
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 3
:5

2:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Water soluble m
Department of Biology and Chemistry, Hun

Yongzhou 425199, China. E-mail: zengfei@

† Electronic supplementary information (
and 13C NMR spectra of 1–4; CCDC: 2255
data in CIF or other electronic format see D

Cite this: RSC Adv., 2023, 13, 14539

Received 13th April 2023
Accepted 9th May 2023

DOI: 10.1039/d3ra02447d

rsc.li/rsc-advances

© 2023 The Author(s). Published by
acrocyclic host for recognition of
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In this paper, we reported the synthesis of water soluble macrocyclic arenes 1 containing anionic

carboxylate groups. It was found that host 1 could form a 1 : 1 complex with N-methylquinolinium salts

in water. Moreover, the complexation and decomplexation of the complexes between host and the

guests could be achieved by changing the pH of the solution, and the process could also be observed by

naked eye.
Macrocyclic arenes composed of hydroxyl-substituted aromatic
rings bridged by methylene or methenyl groups have attracted
considerable attention for their wide application in molecular
recognition and assembly, biomedicine, materials science, and
adsorption separation.1–9 Good examples are calixarenes,10–12

pillar[n]arenes,13–16 prism[5]arene,17 pagoda[n]arene,18,19 gem-
iniarenes,20,21 tiara[5]arene,22,23 biphen[n]arenes,24–26 helic[6]
arene27–29 and so on.30,31 Although a large number of macrocyclic
arenes have been reported in the last decade. However, reports
on the synthesis and applications of water soluble macrocyclic
arenes are very limited.32–34 Water soluble macrocyclic arenes
have the ability to recognize and assemble in water, which is of
practical signicance for understanding and mimicking bio-
logical processes.35–38 By introducing the water soluble groups
into suitable positions on the macrocyclic arenes, water-soluble
macrocyclics can be easily obtained. Water soluble carbox-
ylatopillar[n]arenes39–42 and psulfonatocalix[n]arenes43–45 have
gained maximum popularity for their easy preparation, p-elec-
tron rich hydrophobic cavity, ideal candidates for host–guest
binding with cationic guests and application in fabricating
responsive supramolecular systems and as nanovalves for
trapping and releasing cargo molecules. Moreover, water-
soluble carboxylatobiphen[n]arenes and cationic biphen[4,5]
arenes46,47 were also been reported. Despite these seminal
reports, exploring new water soluble macrocyclic arenes is still
very urgent and of great value.

Recently, our group reported the easy synthesis of phenan-
threne[2]arene and found that it has a larger cavity,5 which can
encapsulate benzene molecules. Inspired by these results, we
deduce that if the cavity can be further expanded and then
water-soluble groups are introduced, water soluble hosts with
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the abilities to form different kinds of complexes with guests in
water could be obtained. 1,1':2′,1′′-Terphenyl can be regarded as
the product of broken triphenylene at position 12a,12b. Thus,
using 1,1′:2′,1′′-terphenyl as the building block for the
construction of macrocyclic arenes, the cavity should be larger
than that of phenanthrene[2]arene. In addition, the introduc-
tion of anionic carboxylate groups into the synthesized macro-
cyclic arenes will certainly improve its water solubility. Herein,
we report the synthesis of 1,1′:2′,1′′-terphenyl-based water
soluble macrocyclic arenes 1 (Fig. 1). 1H NMR experiments
demonstrated that host 1 could form 1 : 1 complexes with N-
methylquinolinium salts in water. Furthermore, the complexa-
tion and decomplexation of the complexes between host 1 and
the guests could be chemically controlled by the addition of
acid/base, and the process could also be observed by naked eye.

The synthetic route for host 1 was outlined in Scheme 1 and
contains four steps. Firstly, compound 4 was obtained by the
Suzuki coupling reaction of the commercially available 4,4′
′-dibromo-1,1′:2′,1′′-terphenyl with 2,5-dimethoxy phenyl borate
in the presence of Pd(PPh3)4 as the catalyst in 74% yield. Then,
macrocyclic arenes 3 was synthesized in moderate yield by
treatment of 4 with paraformaldehyde and boron triuoride
diethyl etherate in dichloromethane at room temperature. per-
Hydroxylated macrocyclic arenes can be quantitatively obtained
by the cleavage of the methyl groups in macrocyclic arenes 3
through the reaction with excess BBr3 in CH2Cl2. 2was prepared
in 43% yield by nucleophilic substitution reaction of per-
Fig. 1 Structures of host 1 and guests G1–G4.
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Scheme 1 Synthesis of host 1.

Fig. 3 Partial 1H NMR spectra (400 MHz, D2O, 298 K) of (I) free 1, (II) 1
and 1.0 equiv. of G1, and (III) free G1. [1]0 = 1.0 mM.
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hydroxylated macrocyclic arenes and methyl bromoacetate in
the presence of excess of K2CO3. Finally, water soluble host 1
was obtained nearly quantitatively by hydrolysis of 2 in the
presence of NaOH in CH3OH/H2O. The structure of host 1 was
rst conrmed by 1H NMR, 13C NMR as well as HRMS spectra.

