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Abstract

Pillar[S]arenes have attracted much attention as a new member of macrocycles
for their unique symmetrical pillar architecture. Pillar[5]arenes are mostly soluble in
organic solvents and slightly soluble in water, thus their application in aqueous media
has been limited as a result. Thus, it is necessary to design water-soluble
pillar[5]arene derivatives. Herein, by the introduction of neutral sugar moieties at both
upper and lower rims via click reaction, a neutral water-soluble pillar[S]arene (PSAG)
was prepared and well characterized. Furthermore, the host—guest interaction between
P5AG and fullerene was investigated in both organic medium and aqueous solution.
The host—guest complexation was confirmed by fluorescence, nuclear magnetic

resonance, ultraviolet—visible, and Raman spectroscopy.
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Introduction

Since first reported as a new class of macrocyclic host in 2008,' the pillarenes
have attracted considerable attention owing to their unique structure and intriguing
host—guest binding behavior. Compared with the traditional macrocyclic hosts,
pillarenes have highly rigid and symmetrical structure. The pillar-like conformation
facilitates selective binding toward various guest molecules. They are also easier to be
functionalized in several ways.

Despite a great amount of work already dedicated to pillarenes, these
molecules continue to fascinate researchers in many different fields such as molecular
recognition, 2 sensing and detection, 3 delivery systems, 4 liquid crystals, > and
dispersion of carbon materials.® Among all these situations, complexation behaviors
pillarenes towards different guest molecules have been extensively studied. With the
electron-rich cavity, pillarenes are especially good at binding the electron-deficient
guest molecules and some neutral molecules, such as viologen derivatives,7’8

’ n-octyltrimethyl ammonium hexafluorophosphate, 10

(bis)-imidazolium cations,
alkanediamines,'! and neutral bis(imidazole) derivatives.'? It is worth noting that the
studies on host—guest properties of pillar[S]arenes are always carried out in organic
media owing to their poor solubility in aqueous media. Therefore, it is necessary to
design water-soluble pillar[S]arene derivatives. A water-soluble pillar[S]arene with
negatively charged carboxylate groups functionalized at both rims was reported,” and

its binding behavior towards cationic viologen salts was studied in water.

a pillar[S]arene decaamine was prepared and its encapsulation of linear diacids in
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neutral, alkaline, and acidic conditions were further investigated. 13 Cationic
pillar[S]arenes containing trimethylammonium groups were reported to strongly bind
sodium 1-octanesulfonate in aqueous media, mainly driven by hydrophobic and
electrostatic interactions.'

Fullerene, a condensed ring aromatic compound with extended m-conjugated
systems, has cage-like structure and is 0.7 nm in diameter. Several studies have shown
that fullerene has unique biological properties both in vitro and in vivo. B Its
applications have been gradually extended to various research fields, such as
pharmaceutical science and biological field."> However, the low solubility of fullerene
in aqueous media significantly hampers its biological application. To overcome the
natural repulsion of fullerenes and water, strategies including preparation of
water-soluble supramolecular complexes with macrocyclic hosts such as
cyclodextrin,'® calixarene derivatives,'” or cyclotriveratrylene (CTV) derivatives'®
have been developed. These macrocycles can form complex with Cgy in aqueous
mediaWater-soluble glycoconjugated CTV hosts prepared by introducing neutral
sugar moieties into CTV platform can bind Cgp with good binding constants.'*>'* The
supramolecular chemistry of pillarene and fullerene is still rarely studed. Herein, by
the introduction of neutral sugar moieties at both upper and lower rims via click
reaction, a neutral water-soluble pillar[S]arene (PSAG) was prepared, and the
host—guest interaction between PSAG and Cg was investigated in both aqueous

solution and co-organic solvent.
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Experimental section
Materials and charactization

All chemical reagents are commercially available and used as received unless
otherwise stated. Pillar[S]arene derivative 1 (Scheme 1) and alkyne-functionalized
sugar derivative 2 (Scheme 1) were prepared according to reporting methods. 13
Ultrapure water (18.2 MQ cm) was purified with a Millipore purification system
(Milli-Q water, Merck Millipore, Germany).

