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Abstract: Octaphosphonate biscavitand and self-folding deep biscavitand show strong positive and negative
cooperativity, respectively. The mechanism of the cooperativity is discussed in terms of thermodynamic
parameters and the detailed structure of the host-guest complexes. The two cavitand units of both biscavi-
tands are tightly connected via four butylene linkers; thus, they are conformationally coupled, with the
first guest binding information transferred to the resting-state cavities. This preorganization modulates the
successive guest binding process in strong positive and negative cooperative manners, even though they
display structural similarity. The first guest complexation always preorganizes the resting-state cavities
where an existing water cluster and a toluene molecule are enthalpically stabilized. Successive guest
complexation competes with the water cluster or a toluene molecule, reducing enthalpy gains. However, the
desolvation upon successive guest binding processes liberate the solvents within the resting-state cavities. The
water cluster is composed of 12 water molecules that are released upon successive guest complexation,
resulting in a large entropy benefit. In contrast, toluene desolvation results in a limited entropy benefit. The
difference in entropy benefits directs the strong positive or negative cooperativity of the structurally similar
biscavitands.
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Introduction

In biological regulation, enzymes and receptors with multiple binding sites often show allostery (cooperativity)
[1]. Ligand binding to one of the multiple binding sites enhances or hinders successive ligand binding, known as
positive or negative cooperativity, respectively [2]. A typical example of positive cooperativity is oxygen binding
to hemoglobin [3]. There are four hememolecules in hemoglobin. All the hememolecules show fairly low oxygen
affinities.When an oxygenmolecule ligates at one of the four hememolecules, the remaining hememolecules are
activated; then, their oxygen affinity is increased, thus facilitating the second, third, and fourth oxygen binding.
However, the oxygen-binding affinity of hemoglobin is reduced by the complexation of 2,3-biphosphoglycerate
(2,3-BPG) in cells [4]. 2,3-BPG is a negative allosteric effector that binds in the positively charged binding pocket of
hemoglobin, reducing the oxygen binding affinity of the heme molecules. Therefore, oxygen molecules are
released from hemoglobin in cells. Overall, oxygen molecules are captured by hemoglobin through positive
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cooperativity in the lung and then transferred and released in tissue cells through negative cooperativity by the
binding of 2,3-BPG. Therefore, oxygen molecules are supplied to tissue cells through positive and negative
allosteric regulation.

During the history of supramolecular chemistry, developing allosteric receptors by mimicking biological
allosteric systems has been an extremely active research area [5]. The essential requirement for achieving
cooperativity is that guest-binding information can be delivered among multiple binding sites [6]. Therefore,
artificial allosteric receptors possess multiple guest binding sites that are conformationally coupled, such that
binding of an effector to a remote site induces a conformational change of an active site that facilitates or
deactivates successive substrate binding, known as the preorganization concept [7]. When an effector is not
identical to a substrate molecule, a receptor shows heterotropic cooperativity. When the substrate acts as an
effector that modulates substrate binding, it is known as homotropic cooperativity.

Recently, we developed a new feet-to-feet bisresorcinarene 1 in which two resorcinarene units are tightly
connected via four butylene linkers (Fig. 1a) [8]. Four equivalents of dialdehyde 2a and two equivalents of
resorcinol weremixed in acidic ethanol under reflux conditions, which gave rise to 1 in poor yield. Given that 12
chemical components must be assembled to form 1, a long time and fairly high temperature are required under
acidic conditions. Dialdehyde 2a can be easily cyclized through an aldol reaction under acidic conditions
to afford a five-membered cyclic aldehyde, which obviously interferes with the reaction with resorcinol.
Bis(ethylene acetal) 2bmost likely suppresses this undesired aldol reaction even under acidic conditions. Thus,
the condensation reaction of 2b and resorcinol proceeded remarkably better to afford desired bisresorcinarene
1 in 81 % yield [9].

