~ and AdOPOs%~ were only sampled around the first
minimum of PMF as 0.22 + 0.01 and 0.10 £+ 0.01 nm, respectively,
observed from all the umbrella windows. (d and e) 3D snapshots and (f
and g) corresponding schematic views of the inclusion complexes: (d
and f) PhOPO32~; (e and a) AdOPO+2". The dotted lines in (d and e)
depict the hydrogen bonds between the phosphate oxygens and the
amide N—-H. Hydrogen bonds in (f and g) of the phosphate group with
amide N—H and water are highlighted in yellow and blue, respectively.

This extra hydration of PhOPO;>~ then resulted in the high
energy barrier of AG’ during the formation of the deep inclusion
complex upon dehydration (Fig. 7b). In other words, the dehy-
dration step to form a deep inclusion complex with the orien-
tational flip of the phosphate would behave as a rate-
determining step in the inclusion process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The significant PMF decrease for AG' in the inclusion region of
AdOPO;>~ (Fig. 7b) can be considered to correspond to the
exothermic process seen in the ITC measurement. Meanwhile,
PhOPO,>~ exhibited a relatively low PMF minimum of AG/, the
high free energy barrier across the boundary of the inclusion-
intermediate regions (Fig. 7b). These features can be reasonably
interpreted as being derived from the same root as the endothermic
and entropy-driven inclusion of PhOPO;>". Thus, the contribution
of hydrophobicity in the MD simulation matched well with the
experimental results obtained in the ITC investigations.

Hydrogen bonding structures

A more detailed structural analysis using MD simulations and
their comparison with the NOESY experiments gave a clear
picture of the hydrogen bonds (Fig. 8). Quantitative analysis of
NOESY (Fig. 4) using the relationship between the NOE inten-
sity and distance (the NOE intensity being inversely propor-
tional to the sixth power of the 'H-"H distance) provided the
experimental distances (dexp.(NOE)) between the protons of 17*
and PhOPO,> /AdOPO,;>~ (Tables S2 and S3, ESIf). In our MD
simulation, the corresponding H-H distances in the deep
inclusion complex of 1’7" were quantified as (dyp) averaged
from the sampled trajectories under the restriction of the
umbrella potential using the following equation:*°

1 1 1
(de>6 N _Z 6 @)

n“~d; mp
where d;p is the instantaneous minimum distance among the
atomic pairs with the target atoms, and n represents the number
of reference atom pairs i. The target host-guest distances and
their standard deviations for PhOPO,*~ and AdOPO;>~ were 0.212
=+ 0.021 nm and 0.097 + 0.015 nm, respectively. Note here that the
experimental NOE signals are mostly derived from the atomic
pairs less than 0.35 nm apart. Thereby, the hydrogen distances
greater than 0.40 nm were ignored here for sampling d;yp.*
Fig. 8a shows the comparison between dey,: (NOE) and (dyp) for
the hydrogen pairs between which the NOE was observed (see
Tables S2 and S3 in the ESIt). For both deep inclusion complexes
of PhOPO;> /AdOPO;>", the calculated distances (dyp) were well
correlated with the experimental values deyp (NOE) regardless of
the guest pairs having different distances. This agreement can
support the validity of the MD simulation.

The structural analysis then focused on the number of
hydrogen bonds formed by the amide N-H of 17" or water
molecules with the phosphate anions. As the anion was trans-
ferred from the intermediate region to the inclusion one, the
number of hydrogen bonds of PhOPO;>~ with the amide N-Hs
converged to 1.7 on average, while that of AdOPO,*~ was 3.0
(Fig. S47, ESIT). In the inclusion states extracted from all the
umbrella windows (Fig. 7b and S44, ESIT), the most probable
number of observed hydrogen bonds with the amide N-H was
three for both PhOPO;>~ and AdOPO,>~ (Fig. 8b and c). However,
in the case of PhOPO,", the inclusion state with the amide N-H
remained weak, and the hydrogen-bonding donors of the phos-
phate guest were observed to be switched to water molecules. As
a result, the numbers of hydrogen bonds with water molecules

