
symmetryS S

Article

Water Soluble Host–Guest Chemistry Involving
Aromatic N-Oxides and Sulfonateresorcinarene

Kwaku Twum 1 , Nicholas Schileru 1,2, Bianca Elias 1, Jordan Feder 1, Leena Yaqoo 1,
Rakesh Puttreddy 3 , Małgorzata M. Szczesniak 1 and Ngong Kodiah Beyeh 1,*

1 Department of Chemistry, Oakland University, 146 Library Drive, Rochester, MI 48309-4479, USA;
ktwum@oakland.edu (K.T.); ntschile@oakland.edu (N.S.); belias2@oakland.edu (B.E.);
jfeder@oakland.edu (J.F.); leenayaqoo@oakland.edu (L.Y.); bryant@oakland.edu (M.M.S.)

2 Department of Osteopathic Medicine, Midwestern University, 555 31st St., Downers Grove, IL 60515, USA
3 Faculty of Engineering and Natural Sciences, Tampere University, P.O. Box 541, FI-33101 Tampere, Finland;

rakesh.puttreddy@tuni.fi
* Correspondence: beyeh@oakland.edu

Received: 30 September 2020; Accepted: 19 October 2020; Published: 22 October 2020
����������
�������

Abstract: Resorcinarenes decorated with sulfonate groups are anionic in nature and water soluble
with a hydrophobic electron-rich interior cavity. These receptors are shown to bind zwitterionic
aromatic mono-N-oxides and cationic di-N-oxide salts with varying spacer lengths. Titration data fit
a 1:1 binding isotherm for the mono-N-oxides and 2:1 binding isotherm for the di-N-oxides. The first
binding constants for the di-N-oxides (K1: 104 M−1) are higher compared to the neutral mono-N-oxide
(K: 103 M−1) due to enhanced electrostatic attraction from a receptor with an electron-rich internal
cavity and cationic and electron deficient N-oxides. The interaction parameter α reveals positive
cooperativity for the di-N-oxide with a four-carbon spacer and negative cooperativity for the
di-N-oxides that have spacers with more four carbons. This is attributed to shape complementarity
between the host and the guest.
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1. Introduction

Resorcinarenes are acid-catalyzed condensation products of resorcinol and appropriate
aldehydes [1]. As supramolecular synthetic receptors, resorcinarenes have extensively been studied in
host–guest chemistry for the development of functional (bio)materials and sensors [2,3], to name a few.
The ability to functionalize the electron-rich upper-rim C2-position and lower-rim alkyl chains led
researchers to follow complex supramolecular functions and processes both in aqueous and organic
solvents. Incorporating water soluble functional groups into resorcinarene receptor design offers useful
applications in drug delivery [4], chemical separation [5], nanoparticles [6], and as gelators [7]. The most
notable feature of the receptor is the shallow, electron-rich hydrophobic cavity that binds to the neutral
and cationic guest through C–H· · ·π, cation· · ·π and π· · ·π interactions [8]. This versatility inspired
our lab to fundamentally study host–guest complexes using the resorcinarene cavity to extrapolate a
structure–property relationship based on guest affinities, conformation, size, and shape [9].

The incorporation of sodium sulfonate groups at C2-positions renders resorcinarenes anionic and
water soluble with an amphiphilic character. Appealingly, the negatively charged sulfonate oxygens
reinforce the cationic guests by ancillary C–H· · ·OSO2 interactions, a feature that is not available in
C2-H-resorcinarenes. The methylene groups between the aromatic ring and the sulfonate groups create
an elongated cavity that further helps to improve the guest selectivity [9].

The host–guest chemistry of aromatic N-oxides has become widespread in supramolecular
chemistry applications. This is credited to the versatility of N-oxides as precursors for synthesizing
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functionalized pyridine [10], as organocatalysts to access aromatic aldehydes [11], and as ligands
in coordination chemistry [12]. We recently investigated the host–guest chemistry of resorcinarenes
and substituted aromatic mono- and rigid di-N-oxides in organic media [13]. The conformational
geometry of the endo-cavity guest inspired the use of the resorcinarenes as a protecting group on
aromatic N-oxides to tune the coordination sphere of copper (II) [14]. We recognize the space to
expand the fundamental use of functionalized resorcinarenes as suitable receptors for N-oxides in
aqueous environments.