The crystal structure of 1 includes two dimethylformamide molecules within the two resorcinarene cavities
(Fig. 1b). The steric requirement of the four butylene linkers determines the orientation of the two resorcinarene
cavities. A helically twisted conformation is observed, with a dihedral angle of 32° [10]. The two resorcinarene
cavities are tightly connected; therefore, the guest binding information can be transferred to the resting-state
cavity upon modulation of its successive guest binding. Accordingly, 1 fulfills the essential requirement to be an
ideal platform for the development of homoditopic allosteric host molecules.

Cavitands are facilely constructed by connecting the phenolic hydroxyl groups of resorcinarenes with
interannular bridges, facilitating the encapsulation of various large guests within the deepened cavity [11]. We
envisioned introducing cavitand structures onto bisresorcinarene 1. The biscavitand structures possess two
firmly connected deep cavities; therefore, cooperative guest binding can be realized through the steric
communication between them. Herein, we introduce two biscavitands, 3a and 4: the former possesses two
tetraphosphonate cavitands and displays strong positive cooperativity, and the latter contains two Rebek’s
deep cavitands and illustrates strong negative cooperativity (Fig. 2). Specific solvent molecules located at the
cavities effectively participate in directing the positive and negative cooperativity.
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Fig. 1: (a) Synthesis of bisresorcinarene 1 and (b) the crystal structure of 1with two DMFmolecules. Adapted from Ref. [9] with permission.
Copyright 2017 American Chemical Society.
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Results and discussion

Entropy-driven positive cooperative effect in the molecular recognition
of an octaphosphonate biscavitand

Bisresorcinarene 1 was functionalized with interannular phosphonate bridges to afford octaphosphonate bis-
cavitands 3a (Fig. 2) [12]. A tetraphosphonate cavitand is known to encapsulate various ammonium guests
through CH/π interactions [13]. Guest molecules G1 and G2 are potential candidates, being encapsulated within
the two cavities of 3a in a cooperative manner (Fig. 3). We carried out titration experiments with guest molecule
G1 in methanol and chloroform using isothermal titration calorimetry (ITC). Figure 4 shows the heat changes
upon successive additions of the guest solution. The enthalpy contribution corresponds to the peak area in guest
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Fig. 4: ITC titration experiments of 3a with G1 in (a) methanol
and (b) chloroform. The top graph shows the instrumental
power function vs. time. The bottom graph shows the plot
obtained from the integration of the calorimetric titration.
Reproduced from Ref. [12b] with permission. Copyright 2020
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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binding. The titration in methanol resulted in downward peaks, illustrating that 3a encapsulated G1 in a host-
guest ratio of 1:2, which is an exothermic enthalpy-favored process. In contrast, the host-guest complexation in
chloroform gave rise to upward peaks; thus, the host-guest complexation became an endothermic enthalpy-
opposed process. The host-guest complexation process is surprisingly influenced by solvent properties.

The cooperative effects for multiple guest binding can be discussed in terms of an interaction parameter (α)
calculated based as α = 4K2/K1 where strong positive cooperativity results in a value above 3.1, whereas a value less
than 0.3 indicates strong negative cooperativity [14]. 3a encapsulates the guest inmethanol in a noncooperative or
slightly negatively cooperative manner (Table 1). However, the guest binding behavior of 3a is strong positive
cooperativity in chloroform, whereas that of 3b is in noncooperative or slightly negative cooperativity. Given that
3b possesses the two cavities that are linkedwithmoreflexible octylene chains, the rigidity of 3ahas ameaningful
impact on the cooperativity in the host-guest complexation in chloroform. The thermodynamics of the host-guest
complexation of 3a provide detailed insights into the cooperative regulation. The first and second guest binding
behaviors of 3a receive certain enthalpy gains in methanol, which is a common enthalpy-favored association
process. Guests G1 and G2 possess methyl groups connected to the cationic nitrogen, which are encapsulated
within the cavities of 3a through CH/π interactions with the cavity walls, resulting in enthalpy benefits. The
enthalpy gains in the first guest binding behaviors are smaller than those in the second binding behaviors. Thus,
the charge repulsion between the guest molecules in the 1:2 host-guest complexes is unlikely due to the strong,
hydrogen bonding accepting ability of the P=O groups. The guest binding processes are also slightly entropy-
favored. The host-guest complexation process is commonly entropy-unfavorable due to the loss of translational
entropy of the host and guest upon complexation. Dalcanale reported that a methanol molecule is tightly
complexed within the phosphonate cavitand [15]. Therefore, a methanol molecule solvates each cavity of 3a,
which must be liberated upon guest binding. The translational entropy penalty is compensated by releasing the
methanol molecule, which is responsible for the entropy gain upon host-guest complexation. The enthalpy
contributions indicate that the first guest binding facilitates successive guest binding processes; thus, the two
cavity units are conformationally coupled through the four butylene chains. In particular, the complexation ofG2
remarkably preorganizes the resting-state cavity, which provides an enthalpy benefit to successive guest binding.
However, the enthalpy gain in the second guest binding process is counteracted by the entropy penalty, which
results in negative cooperativity. In contrast, the chloroform solvent system results in excellent positive coop-
erativity, with an interaction parameter far above 3.1 and thermodynamics quite different from those for the
methanol system. The first guest binding process is associated with large enthalpy gains that result from the CH/π
interaction of the methyl groups connected to the cationic nitrogen. However, the successive guest binding
processes are enthalpy-opposed and entropy-driven.