Proton nuclear magnetic resonance ('"H NMR) and carbon nuclear magnetic
resonance (°C NMR) spectra were acquired with a Bruker DMX400 spectrometer
(Bruker, Germany). Mass spectra were measured using a Microflex LRF
MALDI-TOF mass spectrometer (Bruker Daltonics, USA). Ultraviolet—visible
(UV—vis) spectra were recorded with a Lamda 950 UV-vis—NIR spectrophotometer
(Perkin—Elmer Instruments Co. Ltd., USA) and quartz cells with 1 cm path length.
The fluorescence spectra were measured in a conventional cell with 1 cm path length
using an LS55 spectrophotometer (Perkin—Elmer Instruments Co. Ltd., USA) at room
temperature. Raman spectra were recorded with a Renishaw inVia Raman
spectrometer (Renishaw, UK) by dropping the sample solutions onto a slide glass

(after air drying) or putting Cgp powder directly on a slide glass.
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Scheme 1. Synthesis Route to PSAG

Synthesis of PSAG-OAc

The synthesis of PSAG-OAc is outlined in Scheme 1. To attach sugar groups via the
click reaction, an intermediate azide substituted pillar[S]arene 1 was prepared from
bromoethoxy group substituted pillar[5]arene through azido reaction. Then compound
1 (0.0455 g, 0.035 mmol) and glucose derivative 2 (0.1477 g, 0.367 mmol) were
dissolved in DMF (1 mL) under nitrogen atmosphere. Ascorbic acid (6.93 mg, 0.036
mmol) and CuSO4 SH,0 (4.37 mg, 0.018 mmol) were added to the mixture as catalyst.
The reaction mixture was refluxed overnight at 60 °C and then poured into pure water.
The resulted precipitate was collected by filtration after washing with water for three
times. After recrystallization in acetone and ether co-solvent, the pale yellow solid 3
was obtained (0.145 g, yield: 78%). "H NMR (CDCl5) J (ppm) 7.81 (s, 10H), 6.57 (d,
J = 6.8 Hz, 10H), 5.24-5.18 (m, 10H), 5.12-5.03 (m, 20H), 4.72-4.63 (m, 30H),
4.26-3.90 (m, 50H), 3.72 (s, 10H), 3.27 (s, 10H), 3.12-3.38 (m, 10H), 2.04—1.97 (m,

120H). >C NMR (CDCl3) 171.4, 170.8, 170.2, 150.3, 145.5, 129.5, 123.7, 116.8, 83.7,
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83.6, 76.6, 74.6, 70.7, 69.1, 68.2, 66.6, 62.7, 59.1, 51.1, 31.7; MALDI-TOF-MS calcd.
for CpsH250N300100S 10, 5324.95 (m/z), found 5324.96. Melting point: 132.2-134.8 °C.
Synthesis of PSAG

A solution of sodium methoxide (1.0 M) in methanol was added to a solution of
P5AG-OAc (60 mg, 0.011 mmol) in methanol-dichloromethane (2:1, 12 mL)
drop-wise until the pH value reached to 11. The reaction mixture was stirred at room
temperature for 6 h. After neutralization, the resulted suspension was filtered and
washed with dichloromethane and petroleum ether for three times to give 4 (0.037 g,
yield: 93%). 'H NMR (DMSO-ds) & (ppm) 8.18 (s, 10H), 6.71 (s, 10H), 5.08-4.69 (m,
40H), 4.58-4.38 (m, 20H), 4.36-4.08 (m, 20H), 4.02 (d, J = 14.0 Hz, 10H), 3.91 (d, J
= 13.6 Hz, 10H), 3.70 (d, J = 11.2 Hz, 20H), 3.17 (s, 20H), 3.14 (s, 20H), 3.09 (s,
20H). *C NMR (DMSO-de) & (ppm) 154.7, 150.7, 134.4, 129.3, 90.3, 87.0, 84.1, 79.1,
76.1, 73.3, 67.3, 62.0, 60.9, 55.8, 54.6, 29.1. MALDI-TOF-MS calcd. For
Ci45H200N30060S 10, 3643.95 (m/z), found 3643.97. Melting point: 148.5-150.9 °C.
Spectrofluorometric titration of PSAG—Cg complexation in toluene—-DMSO

A solution of PSAG was prepared in toluene—DMSO (1:1, v/v). Aliquots of Cein the
same solvent were added to the solution. The final concentration of PSAG was 5x10™°
M, and the final concentration of Cgp ranged from 0 to 50.0x10° M. After each
addition, the sample was allowed to equilibrate for hours prior to recording a
spectrum. Additions of Cg were continued until no significant change in the
fluorescence signal was observed. The excitation wavelength was 280 nm and the

emission scan ranged from 290 to 520 nm.
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Preparation of PSAG—Cgy complexes in aqueous solution

The aqueous solutions of sugar-bearing PSAG—Cg complexes were prepared by
stirring an aqueous solution of PSAG (5.0x107 M) containing Ceo solid (>99%) for
days. After centrifugation, clear aqueous solutions containing sugar-bearing
P5AG—Cg complexes were obtained for further studies.