Herein, we present a host–guest study of sodiumsulfonatomethyleneresorcinarene (1) with three
zwitterionic aromatic mono-N-oxides (2–4), and three cationic di-N-oxide salts with different spacer
lengths (5–7) in water (Figure 1). Our motivation for this study stems from the fact that (i) the elongated
cavity compared to basic resorcinarene renders a narrower cavity aperture that influences guest
selectivity [9], and that (ii), while aromatic mono-N-oxides are zwitterionic, the di-N-oxides have two
cationic binding sites in solution. In effect, we sought answers to the following questions: (a) How
does the binding of one site on the di-N-oxide influence binding affinity to the second site? (b) How
does the length of the aliphatic spacer chain influence the binding of the resorcinarene to both sites?
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di-N-oxides (5–7).

2. Materials and Methods

N-oxides (2–4) and solvents used for syntheses, NMR experiments and Isothermal Titration
Calorimetry (ITC) were purchased from Sigma Aldrich or Oakwood Chemicals (Estill SC, USA).
The receptors (1) were synthesized according to reported procedures.1 All NMR and ITC experiments
were carried out in H(D)2O or Tris buffer pH 7.4 at 298 K on a Bruker Avance 400 and Microcal
VP-ITC 2000.

N-oxides 5–7 were synthesized according to reported procedures [15]. Acetonitrile solutions
containing pyridine N-oxide (2.2 mmol) and corresponding diiodoalkanes (1.0 mmol) were stirred
at reflux temperature overnight. The reaction mixture was cooled to room temperature. The salt
precipitates formed were filtered and dried under high vacuum overnight.

Proton NMR Experiment: For sample preparation, stock solutions of the receptor 1 (2 mM),
N-oxides (2 mM) were prepared in 100% D2O. For the pure 1–7 samples, 250 µL of the stock solution
was transferred to an NMR tube and diluted with 250 µL of pure solvent to make a 1-mM sample
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concentration. For a 1:1 (1:2–7) mixture, 250 µL of 1 and 250 µL of 2–7 were pipetted into a clean NMR
tube making 1:1 equimolar sample concentration of each component in the mixture.

The MicroCal VP-ITC instrument by Malvernwas used to determine the molar enthalpy (∆H) of
complexation. Subsequent fitting of the data to a 1:1 and 1:2 binding model using Origin software
provides an association constant (K), and a change in enthalpy (∆H) and entropy (∆S). The ITC
experiment was carried out by filling the sample cell with guests 2–7 (0.25 mM), filling the syringe
with host 1 (5.0 mM), and titrating via computer-automated injector at 298 K.

The equilibrium structures and properties of guest molecules were obtained from B3LYP-D3
calculations with a 6-31G** basis set within the implicit polarized continuum solvation model (PCM)
water solvent.

3. Results and Discussion

3.1. NMR Spectroscopy

Guests 2–4 were purchased from commercial sources while guests 5–7 were synthesized by
mixing 2:1 equivalent of pyridine N-oxide and the corresponding di-iodoalkane in acetonitrile [15].
1H NMR spectroscopy was used for screening the affinity for the aromatic N-oxide guests (2–7) by the
resorcinarene receptor (1). The up field shifts of the guest signals clearly indicate endo-complexation
with the host. In solution, the complexes are in rapid equilibrium and there is a fast exchange process
with the free components; therefore, only one set of signals are observed in the NMR spectrum.
Nonetheless, by following the guest protons and comparing the degree of shielding, one can also
predict which part of the guest is preferred in the hydrophobic cavity.