To discuss the strong positive cooperativity in chloroform, the structures of 3a in the absence and presence of
G1 in chloroform-d1 were studied using 1H NMR and diffusion-ordered NMR spectroscopy (DOSY). The spectrum
in Fig. 5a displays a broad resonance at 4.6 ppm, corresponding towatermolecules, as established by a deuterated
water shake experiment [16]. On the basis of the integration, the broad resonance corresponded to the 12 water
molecules that generated the NOE correlation with the aromatic protons at the upper rims of 3a. The diffusion
coefficient of the 12watermoleculeswas perfectly consistentwith that of 3a; thus, thewatermolecules are located

Table : Binding constants and thermodynamic parameters for the molecular associations of biscavitands a,b and guests G and G in
methanol and chloroform [b].

Solvent Host Guest K1/104

L mol−1
ΔH1

/kcal mol−1
ΔS1

/cal mol−1 K−1
K2/104

L mol−1
ΔH2

/kcal mol−1
ΔS2

/cal mol−1 K−1
α (4K2/K1)

MeOH a G  ±  −. ± .  ±  . ± . −. ± . . ± . . ± .
G . ± . −. ± .  ±  . ± . −. ± . − ±  . ± .

CHCl a G  ±  − ±  − ±   ±   ±   ±   ± 

G  ±  −. ± .  ±   ±   ±   ±   ± 

b G  ±  −. ± . − ±   ±  −. ± . − ±  . ± .
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at the upper ends of the two cavitand units, participating hydrogen bonding interactions with the phosphonate
oxygens. When G1 was added to the solution of 3a, the broad water resonance vanished, and a new resonance
appeared at −0.5 ppm, which was assigned to the N-methyl resonance of the bound G1 (Fig. 5b). The new methyl
resonance corresponded to a diffusion coefficient identical to those of 3a. Accordingly, the 1:2 host-guest complex
G12@3a was established by simultaneously releasing water molecules.

Based on our structural study of biscavitand 3a in chloroform-d1, a hydrogen-bondedwater cluster consisting
of six water molecules is located at each of the upper rims. Figure 6 illustrates the plausible cooperative binding
mechanism of 3a in chloroform. The first guest binding process is associated with a large enthalpy gain arising
from the effective CH/π interaction between the guest and the cavity, as well as simultaneous liberation of the
watermolecules at the upper rim. As a result, the first guest binding process shows limited entropy changes, most
likely due to a trade-off between the translational entropy lost upon host-guest complexation and the entropy
gained upon the liberation of water molecules. The first guest binding process preorganizes the resting-state
cavity, which most likely enhances the hydrogen bonding interaction of the six water molecules located at the
upper rim of the resting-state cavity. The successive guest binding to the resting-state cavity is thought to destroy
the hydrogen-bonded water cluster, resulting in a higher enthalpy penalty than in the first guest binding. Thus,
the second guest binding process must pay the enthalpy penalty. The six released water molecules receive
translational freedom, resulting in a substantial entropy benefit. Subsequently, the local desolvation of the water
clusters located at the upper rims directs the entropy-driven cooperative effect.