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

were distributed bimodally in the inclusion complex with
PhOPO,>~ (Fig. 8b). This difference depending on the phos-
phates arises from the distinct patterns in which the -OPO;>~
group was involved in the hydrogen-bonding states. In
PhOPO;>", the oxygen atom of the phosphate ester R-O-P as well
as those of the terminal -PO;>~ acted as hydrogen bond accep-
tors to the amide N-H. The average O---H distance (dyp) with the
amide N-H of 17" calculated using eqn (2) was 0.260 nm for the
phosphate ester R-O-P, which was shorter than 0.294 nm for the
terminal -PO,>~ (Fig. 8d and f). The phenyl group loosely inter-
acted with the inner CD cavity (Fig. 7b), which enabled PhOPO,>~
to shift more towards the pyridinium amide side. Thus, water
molecules had easy access to the phosphate groups (Fig. S47 and
S48, ESIT), and the hydrogen-bonding cage by the amide N-H of
17" was sometimes broken down even in the inclusion region
(Fig. 8b). These structural behaviours can be interpreted to
enlarge the effective volume of the binding site inside the
complex and reduce the contribution of —RT'In C°V in eqn (1).
Note that the bimodal fraction of the hydrogen-bonding states
observed in the deep-inclusion region did not reflect the exis-
tence of a bimodal complexation® for the host-guest configura-
tion (Fig. 7d), but can be just interpreted as the result of thermal
fluctuations inside the loosely enclosed environment by the
amide N-H of 17*. In contrast, AdOPO;>~ dominantly formed
hydrogen bonds with 17" at the terminal -PO,>" (Fig. 8e and g)
and the hydration number of AdOPO;>" remained lower than
that of PhOPO;>~ (Fig. 8c, g and S47, ESI{). The terminal oxygens
of AdOPO,>~ were closely bound to the amide N-H of 17" (O--H,
(dwp) = 0.180 nm), and the corresponding distance for the
phosphate ester R-O-P was as large as 0.330 nm (Fig. 8e and g).
The radial distribution function for the oxygen atoms of the two
phosphates also implies that the amide N-H of 17" was preferably
bound to the terminal oxygens in the case of AdOPO;>~ (Fig. S48,
ESIt). Hence, the anionic phosphate group of AdOPO;>~ inside
the CD cavity was in weaker contact with the water molecules.
This behaviour can be explained as the result of tight trapping of
the adamantyl group by the hydrophobic effect in the CD cavity,
which is in agreement with the interpretation of both the large
contributions of not only AG’' but also —RT'In C°V in eqn (1).

The differences in the position of the guests (upper or lower)
according to the involvement of the ester oxygen during
hydrogen bonding are in good agreement with the positions
indicated by the NOESY experiments (Fig. 4). Furthermore, the
relatively low stabilization of PhOPO;>~ in PMF (Fig. 7b) and the
high energy and structural fluctuations of PhOPO;>~ compared
to AdOPO;>~ (Fig. 7d, 8b and c) can be interpreted as origi-
nating from the entropy-driven molecular recognition of
PhOPO;”" revealed by the ITC experiments. In summary, the
differences between the hydrophobic groups, Ph and Ad,
provided interesting characteristics of the recognition modes
that had not previously been considered.

Conclusions

A new amide B-cyclodextrin derivative 1’7" with the N-methyl-
pyridinium group has been synthesized as a tri-
fluoromethanesulfonate salt. 1(OTf), selectively bound organic
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monophosphate anions in water. "H NMR titration experiments
indicated the involvement of hydrogen bonds of the amide N-H
with the phosphates. Detailed NMR studies confirmed that the
hydrophobic group of the monophosphates is encapsulated in
the cavity of the cyclodextrin torus with the -PO;>~ group
located near the amide N-H. Selectivity in the anion binding
experiments can be explained by the contribution of both the
hydrophobic effects and hydrogen bonding to the phosphate
group. A comparison of two phosphates, PhOPO;>~ (G1*7) and
AdOPO;>~ (G2>7), gave contrasting results and a deeper
understanding. It was suggested from a NOESY analysis that the
position of the encapsulated PhOPO;>~ is “upper” (closer to the
pyridinium amide side) compared to that of AdOPO;>". ITC
measurements revealed that the inclusion of PhOPO;>™ is
endothermic and entropy-driven (AH > 0, AS > 0, AC}, > 0), which
is unusual and different from examples of the normal hydro-
phobic effect seen in unmodified CDs. Temperature-dependent
ITC measurements revealed that the increase in the configura-
tional entropy AS,,. is a major factor for the inclusion of
PhOPO;*". In contrast, the results for AdOPO;>~ suggested that
the hydrophobic effect is the main contributing driving force.
An all-atom MD simulation has provided clear pictures of the
inclusion process. PhOPO,>~ was trapped in the “upper” posi-
tion with a larger structural fluctuation, and the oxygen of the
phosphate ester R-O-P was involved in the hydrogen bonds
with the amide N-H and water molecules. Meanwhile, the
adamantyl group of AdOPO,>~ was firmly trapped in the CD
cavity and excluded more water molecules around the phos-
phate group, and the amide N-H formed hydrogen bonds to the
terminal -PO;>". Thus, the combination of the anion selectivity
study, NOESY analysis, ITC measurements, and MD simulation
has not only revealed the detailed inclusion structures of a new
amide cyclodextrin derivative, but also provided a successful
demonstration in which an artificial receptor works in harmony
with water molecules and achieves precise molecular recogni-
tion in aqueous environments. The host effectively utilizes the
hydrophobic effects, the networks of multipoint hydrogen
bonds, and the configurational entropy gains, which is remi-
niscent of biomacromolecules. This study significantly
contributes to the design guidelines of anion receptors and the
science of functional molecules in aqueous environments.
Further developments and applications using amide cyclodex-
trin frameworks are currently in progress.
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