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1. Introduction

Supramolecular chemistry was largely establishedutin
novel works by Lehn, Cram, Pedersen, and their cdever
who explored host-guest chemistry through noncovalen
interactions of some typical hosts such as crownrersth
calixarenes, and cyclodextrins with various gu&dts.
Cucurbitjn]urils (Q[n]s) obtained by condensing glycolurils and
formaldehyde in concentrated HCl are a type of relevant new
host originally derived from Q[6] as described by dWdoin
1981%° Q|n]s are characterised by a rigid hydrophobic cavity
and two polar portals rimmed with carbonyl groupsd ghey
serve as ideal building blocks for the constructadnvarious
supramolecular assemblies through host-guest uitens®™*
Research from ourselves and others revealed tkapdbitive
electro-potential outer surface of fP[can also give rise to a
variety of Qp]-based supramolecular assembliies:
Calix[n]arenes were obtained from reactions between phenols
and aldehydes by Adolph von Baeyer in 1872 and more
derivatives were assigned by Zinke and Zieglerind84° and
were eventually termed calixarenes by Gutsche in 1978
Calix[n]arenes are also characterised by a hydrophobiitycav
constructed of phenyl rings bridged by methyleneugs.
Importantly, multiple reactive sites on the phenylgs allow
easily functionalisation of calirjarenes®® With the
development of supramolecular chemistry, more anuem
supramolecular assemblies involved with multi-magetic
hosts or building blocks, which exhibited novel pedpes
which are different from those of the original mamydic hosts,
respectively’'* For example, Liu and co-workers demonstrated
the difference between rotaxane and pseudorotaxathetwd
hosts, a-CD, Q[7], and an axle guest bearing two terminal
ferrocene groups. Using a naphthol-modifie@-cyclodextrin,
they successfully constructed a novel supramolecdmary
polymer mediated by Q[8] based on the charge-transfe

interaction® Kégerler and co-workers first demonstrated some
Q[n]/POM-based hybrid compounds, which have charatieri
large channels constructed from nR[molecules and POM
anions, through the outer surface interaction of
cucurbithurils.*” Lin and co-workers first demonstrated two
supramolecular  architectures assembled from the
supermolecular building blocks of calixarenes anducbiturils,
which exhibited the outer surface interaction ofurbé@[n]urils

in directing the supramolecular assembffes. Thus,
supramolecular interactions between cucunhitils and other
macrocyclic host, such califfarenas occur not only through
outer surface interactions of cucurh]tjrils,?* but also through
host-guest interactions  between  cucurbitfils and
functionalised species.

In the present work, we synthesised a functionalised
calix[4]larene with 5,11-di(N-methyl-E-(4-pyridyletlene))
moieties, which could serve as guests able to icitenath
different Qp]s (hereafter referred to as CX[4]; Fig. 1a). This
functionalised calix[4]arene is almost insoluble amueous
solution but dissolves readily in DMSO. In order nedstigate
the interactions of this CX[4] with cucurhilprils, we selected
two hemimethyl-substituted cucurbilirils (HemiMeQps),*
HemiMeQ[6] and HemiMeQ[7], that dissolve in both aqueou
solution and DMSO, and a larger normal regular cutunfioril,
Q[8] (Fig. 1b-d). Interactions of this CX[4] with the three
selected Qf]s revealed that the N-methyl-E-(4-pyridylethylene)
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Fig. 1. Structures of (a) the functionalised ddjarene; (b) HemiMeQ[6];
(c) HemiMeQ[7]; (d) QI8].



moiety of CX[4] can be included in the cavity of H&AeQ[n]s.
Although we did not directly observe the interactanCX][4]
with Q[8] due to the poor solubility of both compotenn
aqueous solution, the intense fluorescence emissidicated
strong interaction, and more importantly, the CXQ{B]
interaction system could respond to organic comgsiguch as
amantadines.