Negative cooperative effect in molecular recognition of self-folding biscavitands

Bisresorcinarene 1 was functionalized with Rebek’s self-folding cavitands [17] to afford biscavitand 4 possessing
deep cavities (Fig. 2). Each of the cavitands possessed eight amide groups that form interannular head-to-tail

Guest Guest

Fig. 6: Plausible picture of the positive cooperative host–
guest complexation of 3a. Reproduced from Ref. [12b] with
permission. Copyright 2020 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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hydrogen bonding along the periphery, maintaining a deep open-ended cavity. The cavities were surrounded by
aromatic walls, where cationic guest G3 was accommodated through CH/π interactions (Fig. 7). We studied the
guest binding behavior of biscavitand 4 in toluene-d8, chloroform-d1, and THF-d8 at 263 K using 1H NMR spec-
troscopy. 4 encapsulatedG3 in toluene-d8. The signals of free and boundG3 separately appeared. The presence of
a substantial energetic barrier slowed the in-and-out guest exchange process on the NMR time scale [18].

Large upfield shifts were observed for the guest protons H1, H2, and H3, appearing at −2.0, −1.2, and 1.3 ppm
(Fig. 8) [19]. Given that each of the cavities was walled with the four aromatic rings, the encapsulated guest G3
experienced a strong shielding effect and exhibited guest inclusion characteristics. The integration ratio of 4 to G3
was determined to be 1:1 even in the presence of 20 equivalents of G3. Although a 1:2 host-guest complex G32⊂3
was formed even when 80 equivalents of G3 were added, the 1:1 host-guest complex G3⊂3 remained dominant.
In contrast, the 1:1 and 1:2 host-guest complexes G3⊂3 and G32⊂3 coexisted in the presence of 20 equivalents of
G3 when chloroform-d1 and THF-d8 were employed as solvent systems. Negative cooperativity was observed in
toluene-d8.

The crystal structures of 4 andG42⊂4were analyzed to determine their structural characteristics (Fig. 9). The
structure of 4 shows that the interannular head-to-tail cyclic hydrogen bonds among the 16 amide groups

N
PF6

R

G3: R = CH2CH2CH(C10H21)2
G4: R = C7H15 Fig. 7: Guest molecules G3 and G4.

Fig. 8: 1H NMR spectra of (a)G3 and (b) 4with 20 equiv. of G3, (c) 4with 80 equiv. of G3 at 263 K in toluene-d8, (d)G3, (e) 4with 20 equiv. of
G3 at 263 K in chloroform-d1, (f) G3 and (g) 4 with 20 equiv. of G3 at 263 K in THF-d8: [4] = 2.00 mmol L−1. Adapted from Ref. [20] with
permission. Copyright 2021 American Chemical Society.

a) b) c) d)

Fig. 9: Crystal structures of (a and b) 4 and (c and d)G42⊂4. (a and c) Side views and (b and d) top views. The aliphatic side chain, hydrogen atoms
and crystal solvents are omitted for the sake of clarity. Adapted from Ref. [20] with permission. Copyright 2021 American Chemical Society.
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maintain two deep cavities. The two deep cavities are firmly linked by the butylene linkers with a lack of
flexibility in conformation. A toluene molecule is located within each cavity. The host-guest complex G42⊂4 is
symmetric, with the nitrogen atoms pointed to the upper ends of the cavities. The guest methylene groups are
close to the aromatic walls, making attractive contacts with CH/π interactions. Accordingly, the deep cavities are
always occupied by solventmolecules or guestmolecules, which indicates that guest complexation competes with
solvents.