Computational details

An molecular dynamics (MD) simulation of a 1:1 complex in a 60x60x60 A’ periodic
TIP3P water box was run by the NAMD code' using CHARMM force field
parameters.’’?'**** The details are included in the ESI. Simulations were run for 50
nanoseconds (ns) with a two femtosecond timestep in the NPT ensemble at 298 K and
1.013 bar. The van der Waals interactions were cut off at 12 A with a switching

function starting at 10 A.

Results and discussion

A sugar-bearing pillar[S]arene derivative was designed by introducing ten
glucose moieties into pillarene structure. Cu(I)-catalyzed azide “click” ligation
between azido-substituted pillarene and alkyl-functionalized sugar derivatives is
chosen to introduce ten sugar groups into pillar[S]arene structure, on account of its
highly efficient ligation and mild reaction condition. Formation of the triazole ring
was confirmed by the chemical shift nearly at 7.81 ppm in the 'H NMR spectrum and
the peaks nearly at 123.7 and 145.5 ppm on the BC NMR spectrum of the

corresponding desired intermediate PSAG-OAc. After removing all the acetyl groups
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with MeONa/MeOH, the desired water-soluble PSAG was obtained quantitively and
further confirmed by 'H NMR, "C NMR, and mass spectrum. The disappearance of
the peak of Ac (0= 2.04 ppm) after final efficient global deprotection suggests the
successful preparation of PSAG compared with "H NMR spectrum of the protected
precursor. The protected sugar-bearing pillar[S]arene is readily soluble in common
organic solvents such as methylene chloride, chloroform, and tetrahydrofuran, but
insoluble in methanol, ethanol, and water. The solubility of the resulting PSAG is
different from its precursor, exhibiting a good solubility in DMF, DMSO,
toluene—DMSO (1:1, v/v), and water.

The photophysical properties of the complexes generated from interaction of
P5AG with Cgy were investigated. PSAG possesses a distinct photoluminescence, an
emission maximum peak at 323 nm in toluene-DMSO (1:1, v/v) solution appears
when excited at 280 nm. The fluorescence in the region from 340 to 390 nm is
probably due to the formation of ground-state dimer as a result of the interactions
between the benzene rings upon excitation®* or excimeric emission caused by the
interaction between the phenyl groups.25 Introducing the bulky sugar substituents by
the click reaction not only inhibits the rotation of the units, but also extends arms of
ten benzene rings thus making it possible to exhibit better host—guest behavior. The
fluorescence may be ascribed to the enhanced planar conformation of benzene rings

of pillar[5]arene derived from spatial effect of bulky branch chains.
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Fig. 1 Fluorescence spectra of PSAG (5.0x10°M) in the absence and presence of
various concentrations of Cgp in the toluene—-DMSO solution at room temperature
(Aex=280 nm). The concentrations of Cg (><10_6 M) are 0, 0.313, 0.357, 0.384, 0.435,
0.500, 0.625, 0.800, 1.000, 1.250, 2.000, 2.500, 5.000, 10.000 and 25.000,

respectively. The inset is the plot of Al vs [C60]’1.

The complexing properties of sugar-substituted PSAG with extended arms
towards Cgo were further verified by photoluminescence and Raman spectroscopy.*®
The fluorescence spectroscopy is widely used as a tool to investigate the complexion
between macrocycles and small guest molecules for its sensitivity, convenience, and
cost-effectiveness. Both sugar-bearing PSAG and Cg are readily soluble in
toluene—-DMSO co-solvent (1:1, v/v) at low concentrations. Host—guest interaction
between sugar-bearing PSAG and Cg was studied by spectrofluorometric

27,28

titrations in the co-solvent at 25 °C. The emission spectrum from Cg solution is

broad and between 650 and 725 nm in toluene.”’ Furthermore, the fluorescence
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emission of highly purified samples of Cep at room temperature has been found to be
very weak.>? The fluorescence emission of PSAG dissolved in toluene~DMSO (1:1,
v/v) ranged from 340 to 390 nm, and no peak for Cgy can be observed. Upon
successive addition of the fullerene (0-25 pM) to the host solutions, a continuous
fluorescence quenching was observed in the fluorescence spectra of sugar-bearing
PSAG. The fluorescence intensity of PSAG gradually decreased and was significantly
quenched when concentration of Cgy was up to 10 pM (Fig. 1). Furthremore,
fluorescence intensity of PSAG was finally quenched by 88% when concentration of
Ceo was up to 25.0 uM. The quenching might be attributed to the change in the
extended cavity of the host with sugar moieties modified on ten arms of pillar[5]arene.
Ground-state Cgp possesses remarkable electron acceptor properties and is capable of

. . . . 31
accommodatmg as many as SiX electrons in solution.