2. Results and Discussion

2.1. Design and synthesis of the functionalised calix[4] arene
(CX[4])

Previous work showed that 4-sulfocalix[4]arene or
4-sulfocalix[6]arene (S@As) can interact with Q[6] and form
SCIn]As/Q[6]-based supramolecular assembffeSimilarly, we
recently demonstrated a supramolecular assemblgtrembed
of 4-sulfocalix[4]arene and Q[7f. The driving force for the
formation of these supramolecular assemblies ithated to
the outer surface interactions of cucumjitfils via the positive
electro-potential outer surface of cucuntjitfrils.?* Interestingly,
multiple reactive sites on the phenyl rings om]&g can be
used to introduce a variety of typical guest memtresulting in
host-guest interactions of @F with functionalised
calix[n]arenes. Thus, after a series of reactions, we eatnt
obtained a new pyridyl-modified calix[4]arene, naynel
5,11-di(N-methyl-(4-pyridylethylene))-25,27-bis(3emopropo
Xy)-26,28-dihydroxy-calix[4]arene (CX[4]). Details ofits
synthesis are included in Supplementary Fig. S1-/8flysis
by ESI-MS supported the structure of CX[4], with nular
ions such as m/z = 1157.57 [CX[4] +]Hconsistent with the
parent CX[4] coordinating to Hons (Supplementary Fig. S6).
Although pyridyl moieties were introduced into cadijdrene,
the water solubility of the modified calix[4]arene svanot
obviously improved. Therefore, we utilised the poadvent
DMSO in which the modified calix[4]arene, HemiMeQ[6hda
HemiMeQ[7] could be dissolved.

2.2. Interaction of CX[4] with selected Q[n]s

Given the solubility of CX[4], which is easily dissel in
DMSO but almost insoluble in water, interactions oX[q]
with Q[n]s were mainly explored in DMSO, and interactions of
CX[4] with Q[8] were investigated in water, because Q8]
insoluble in DMSO.

2.2.1. Interaction of CX[4] with HemiMeQ[6] and
HemiMeQ[ 7]in DMSO

In general, the pyridyl moiety and its derivativean be
encapsulated inside the cavity off3 (n >6) and can therefore
reveal interactions between HemiMe¥{ and CX[4]. It is
clearly evident from Fig. 2 that only one set obtpn signals
for CX[4] was observed with increasing number of gglénts

of CX[4] (Fig. 2a-e), suggesting that these are averaged signals

of free and bound CX[4] molecules due to a rapichexge rate
between binding and release of CX[4] on the NMR tiraksc
The resonances of pyridyl and methyl moieties on4lXg in
different magnetic environments, the pyridyl protr@sonances
(Hm) are shifted downfield, while the methyl prot@sonances
(Hn) are shifted upfield. This indicates that omhe methyl
group of CX[4] is contained within the cavity of HévieQ[6],
while the other part of CX[4] remains outside theitgav
A similar situation was observed in the interactioh o

HemiMeQ[7] and CX[4] (Fig. 3), again indicating a rmpi
exchange rate between binding and release of CX[4then
NMR timescale. The entire N-methyl-(4-pyridylethygn
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Fig. 2. Titration'H NMR spectra (500 MHz, DMS§) of HemiMeQI[6] in

the presence of 0 (a), 0.25 (b), 0.50 (c), 0.754dy 1.00 (e) equivalents of
CX[4], and (f)*H NMR spectrum of neat CX[4] at 28.

moiety of CX[4] appeared to experience an upfieldftsh
suggesting that HemiMeQ[7] can include the whole
N-methyl-(4-pyridylethylene) moiety due to its largeavity
than that of HemiMeQ[6].

Furthermore, CX[4] exhibited fluorescence at 513 nm,
whereas its interaction with HemiMeQ[6] and HemiMeQ[7]
yielded almost the same fluorescence spectra, withaslight
decrease in emission intensity (Supplementary &). From
the change in fluorescence intensity, we inferredt tthe
inclusion complex was mainly formed with 1:1 stoichitry.
The binding constants (K) of CX[4] with HemiMeQ[6] and
HemiMeQ[7] were estimated as to be 2.85%afd 7.60x10
L-mol ™, respectively”

2.2.2. Interaction of CX[4] with HemiMeQ[6], HemiMeQ[7]
and Q[ 8] in water

Although interaction of CX[4] with the three select€qfn]s,

namely HemiMeQ[6], HemiMeQ[7], and Q[8], were not
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Fig. 3. Titration"H NMR spectra (500 MHz, DM-SJQ of HemlMeQ[7] in
the presence of 0 (a), 0.30 (b), 0.70 (c), and {dp@quivalents of CX[4],
and (e)'H NMR spectrum of neat CX[4] at 2.