ITC titration experiments provided detailed insights into the host-guest complexation of 4withG3 in toluene,
chloroform, and THF (Table 2). The guest-binding behaviors were found to depend on the solvent properties.
Biscavitand 4 showed remarkably high binding constants for the first and second guest binding processes in
toluene. Chloroform and THF reduced the stabilities of the host-guest complexes of 4 and G3. The two deep
cavities were maintained by the cyclic hydrogen bonding of the amide groups; thus, more hydrogen bonding
competition in chloroform and THF destabilized the deep cavity structures, which reduced the extent of the
preorganization. Therefore, the host-guest complexations of G3⊂4 and G32⊂4 preferred the nonpolar solvent
toluene over the slightly polar solvents chloroform and THF.

Cooperativity in themultiple guest complexation of 4 can be discussed in terms of the interaction parameters.
Strong negative cooperativity in the guest complexations was observed in toluene and chloroform, with very
small interaction parameters of 0.089 and 0.11, respectively. The host-guest complexation was noncooperative in
THF. Accordingly, the solvent polarity considerably influenced the cooperative effects in the host-guest com-
plexations. The host-guest complexation processes can be discussed in terms of the thermodynamic parameters.
Thefirst guest binding processes aremore enthalpy-favored than the second binding processes in all the solvents.
This implies that the electrostatic repulsion between the guests encapsulated at both ends of 4might be involved
in the host-guest complexations, which does not play a role in determining the positive or negative cooperativity.
The first and second host-guest complexation processes in toluene and chloroform are enthalpy- and entropy-
favored. Given that a toluene molecule fills each of the cavities in the crystal structure, the solvent molecules in
the cavities and structured around guest G3 are desolvated upon guest complexation, resulting in positive
entropy contributions. As observed in the solid state, the effective CH/π interactions between the quinuclidine and
the cavitand aromatic rings drive the host-guest complexation. However, THF is a hydrogen-bonding-competitive
solvent, resulting in a slightly different thermodynamic picture. Although the first guest binding process is
enthalpy-favored, successive guest binding to the resting-state cavity becomes enthalpy-opposed and entropy-
favored due to the desolvation of THF molecules hydrogen-bonded to the amide groups.

The conformational behavior of the tightly linked two cavities of 4 was studied by dynamic NMR spectros-
copy. The interannular head-to-tail hydrogen bonding of the eight amide groups at each of the biscavitand rims
maintains the deep, open-ended cavities. The clockwise and anticlockwise cycloenantiomers of the cyclic
hydrogen bonding were in equilibrium at room temperature (Fig. 10). Table 3 shows that a sizable energetic
barrier exists in the clockwise/anticlockwise interconversion process, which was discussed with the activation
enthalpies (ΔH⧧) and entropies (ΔS⧧) in toluene-d8, chloroform-d1, and THF-d8. The interconversion process must
pay enthalpy costs as a result of the breakage of the hydrogen bonds at the transition state. The enormous entropy
penalties most likely come from the highly symmetric nature of the transition state, where the breaking of the
eight hydrogen bonds occurs simultaneously. Ameaningful difference in the enthalpy costs of activation between
4 and 5 illustrates the cooperative cooperation in the two cyclic hydrogen bonds of 4. Given that 4 requires the

Table : Binding constants and thermodynamic parameters for the molecular associations of biscavitand  with G at  K [].

Solvent K1/L mol−1 ΔH1

/kcal mol−1
ΔS1

/cal mol−1 K−1
K2

/L mol−1
ΔH2

/kcal mol−1
ΔS2

/cal mol−1 K−1
α (4K2/K1)

Toluene   ±   −. ± .  ±    ±  −. ± . . ± . . ± .
CHCl  ±  −. ± .  ±   ±  −. ± . . ± . . ± .
THF  ±  −. ± . −. ± .  ±  . ± . . ± . . ± .
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enthalpy cost of activation, 1.7 times as high as that of 5 in toluene-d8, the clockwise/anticlockwise in-
terconversions are conformationally coupled with each other owing to the tight connection of the two cavitand
units with four butylene linkages. Accordingly, the cyclic hydrogen bonding at each of the biscavitand rims is
cooperatively strengthened. In contrast, hydrogen bond donor solvents chloroform and THF resulted in smaller
differences in the enthalpy costs of activation between 4 and 5. Competitive solvation on the cyclic hydrogen
bonds weakens the connection between the two cavities, presumably diminishing cooperativity in the inter-
conversion. Therefore, the solvation determines the conformational communication of the two cavities tightly
connected with the four butylene linkages, directing the cavity preorganization. The negative cooperativity is
probably driven by the conformational communication of the two cavities, where the complexation of the guest
molecule within one of the cavities induces a tiny conformational change that is transmitted to the resting-state
cavity, being less prone to capture a consecutive guest.