The symmetrical nature of the di-N-oxides means only one set of aromatic signals are seen in
their NMR spectra. The aromatic proton signals on the di-N-oxides experience significant shielding
compared to the methylene protons, suggesting aromatic C–H protons and resorcinarenes are stabilized
via endo-cavity C–H· · ·π interactions (Figure 2). In all complexes, the aromatic hydrogen para to the
nitrogen atom is shielded the most, suggesting it resides deeper in the hydrophobic cavity. The aromatic
para protons on di-N-oxides are considerably shielded (5@1, 1.46; 6@1, 0.93; 7@1, 1.22 ∆ppm) compared
to the mono-N-oxide guests (2@1, 0.10; 3@1, 0.42; 4@1, 0.13 ∆ppm). Notably, the tight binding of
di-N-oxides to the host cavity is due to the blockage of the N–O group by alkylation which hampers
the O-atom from hydrogen bonding participation. Guests 3 and 4 aromatic protons experience higher
shielding effects compared to 2, presumably due to the size complementarity of guests 3 and 4 (Figure 2).
Furthermore, the movement of the aromatic proton of the resorcinarene host also highlights the cavity
“breathing” that enables it to accommodate the N-oxides. Additionally, the reduction in the electron
density due to bound guests shows up as a de-shielded effect in the NMR spectra. The cationic
di-N-oxides cause a greater de-shielding of the host proton compared to the “neutral” mono-N-oxides.



Symmetry 2020, 12, 1751 4 of 8

Symmetry 2020, 12, x FOR PEER REVIEW 4 of 8 

 

 
Figure 2. Section of NMR spectra of (a) pure host (1) (b) 1:1 Guest 4@1 (c) Pure guest 4 (d) 1:1 Guest 
7@1 (e) Pure guest 7 in pure D2O. 

3.2. Isothermal Titration Calorimetry (ITC) 

The quantification of the binding affinity (K) and complexation-induced changes to 
thermodynamic parameters (ΔH, TΔS, and ΔG) were addressed using Isothermal Titration 
Calorimetry (ITC) in deionized water, and in a buffer system. Tris buffer (10 mM) at pH 7.4 was used 
as the physiological buffer system of choice and to eliminate the possibility of protonation-induced 
heat changes. For mono-N-oxide guests 3 and 4, all the ITC data were fitted to one set of sites binding 
model while ITC data for di-N-oxide guests 5–7 were fitted to two set of sequential binding sites 
model and the respective ITC titration traces are included in the Supporting Information. ITC data 
for guest 2 could not be fitted to any binding isotherm in water and buffer system without significant 
errors (Figures S7a and S8a). Notably, pyridine molecules are known to bind and sit in the 
hydrophobic cavity of the resorcinarene host 1 [16]. However, the mono-N-oxide analog 2 does not 
show such behavior due to a comparatively weaker binding. From the NMR data, mono-N-oxides 3 
and 4 both sit in the hydrophobic cavity with the nitrogen atom skewed to face outwards from the 
cavity. In addition, their binding affinities and thermodynamic parameters of complexation in both 
water and buffer to be almost identical (Table 1). This suggest protonation is not an issue in the water 
system. 

Table 1. Thermodynamic binding parameters of formed complexes between the receptors and the 
guests by Isothermal Titration Calorimetry (ITC) in 10 mM Tris buffer, pH 7.4. a 

Complex K1 (× 104) M−1 ΔH1 (kcal/mol) TΔS1 (kcal/mol) ΔG1 (kcal/mol) 
2@1 - - - - 
3@1 0.12 ± 0.03 −1.43 ± 0.18 2.77 −4.20 
4@1 0.14 ± 0.03 −1.42 ± 0.14 2.87 −4.29 
5@1 0.17 ± 0.04 −0.84 ± 0.12 3.34 −4.18 
6@1 2.71 ± 0.86 −10.90 ± 0.56 −4.86 −6.06 
7@1 3.18 ± 0.79 −10.00 ± 0.36 −4.20 −5.80 

Complex K2 (× 104) M−1 ΔH2 (kcal/mol) TΔS2 (kcal/mol) ΔG2 (kcal/mol) 
5@1 2.70 ± 0.72 −0.46 ± 0.19 5.20 −5.66 
6@1 0.26 ± 0.02 −16.00 ± 0.85 −12.30 −4.65 
7@1 0.30 ± 0.02 −16.60 ± 0.58 −11.90 −4.70 

a The data were fitted to one site binding model for guests 3 and 4, and sequential binding model (n = 
2) for guests 5–7. 