directly observed byH NMR spectra due to poor solubility of
related species in neutral water, their fluorescespectra
provide useful interaction information. In partiagl interaction
between CX[4] with Q[8] was apparent (Fig. 4) because th
fluorescence intensity increased upon the addiifo@[8], and
the emission wavelength hypsochromically shifteanfre03 to
530 nm. An approximately 3-fold enhancement in fasacence
was observed upon the addition of 1 equivalent of],Q[8
accompanied by a colour change from cyan to yellow
(Supplementary Fig. S8). From the change in flueese
intensity, we inferred that the interaction produas mainly
formed with 1:1 stoichiometry (inset in Fig. 4). Timeraction
constant (K) for the CX[4]-Q[8] complex was estimatedbe
1.22x10d mol/L according to the literatuf@.
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Fig. 4. Fluorescence spectfax(= 503 nm) of CX[4] (1x16M) in the
presence of 0 (a), 0.10 (b), 0.20 (c), 0.30 (4PQe), 0.50 (f), 0.60 (g),
0.70 (h), 0.80 (i), 0.90 (j), 1.00 (k), 1.50 (02 (m), 3.00 (n) and 4.00 (0)
equivalents of Q[8].

However, interaction of CX[4] with HemiMeQ[6] and
HemiMeQ[7] yielded a slight decrease in fluorescantensity,
with a small blue shift for both systems (Suppleragnt~ig.
S9). From the change in fluorescence intensity, lae iaferred
that the inclusion complex was mainly formed with 1:1
stoichiometry. The binding constants (K) of CX[4] thvi
HemiMeQ[6] and HemiMeQ[7] were estimated to be 4.87x10
and 7.60x10L-mol ™, respectively’

2.3. Responses of the CX[4]-Q[8] system to certain organic
compounds

Kim and co-workers first confirmed that the cavifyQ[8] is
large enough to include two guest molecules simatiasly’**?
Based on the interaction of CX[4] with HemiMeQ[6] and
HemiMeQI[7], the 4-pyridylethylene moiety on the CX[4]
molecule is likely included in the cavity of thelesgted Q[n]s.
Moreover, CX[4] forms a 1:1 stoichiometry host-guest
interaction system with Q[8], and the fluorescenderisity of
CX[4] was dramatically enhanced upon complex fornmtio
suggesting that the two 4-pyridylethylene moietiésCX[4]
could be simultaneously included in the Q[8] cavifhhis
inspired us to investigate the response of the CR[&]
interaction system to certain molecules by obsgnanchange
in fluorescence intensity. Phenanthrene (G1) andecudés
with a similar structure such as 1,10-phenanthrol{@&2)
enhanced fluorescence emission upon interaction \thth
CX[4]-Q[8] system. In contrast, amantadine (G3) ansl it
derivatives (G4), and 4,7-dimethyl-1,10-phenanthml(G5)
guenched fluorescence emission upon interaction il
CX[4]-Q[8] system. For example, upon the additionGf to
the CX[4]-Q[8] system, a further dramatic enhancemient
fluorescence emission occurred, accompanied byua Bhift
from 530 nm to 514 nm (Fig. 5), and similar resulere
obtained with G2 (Supplementary Fig. S10). Thus,rlscence
of the CX[4]-Q[8] (1:1) solution was stimulated by Gdnd
strong green fluorescence was observed by the rejednder
365 nm UV irradiation (Fig. 5 inset). Further expegints
revealed that G1 exhibited fluorescence quenchingnwihe
interacted with Q[8], indicating the formation of avel n-n
stacking of the 4-pyridylethylene moiety and G1 lire tQ[8]
cavity with 1:1:1 (Q[8]-CX[4]-G1) stoichiometry. Thushe
CX[4]-Q[8] interaction system could be used as arsoence
probe to detect phenanthrene or compounds with aimil
structures.
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Fig. 5. Fluorescence spectra of the CX[4]-Q[8] pter upon the addition
of different equivalents of phenanthrene, accomgzhiiy a colour change
from yellow to green (from 530 nm to 514 nm) in arat

In contrast, addition of G3 to the CX[4]-Q[8] system
qguenched the fluorescence emission and resultacblne shift



from 530 nm to 515 nm (Fig. 6). Thus, the fluoresmeof the
CX[4]-Q[8] (1:1) solution was diminished by G3, and weak
fluorescence could be observed by the naked eyeri86b nm
UV irradiation (Fig. 6 inset). Further experimentsaaled that
derivatives of G4 and G5 exhibited similar quenctiegaviour
(Supplementary Fig. S11 -12). We attribute the gkift in the
emission spectra to the formation of a new G3-Q[&tiyuest
inclusion complex that results in fluorescence ghéry, and
CX[4]-Q[8] interaction systems could serve as useful
fluorescence probes for detecting related compaunds