Figure 11 illustrates a plausible explanation of the strong negative cooperativity proposed from the ther-
modynamic behaviors of the host-guest complexation. The enthalpy gains of the first guest binding processes in
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Fig. 10: Clockwise/anticlockwise interconversion of the cyclic
hydrogen bonding at the cavitand units of 4 and 5.
Reproduced from Ref. [20] with permission. Copyright 2021
American Chemical Society.

Table : Activation parameters of clockwise/anticlockwise interconversions of  and .

Solvent Host ΔH‡/kJ mol−1 ΔS‡/J mol−1 K−1

Toluene  . ± . −()
 . ± . −()

Chloroform  . ± . −.()
 . ± . −.()

THF  . ± . −.()
 . ± . −.()

350 T. Haino: Cooperativity in molecular recognition



all solvents exceeded those of the successive guest binding processes. Given that the two cavitand units are tightly
connected via butylene linkers, the conformationally coupled resting-state cavity is preorganized by the first
guest binding process, where a toluene molecule preserved within the resting-state cavity is stabilized with a
certain enthalpy gain. The desolvation of the toluenemoleculewithin the cavitymust competewith the successive
guest binding, compensating for the additional enthalpy penalty. Even though the entropy contribution is pos-
itive, the extent of desolvation is too small to compensate for the enthalpy penalty associatedwith the desolvation
of the toluene molecule. Accordingly, the strong negative cooperativity is directed by the desolvation of the
stabilized toluene molecule. However, the amide groups are solvated with THF molecules, which reduces the
extent of preorganization. The first guest binding process slightly facilitates the solvation of the resting-state
cavity. The successive guest binding must liberate multiple THF molecules, which most likely results in the
enthalpy penalty that is compensated for by the entropy gain. Accordingly, the solvation determines the degree of
preorganization that defines the cooperativity in the host-guest complexation of 4.

Conclusion

In conclusion, the cavitand units of a phosphonate biscavitand and a self-folding biscavitand are locally solvated
with water clusters and toluene molecules, respectively. Both cavitand units encapsulate cationic guests through
CH/π interactions between the guests and the aromatic walls. The two cavitand units are tightly bridgedwith four
butylene linkers in both biscavitands. Guest binding occurs at one of the cavitand units, which results in the
preorganization of the resting-state cavity, where a water cluster or a toluene molecule left is greatly stabilized
with an enthalpy gain. However, the enthalpy gains are counteracted by the cost of successive guest binding due
to desolvation. From the entropic point of view, the water cluster within the cavity is composed of six water
molecules, which are liberated with a large entropy benefit, whereas the toluene molecule within the resting-
state cavity is replaced by the guest molecule without an entropy benefit. These entropy gains compensate for the
enthalpy penalty of the successive guest binding. Accordingly, the number of solvent molecules released de-
termines the positive or negative cooperativities in the biscavitands.

In general, the preorganization concept in allosteric receptors might be discussed in view of conformation
behaviors of flexibly connected multiple-guest binding sites, which is applicable to many cases. In the present
systems, the two cavities are firmly connected; however, the preorganization concept is operative for multiple
guest binding. The preorganization effect stabilizes specific solvents located within the resting-state cavity.
Accordingly, entropy-directed positive or negative cooperativity becomes obvious in such deep cavities. Many
chemists understand the contribution of desolvation; however, these contrastive cooperativities are directed by
the desolvation of explicit solvated molecules, reminding us of the contribution of desolvation to both enthalpy
and entropy from a quantitative viewpoint.
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