Figure 2. Section of NMR spectra of (a) pure host (1) (b) 1:1 Guest 4@1 (c) Pure guest 4 (d) 1:1 Guest
7@1 (e) Pure guest 7 in pure D2O.

3.2. Isothermal Titration Calorimetry (ITC)

The quantification of the binding affinity (K) and complexation-induced changes to thermodynamic
parameters (∆H, T∆S, and ∆G) were addressed using Isothermal Titration Calorimetry (ITC) in
deionized water, and in a buffer system. Tris buffer (10 mM) at pH 7.4 was used as the physiological
buffer system of choice and to eliminate the possibility of protonation-induced heat changes.
For mono-N-oxide guests 3 and 4, all the ITC data were fitted to one set of sites binding model
while ITC data for di-N-oxide guests 5–7 were fitted to two set of sequential binding sites model and
the respective ITC titration traces are included in the Supporting Information. ITC data for guest
2 could not be fitted to any binding isotherm in water and buffer system without significant errors
(Figures S7a and S8a). Notably, pyridine molecules are known to bind and sit in the hydrophobic
cavity of the resorcinarene host 1 [16]. However, the mono-N-oxide analog 2 does not show such
behavior due to a comparatively weaker binding. From the NMR data, mono-N-oxides 3 and 4 both sit
in the hydrophobic cavity with the nitrogen atom skewed to face outwards from the cavity. In addition,
their binding affinities and thermodynamic parameters of complexation in both water and buffer to be
almost identical (Table 1). This suggest protonation is not an issue in the water system.

Table 1. Thermodynamic binding parameters of formed complexes between the receptors and the
guests by Isothermal Titration Calorimetry (ITC) in 10 mM Tris buffer, pH 7.4. a

Complex K1 (× 104) M−1 ∆H1 (kcal/mol) T∆S1 (kcal/mol) ∆G1 (kcal/mol)

2@1 - - - -
3@1 0.12 ± 0.03 −1.43 ± 0.18 2.77 −4.20
4@1 0.14 ± 0.03 −1.42 ± 0.14 2.87 −4.29
5@1 0.17 ± 0.04 −0.84 ± 0.12 3.34 −4.18
6@1 2.71 ± 0.86 −10.90 ± 0.56 −4.86 −6.06
7@1 3.18 ± 0.79 −10.00 ± 0.36 −4.20 −5.80

Complex K2 (× 104) M−1 ∆H2 (kcal/mol) T∆S2 (kcal/mol) ∆G2 (kcal/mol)

5@1 2.70 ± 0.72 −0.46 ± 0.19 5.20 −5.66
6@1 0.26 ± 0.02 −16.00 ± 0.85 −12.30 −4.65
7@1 0.30 ± 0.02 −16.60 ± 0.58 −11.90 −4.70

a The data were fitted to one site binding model for guests 3 and 4, and sequential binding model (n = 2) for
guests 5–7.
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ITC complexation data for di-N-oxide guests 5–7 reveal more about the binding of resorcinarene
hosts to divalent di-N-oxides. The binding affinity between the receptor and mono-N-oxides are lower
compared to the di-N-oxides. In solution, the di-N-oxides are positively charged compared to the
zwitterionic mono-N-oxides thus benefiting from electrostatic attractions to the host in addition to
C–H· · ·π and π· · ·π interactions. The –CH2– spacer length between the N-oxide (6 and 7) groups
did not substantially change the strength of binding of the first or second host, both in the same
order of magnitude among guests 6 and 7 (Table 1). However, for di-N-oxide 5, the first binding is
similar to the mono-N-oxides but the second binding is one order of magnitude higher, contrary to
di-N-oxides 6 and 7. The negative ∆H shows the complexation of guests 3–4 to be exothermic in buffer
where all protonation issues have been negated. The system is largely enthalpy-driven, with small
entropy compensations. Most importantly, binding energies show the host–guest complexations are all
spontaneous at 298 K.