70
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Fig. 6. Fluorescence spectra of the CX[4]-Q[8]teys upon addition of
different equivalents of amantadine, accompaniea loglour change from

yellow to green (from 530 nm to 515 nm) in water.
3. Conclusions

In summary, we have designed and synthesized aidnatised
calix[4]arene, namely 5,11-Di(N-methyl-(4-pyridylgthne))-
25,27-Bis(3-bromopropoxy)-26,28-dihydroxy calix[#dae
(CX[4]), in which the N-methyl-(4-pyridylethylene) rsties
can serve as a guest and interact with cucuatbiis. Given the
solubility of CX[4], two DMSO-soluble guests, HemiMeQ[6
and HemiMeQ[7], and unsubstituted Q[8] were selected to
investigate the interactions of these two types atnmocyclic
compounds. The results showed that the N-methyl-
(4-pyridylethylene) moieties on CX[4] can be incldde the
cavity of the selected cucurbiffirils. In particular, the
interaction of CX[4] and Q[8] with 1:1 stoichiometigduced

an enhancement in fluorescence emission from cgalight
yellow. Moreover, the CX[4]-Q[8] interaction system udd
respond to certain compounds by fluorescence eehzent for
phenanthrene (G1) and molecules with similar strestwuch

as 1,10-phenanthroline (G2), or fluorescence quexctior
amantadine (G3), its derivatives (G4), and 4,7-dnylet
1,10-phenanthroline (G5), thereby serving as prolfes
detecting these compounds.

4, Experimental Section
4.1. Materials and methods

All chemicals and solvents were used as supplied witho
further purification. HemiMeQ[6] and HemiMeQ[7] were
synthesised according to our previous w8rland Q[8] was
prepared according to the literatdrfe'H NMR spectra were
recorded at 20 on a Varian INOVA-400 spectrometer.

4.2. Synthesis and characteristics

4.2.1. 25,26,27,28-tetrahydroxycalix[ 4] arene

A suspension of p-tert-butyl C[4]A (6.48 g, 10 mmol),
phenol (4.32 g, 46 mmol), and AIC{8.0 g, 66 mmol) in
anhydrous toluene (60 mL) was stirred at room teatpeg for
2 h. After cooling, the reaction mixture was added@0 mL of
hydrochloric acid solution (0.2 mol/L), the toluetayer was
separated, and solvent was evaporated in vacuoyéllmvish
product was suspended in MeOH (100 mL) and refluxe@®o
min. After cooling, the resulting precipitates werkefed to
afford product as a white powder: yield 2.64 g (76.6%
NMR (CDCk) ¢ 9.45 (4H, s, + OH), 7.61 (8H, d, J = 7.8,
aromatic-H), 6.75 (4H, t, aromatic-H), 4.27(s, 4H, AtLAr),
3.56(s, 4H, Ar-CH-Ar), Mz 425.2 (M + H).

4.2.2. 25,27-Bis(3-bromopropoxy)-26,28-dihydroxy
calix[4] arene

To a suspension of 25,26,27,28-tetrahydroxycalad@he
(2.12 g, 5.00 mmol) in MeCN (250 mL) were added
1,3-dibromopropane (20.2 g, 100 mmol) angCR; (3.45 g,
25.0 mmol). The reaction mixture was refluxed for8The
solvent and unreacted dibromopropane were then retniov
vacuo, and the residue was quenched with 5% HCI (100 mL)
and CHCJ} (200 mL). The organic phase was separated, washed
with water, and dried. The solvent was then distiifdand the
oily residue was subjected to column chromatography
(CH,Cl,-petroleum ether (60-9€C) 2:3) to give a white, pure
aim compound(2.30 g, 69%): mp 28890 °C; 'H NMR
(CDClg) 6 7.70 (s, 2H, OH), 7.15, 6.88 (s, 4H each, ArH), 4.27
(d, J = 13.0 Hz, 4H, ArCHAr), 4.12 (t,J = 7.8 Hz, 4H,
OCHchchz), 4.01 (t,\] = 8.0 HZ, 4H, Br@ichZcHz), 3.35
(d, J = 13.0 Hz, 4H, ArCHAr), 2.53 (m, 4H, BrCHCH,-CH),),
1.27 (s, 18H, CH), 1.02 (s, 18H, CH; *C NMR (CDC}) ¢
150.7, 149.3, 147.4, 1418, 132.8, 127.7, 125.5 #h.1
(t),73.5, 34.0 (d), 33.6, 31.0, 31.8, 31.1, 30.8,kVz667.2 (M
+ HY.