When sugar-bearing
pillar[S]arene interacts with Cgp, there may exsits photo-induced intermolecular
electron transfers between sugar-bearing pillar[S]arene host and Cg thus leading to
fluorescence quenching of sugar-bearing host. The extended spatial structure of PSAG
with ten sugar moieties can accommodate Cgy to some extent, so the photo-induced
intermolecular electron transferring tends to take place. On the basis of linear fitting
of the plot of [Ceo]™" vs Al and the hypothesis that the complex can be formed by host
and Cgy with 1:1 ratio at a low concentration, the calculated association constants K,

of host PSAG with Cg in toluene—DMSO solution was 1.75x10° M at 298 K

(R*=0.9991).
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Fig. 2 Partial '"H NMR spectra (400 MHz, toluene-ds—DMSO-d; (1:1, v/v), 25 °C) of

(a) PSAG, (b) PSAG+1 eq. Cg, (c) PSAG+2 eq. Cgo. [PSAG]=4.0 uM.

In order to further characterize and confirm the host—guest interaction between
PSAG and Cg in toluene-dg—DMSO-dg (1:1, v/v) co-solvent, '"H NMR spectroscopy
(Fig. 2) was employed. The solubility of Cgp in toluene is very limited at room
temperature, reported by Ruoff.** In order to maitain a proper proportion of host and
guest and get well-dissolved mixture to characterize, we prepared the host solution
with a concentration of 4.0 uM. Two peaks that appear at 7.01 and 7.11 ppm should
be assigned to toluene-dg. As shown in Fig. 2, in the presence of about 1 equiv. of Cgo,
the signals of PSAG’s triazole proton (H,) and part of sugar protons (Hp) exhibited a
very slight upfield shift (Ad<—0.1 ppm) compared to the free PSAG. As 2 equiv. of

Cgo were added, the correspongding protons of PSAG showed broadening effects and
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a bit larger upfield shift (Ao=—0.1 ppm) compared to the free PSAG. Although only
slight chemical shift changes were observed in the complexation systems probably
owing to poor solubility of Cgp in the solvent, the NMR experiments can give us some

proof about interaction between PSAG host and Cg.
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Fig. 3 Absorption spectra of aqueous PSAG (a) and PSAG—Cg solutions (b, c, d.
concentration of PSAG is 5.0x107 M), and Cg in water (e). Inset shows the

photographs of aqueous PSAG and PSAG—-Cg solutions corresponding to the traces.
(a, PSAG; b, PSAG+Cg 70h; ¢, PSAG+Cg 2 weeks; d, PSAG+Cgp 3 weeks).

The host—guest interaction of sugar-bearing pillar[S]arene host and Cgy was also
investigated in aqueous solution. Formation of the complex facilitates the dispersion
of fullerene in aqueous media. The water-soluble supramolecular complex between
pillar[5]arene-based host and fullerenes was prepared simply by stirring an aqueous
solution of PSAG (5.0x107°> M) containing Cg solid (>99%) for days. Fig. 3 shows

the UV-Vis absorption spectra of Cgp, PSAG, and PSAG—Cg complex, respectively,
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in aqueous solution. Cg is insoluble in water as we known, therefore no absorption
intensity was observed. However, after interacting with pillar[5]arene host for days, a
new absorption peak at around 342 nm which assigned to characteristic signal peak of
Ceo in UV—vis region was observed, and its intensity gradually increased. The
interaction of sugar-bearing PSAG hosts with Ce can also be visually monitored by a
color change of the corresponding solutions. As shown in the inset of Fig. 3, the
aqueous solution of PSAG is almost colorless, upon addition of Cg, the color of
aqueous PSAG—Cg solution gradually changes into yellow after stirring for days. The
color changes of the solution suggest that PSAG can interact with Cgyin aqueous
solution and form a water-soluble complex. Although there is also possibility that the
Ceo aggregates might contribute to the peak of 342 nm,” we did not observe any

absorption of Cg in the control experiment in pure water.
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Fig. 4 Raman spectra of PSAG—Cg, PSAG and Cgp.