Cooperativity in binding represent change in site specific binding as a function of the reaction
process [17]. In theory, the di-N-oxides aromatic cores should be able to bind to two different hosts 1
with near equal K1 and K2 values. However, in reality, all possible ligation states coexist in equilibrium
in solution. The length of the –CH2– chain between two binding sites in a 2:1 complex affects the overall
binding process (Table 1). The K1 values of 6@1, and 7@1 occur at an order of magnitude higher than the
second binding site. However, for di-N-oxide 5 with a C4 spacer, the K2 value is of higher magnitude
than the first (103 M−1 vs 104 M−1). The interaction parameter α quantifies the extent of cooperativity
in the second binding site when the first one is already occupied in equilibrium. Cooperativity in
binding can be determined from the interaction parameter α (α = 4K2/K1, where K1 and K2 are the first
and second binding event, respectively) [18,19]. If α > 1, the system displays positive cooperativity, if α
< 1, it displays negative cooperativity and if α = 1 it displays a non-cooperative process (Table 2) [19].

Table 2. Complexation derived interaction parameter that describes cooperativity in binding constants.

Complex α = (4K2/K1) a,b

2@1 -
3@1 -
4@1 -
5@1 63.53
6@1 0.39
7@1 0.38

a α describes the interaction parameter used to describe cooperativity. b K1 [M−1] and K2 [M−1] are first and second
binding constants, respectively.

The interaction parameter for 5@1 = 63, for 6@1 and 7@1 < 1 signifies positive cooperativity
for binding di-N-oxide guests with a C4 spacer and a negative cooperativity for C5 and C6 spacers.
This result shows that the C4 spacer fits perfectly inside the “capsular-like arrangement, namely 5@12.
The C5 and C6 spacers induce conformational flexibility which negatively affects the cooperativity.

3.3. Computational Studies of the Di-N-Oxides

We performed computational modelling to get the equilibrium structures of the guest molecules
from Density Functional Theory (DFT) B3LYP-D3 calculations with a 6-31G** basis set within
the implicit polarized continuum solvation model (PCM) water solvent. In interactions of polar
(and charged) species the cooperativity of interactions is dominated by the three-body polarization
effect [20]. The three-body polarization effect can be both attractive and repulsive. The attractive
(or cooperativity-enhancing) effects are in “head-to-tail”→→→ dipole arrangements (can be linear,
circular or bent). The repulsive three-body polarization occurs in → → ← situations (also linear,
circular, or bent) because the counteracting effect of the field-induced moments on the central system
by the terminal ones [21,22]. This effect causes negative cooperativity and is strongly dependent
on the magnitude of the central dipole. If the central dipole moment vanishes, the three-body
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repulsion is effectively minimized. Our geometry optimizations of the guests 5, 6 and 7 show that
the equilibrium di-N-oxide with a 4C spacer belongs to the symmetry group C2h. The molecules in
this point group are nonpolar. The 5C spacer di-cation has C2v symmetry with a large dipole moment
4.38 D. With 6C spacer di-cation, there exists the possibility of a C2h structure, but this structure is not
optimal, as our calculations show, and the bent C1 structure shown below (Table 3) is more stable by
at least 0.4 kcal/mol. The C1 structure is also polar. So, the favorable cooperativity observed in ITC
measurements is attributed to the symmetry of guest 5 which mandates the zero dipole moment and,
in turn, reduces the three-body repulsive polarization effect (Table 3).

Table 3. Properties of optimized guest molecules from DFT calculations. The geometry optimizations
we performed in implicit polarized continuum solvation model (PCM) water solvent with the B3LYP-D3
functional and 6-31G** basis set.

Structure Point Group Dipole Moment, D Distance N···N, Å
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aromatic N-oxides in aqueous media, which should help accelerate diagnostic applications of 
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