4.2.3. 5,11-Diformyl-25,27-Bis(3-bromopropoxy)-26,28-dihydr
oxycalix[ 4] arene

25,27-Bis(3-bromopropoxy)-26,28-dihydroxycalix[4éae
(3.33 g, 5.0 mmol)) was dissolved in 100 mL of dnjocoform
and the solution was kept undey &d cooled to T in an ice
bath. After 15 min, GCHOCH; (11.38 g, 0.1 mol) and Ti¢l
(18.68 g, 0.1 mol) were added to the vigorouslyediisolution.
After 1.5h, the reaction mixture was poured into 8000f 1 M
HCI and the solution was stirred for 2h. After theiidd of 150
mL of CH,ClI, to the solution, the organic phase was separated
and washed twice with water, dried over,8@, and filtered.
The solvent was evaporated under reduced pressurehan
mixture three compounds was obtained after purifioaby
column chromatography (eluent: hex/EtOAc= 7:3) teegipale
yellow solid, 2.07 g, yield 57 %: mp 306-309°C; '"H NMR
(CDCI3)69.789 (s, 2H CHO), 8.892 (s, 2H, OH), 7.637(s, 4H,
ArH), 6.98 (d, J = 7.6 Hz, 4HArH), 6.82 (t, 2H, ArH), 4.28 (d,
J = 13.2 Hz, 4H,ArCHAr), 4.18 (t, 4H, @H,CH,CH,Br),
3.978 (t, 4H, @H,CH,CH,Br), 3.543 (d, J = 13.2 Hz, 4H,
ArCH,Ar), 2.56 (m, 4H, OCKLCH,CH,Br); ®*CNMR (CDCE) ¢
190.9, 159.2, 151.1, 132.3, 131.1, 129.7, 128.8,5,2126.2,
74.0, 33.3, 31.3, 29.8; MS (FAB)/z 745.2 (M + N&).

4.2.4. 5,11-Di(N-methyl-(4-pyridyl ethylene))-25,27-Bis(3-brom
opropoxy)-26,28-dihydroxycalix[ 4] arene
5,11-Diformyl-25,27-Bis(3-bromopropoxy)-26,28-ddrpxy
calix[4]arene (0.89 g, 6 mmol), N-methyl-4-methylighne
(500 mg, 2.12 mmol), and piperidine (0.6 mL) wereedi and
stirred in ethanol (20 mL) at 8C for 8h. During the heating
process, the solution changed from pale yellow tk garple.
After completion of the reaction, the mixtures weomled to
0°C. The formed precipitate was filtered and washed with



ethanol several times to afford a purple fluffy pe@wdof
5,11-Di(N-methyl-(4-pyridylethylene))-25,27-Bis(3dmoprop
oxy)-26,28 -dihydroxy calix[4]arene (0.368 g, 5¥byield). o:
mp 239-242°C;'H NMR (CDCk) § 9.713 (s, 2H, OH), 8.74 (d,
J=10.8 Hz, 4H, ¢H,N), 8.06 (d, J = 10.8 Hz, 4H,;8,N), 7.80
(d, J = 16 Hz, 2H, CH=CH), 7.63 (s, 4H, ArH), 7.29 (& 16
Hz, 2H, CH=CH), 7.11 (d, J = 8 Hz, 4H, ArH), 6.84 (t, 2H,
ArH), 4.175 (s, 3H, N-Ch), 4.270-4.028 (m, 19H, ArCHAr,
OCH,CH,CH,Br, N-CHy), 3.547 (d, J = 13.2 Hz, 4H,
ArCH,Ar); *C NMR (CDCk) ¢ 150.7, 149.3, 147.4, 141.8,
132.8, 127.7, 125.5 (d), 77.1 (t),73.5, 34.0 (8.6331.0, 31.8,
31.1, 30.3; MS (FAB)mWz 1157.57 (M + H).
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