We tried to obtain the single crystals of host 1 that suitable
for X-ray analysis, but failed. Luckily, single crystals of 3 that
suitable for X-ray analysis was obtained by slow evaporation of
the solution in CHCl3, providing unambiguous evidence for the
construction of new 1,1′:2′,1′′-terphenyl-based macrocyclic are-
nes. As shown in Fig. 2, the formed macrocyclic arenes 3 has
a large cavity with the size of 7.630 Å × 7.249 Å. The distance
between the two dimethoxybenzene units that attached to the
1,1′:2′,1′′-terphenyl is measured to be 10.532 Å. Moreover, from
the c-axis direction of 3 packing structure, a channel-like
architecture is formed. Since macrocyclic arenes 3 has larger
cavity, therefore, macrocyclic arenes 1 should also have a large
cavity that can be used to complex guest molecules.

Consequently, the complex ability of host 1 toward N-meth-
ylquinolinium salt G1 were rst investigated by 1H NMR
experiments. As shown in Fig. 3, when 1 and G1 were mixed at
a 1 : 1 molar ratio in D2O, a new set of proton signals that
different from 1 and G1 were observed on 1H NMR spectrum,
indicating that a new complex 1@G1 was formed. The protons
H1 and H2 corresponding to 1 shi upeld by 0.05 and 0.16 ppm
respectively, which could be attributed to the strong shielding
Fig. 2 Crystal structures of 3 (a) cavity size; (b) packing of 3 view along
the c axis; Solvents and hydrogen atoms not involved in the non-
covalent interactions are omitted for clarity.

14540 | RSC Adv., 2023, 13, 14539–14542
effect ofG1. Meanwhile, the a–f proton signals corresponding to
G1 also showed a signicantly upeld shi, which might be due
to the strong shielding effect of the aromatic rings in host 1.
These results indicating that a new complex 1@G1 could be
formed. In addition, the spectrum of complex 1@G1 showed
only one set of resonances, which indicated that the complex-
ation and decomplexation between host 1 and G1 were a fast
exchange on the NMR time scale at room temperature. Similar
to the G1, G2–G4 can also form 1 : 1 complex with host 1 in the
similar complexationmode to that of complex 1@G1. To further
get insights into the complexation process between 1 and G1,
1H NMR spectroscopic titrations experiments were then carried
out. By monitoring the change of proton H1 corresponding to 1
upon the addition of G1, a 1 : 1 complex between 1 and G1 was
formed by the mole ratio plot. The binding constant Ka of the
complex 1@G1 was determined to be 375.5 ± 23.1 M−1 using
the BindFit soware. The binding constant Ka of the complex
1@G2, 1@G3 and 1@G4 were calculated to be 421.7± 19.5 M−1,
385.4 ± 28.4 M−1 and 193.5 ± 19.7 M−1, respectively.
Fig. 4 Partial 1H NMR spectra (400MHz, D2O, 295 K) and photographs
of (I) 1 and 1.0 equiv. of G1, (II) after addition of 2.0 mL of aqueous DCl
solution (20 wt%) to I, and (III) after addition of 1.0 mL of aqueous NaOD
solution (40 wt%) to II. [1]0 = 1.0 mM.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Since the conversion of anionic carboxylate groups and
neutral carboxylic groups can be controlled by the addition of
acid and base. Therefore, we wonder whether the complexation
and decomplexation of complex 1@G1 can be regulated by acid
and base. In order to verify our hypothesis, 1H NMR experiments
were carried out. Aer the addition of aqueous DCl to the solu-
tion of complex 1@G1, the solution changed from neutral to
acidic, the protons of H1 and H2 corresponding to 1 disappeared,
while the a-f proton signals corresponding to G1 shied down-
eld to their original values, which suggested the decom-
plexation of complex 1@G1. Moreover, white precipitates were
observed, indicating the formation of water-insoluble protonated
host 1. When aqueous NaOD was added into the above mixture,
the solution changed from acidic to neutral, the signals of
protons a-f in G1 shied upeld to their complexed values, while
the signal of protons H1 and H2 in host 1 appeared again and the
white precipitates disappeared, which indicated the reformation
of complex 1@G1. Aer the addition of NaOD, the chemical shi
of host and guest protons could not be completely restored,
which may due to the formation of NaCl in solution. Since the
anion in the guest molecule is iodine, aer adding DCl and
NaOD, there are iodine and chlorine anions in the solution,
resulting in changes in the chemical shi of the formed complex.
The appearance and disappearance of the precipitates might be
mainly due to the protonation and deprotonation of carboxylate
groups on host 1. Addition of aqueous DCl resulted in the
precipitation of water-insoluble protonated host 1, and led to the
decomplexation of complex 1@G1. However, upon the addition
of aqueous NaOD, the carboxylic acid groups of host 1 were
converted to carboxylate groups, and complex 1@G1 was
reformed. Thus, the complexation and decomplexation of
complex 1@G1 could be reversibly controlled by acid/based and
observed by naked eye (Fig. 4). Similar to the case of complex
1@G1, the complexation and decomplexation process of
complexes 1@G2, 1@G3 and 1@G4 can also be reversibly
controlled by acid/based and observed by naked eye.

Conclusions

In summary, we have successfully synthesized 1,1′:2′,1′
′-terphenyl-based water soluble macrocyclic arenes 1 that con-
taining of anionic carboxylate groups, and studied its binding
ability toward N-methylquinolinium salts in water. It was found
that host 1 could form 1 : 1 complex with N-methylquinolinium
salts in water. Since the conversion of anionic carboxylate
groups and neutral carboxylic groups can be controlled by the
addition of acid and base. Thus, the complexation and
decomplexation of formed complexes can be achieved by the
addition of acid and base and the process can be observed by
naked eye. The high affinity ability in water and controllable
host–guest system of this new water-soluble host could be
utilized to fabricate functional supramolecular assemblies,
which are ongoing in our laboratory.
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