Equilateral pentagonal PSAG cavity with sugar—triazole cluster structure can

not only provide an internal cavity capable of encapsulating the hydrophobic Cg
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guest considering the size-fit concept, but also prevent the aggregation in an aqueous
solution owing to the fullerene—fullerene interaction. Multiple hydroxyl groups of
sugar moieties make the supramolecular complexes water-soluble. The hydrophobic
triazole groups and ten-membered ring skeleton of sugars can increase the
hydrophobic and van der Waals interactions between the inner surface of
sugar-bearing PSAG hosts and Cep. These major driving forces are important in
forming the supramolecular complexes. Further study with Raman spectra can also
prove the existence of Cgy in aqueous solution. The featured peak at 1470 cm™ was
assigned to the totally symmetric pentagonal pinch mode of Cgp in PSAG—Cg sample,

while no corresponding peak was found in PSAG (Fig. 4)3

Molecular dynamics simulations of complex in water

Molecular dynamics simulations of a 1:1 complex were conducted to
investigate possible binding conformations. During the first 35 nanoseconds (ns), Cg
stays close to its initial position in front of the cavity opening of the pillarene. It
moves somewhat back and forth but stays encapsulated by the sidechains, as showed
in Fig. 5a. The sidechains are relatively mobile and alternate between interacting with
the Cgp molecule and being immersed in the water, but all of the time, three or four
sidechains are in direct contact with the Cgy and form a basket that keeps Cg in place
in front of the cavity opening. Both the triazole and glucose moieties interact with Ceo,
but it never moves so close to the pillarene cavity that is in direct contact with the

ester oxygen and the two methylene groups that connect the central pillarene structure
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to the triazole ring. Shortly after 35 ns of simulation, C¢p moves from this binding
conformation to a new binding conformation on the side of the central pillarene
structure, where it is in direct contact with one of the phenyl groups (Fig. 5b). This
change in binding conformation takes less than 5 ns. Gradually, several sidechains
from both rims of the pillarene start interacting with the Cgp, thereby forming a basket
that restricts it to this binding conformation for the remaining simulation time (up to
50 ns). Two additional 25 ns simulations with different initial velocities support the

observed binding conformations.

Fig. 5 Snapshot from MD simulation. (a) Cg moves around in front of the cavity
opening of the pillarene. Three or four ones of the sidechains form a basket that keeps
Ceo in place. (b) Cep sticks to the side of the central pillarene structure and is in direct
contact with the phenyl groups as well as the various parts of the sidechains. The
atoms of the central pillarene structure are shown in black, oxygens are red, nitrogen

is blue, carbons are cyan, and sulfur is yellow. Hydrogens are not shown.

The identification of these two distinct binding conformations opens up for the
following consequences. First, when a single Cg binds PSAG, there is plenty of room
for another, or maybe several other Cgy molecules, to bind PSAG and therefore form

higher-order complexes. The formation of higher-order complexes is of course
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concentration dependent, being favored by high concentrations of Cg. Second, the Cego
molecules are not surrounded by the host molecules and more than half of the Cg
surface is still exposed to water. It does not seem unreasonable that these surfaces
engage in hydrophobic interactions with other Cgp or PSAG molecules, thereby

forming extended structures in the form of clusters.

Conclusions

A sugar-functionalized water-soluble pillar[S]arene derivative (PSAG)
modified with ten glucose moieties via click reaction has been successfully
synthesized in a high yield. PSAG exhibits a distinct photoluminescence, thus can be
used to conveniently detect their interaction with Ceo through spectrofluorometric
titration. PSAG can bind Cg to form supramolecular complexes in toluene-DMSO
co-solvent. As a result of the extended arms on both rims of pillar[5]arene, the instinct
cavity is enlarged. Cgocan interact with host molecules owing to van der Waals force
and hydrophobic interaction. The supramolecular complexation between PSAG and
Ceo was investigated in both organic solvent and aqueous solution, and also confirmed
by fluorescence, 'H NMR, UV-vis, and Raman spectra. Molecular dynamics
simulations of complexes reveal two distinct binding conformations in which Cg is
located either in front of the cavity opening or at the side of the central pillarene
structure. In both conformations the arms of the pillarene interact with Cg to form
binding pockets. The association constant K, of host PSAG with Cgp was 1.75x10°

M in organic solvent, calculated on the hypothesis that supramolecular complex was
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formed with 1:1 molar ratio at 298 K. The host—guest interaction between
sugar-bearing PSAG and Cg in aqueous solution will boost the potential biological

application of Cgp.
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The host—guest interaction between a neutral water-soluble pillar[5]arene containing

ten sugar moieties and Cg was investigated.



