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Calix[4]Jarene-based monoquinones having three
efficient ligating groups of alkoxycarbomethyl
ethers were prepared and their ionophoric proper-
ties were investigated by electrochemical technique.
Calix[4]-triester-monoquinones 3a and 3b were pre-
pared from calix[4]arene and p-tert-butylcalix[4]ar-
ene by the selective trialkylation followed by
oxidation with T{NO;); and TI(CF;CO,);, respec-
tively. X-ray crystal structural analysis revealed that
the ligand 3a adopted a partial cone conformation
with an anti quinone moiety. MM+ calculations
suggested that the energy difference between the
two conformations is relatively small (<3.5kcal
mole ™). Electrochemical studies also showed that
the monoquinones 3a and 3b form strong complexes
with Na” ion, and the positive shifts in the reduction
potential exceeded those of the closely related
diquiones 5a and 5b.

Keywords: Carlix[4]arene, monoquinone, Na* ion, ionophore,
electrochemistry
INTRODUCTION

The molecular design of various electrochemi-
cally active ionophores for the recognition of

*Corresponding authors.
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biologically important species has been the
subject of much recent interest and research
activity [1]. Calix-quinones are one of the most
attractive compounds for this purpose because
of the versatile platform of calixarene frame-
works suitable for the design of molecular
recognition systems [2] as well as the well-
known electrochemical behaviors of the quinone
moiety. A series of quinones based upon the
calix[4]arene, calix[5larene, and calix[6]arene
frameworks have been prepared by the direct
oxidation of phenol units [3], and the redox and
cation binding properties of calix[4]arene-qui-
nones have been systematically investigated
[4,5]. In parallel to these, varying structures of
calix[4]arene-diquinones derived from diesters,
{6, 71, diamides [7, 8], calix-crown [7, 8],
bipyridine [9], and conformational isomers of
alkyl ether derivatives [10] have been success-
fully prepared and the electrochemical and/or
molecular recognition properties have been
characterized. Generally, the calix[4]arene-based
quinones exhibited unique selectivity toward
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various metal ions, notably for Na* ion, to
varying degrees when they were reduced to
the monoanion state and showed a binding
enhancement on the order of up to 10° [4]. In
addition to metal ions, NH; and various
alkylammonium ions can form complexes with
calix[4]arene-diquinones by making hydrogen
bonds and give rise to a remarkable enhance-
ment in the electrochemical reduction of the
quinone moiety [6-9, 11].

Quite contrary to this, relatively little attention
has been paid to calix-monoquinone com-
pounds. With one quinone moiety as an inte-
grating part of the calixarene framework, only
simple alkyl ether derivative has been studied
for its electrochemical [4] and conformational
properties [5]. Although monoquinone deriva-
tives of calix[4]arenes have been utilized as
intermediates in the preparation of chromogenic
ionophores [12] and as ion selective electrode
materials [13], no redox properties for these
intermediates have been reported. Another
interesting study is concerned with the calix[4]-
arene-monoquinone bearing an anthraquinone
bridge between diametrical phenolic oxygen
atoms [14]. In calix[4]arene-monoquinones, with
respect to the widely studied calix[4]arene-

R
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diquinones, one can either utilize one more
ligating group for making the binding site of
ionophore that may enhance the ion binding
property or introduce diverse functionalities to
the molecular framework of calix[4]arene.
Furthermore, the simpler electrochemical beha-
vior of the resulting quinone moiety would be
another evident advantage in dealing with data.
In this paper, we report the preparation of two
typical calix[4]arene-triester-monoquinones hav-
ing three efficient ligating groups of tert-butoxy-
carbomethyl or ethoxycarbomethyl ethers and
their electrochemical behavior in the presence of
alkali metal cations and representative alkyl-
amines.

RESULTS AND DISCUSSION

Synthesis of Monoquinones

Monoquinones 3a and 3b were prepared as
outlined in Scheme I [15]. Triester-monophenols
2a and 2b were prepared by the selective
trialkylation of p-H-calix[4]arene (CaH; DMF)
and p-tert-butylcalix[4larene (BaO, DMF) with
tert-butyl bromoacetate or ethyl bromoacetate,
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aRy=H,R,=tBu
bR, =¢Bu R, =Et

i, BrCH,CO,£Bu, CaH,, DMF for a and BrCH,CO,EL, BaO, DMF for b;
ii, TUNO3)3, MeOH/CHCI; for a and TI(CF3CQ,);, TFA/CHCH, for b,
iii, BICH,COgt-Bu, K,CO,, acetone for a and BrCH,CO,EL, K;CO;, acetone for b.

SCHEME 1
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respectively [16,17]. Calix[4]arene-triester-
monoquinone 3a was prepared by the oxidation
of triester 2a with TI(INOj3)s in MeOH/CHCl;
[18]. Monoquinone 3b was also prepared by the
oxidation of 2b with TI(CF3CQO,); in TFA [6]. The
structures of triester-monoquinone 3a and 3b
were characterized by '"H NMR, mass spectral,
and elemental analysis data. In its 'H NMR
spectrum, monoquinone 3a showed two pairs of
doublets (63.23 and 4.50, J=13.9Hz; §4.10 and
4.54, [=13.5Hz) corresponding to the bridging
methylene groups, consistent with a syn orienta-
tion of three ester groups. The methylene groups
of the OCH,CO, moiety showed somewhat
broadened singlet and a pair of doublets, which
are attributable to the central and diastereotopic
lateral OCH, protons, respectively.

Crystal Structure and Molecular Modeling

The X-ray crystal structure of monoquinone 3a
was obtained for a crystal grown from a
CH,Cl,/MeOH mixture (Fig.1) [19]. The struc-
ture reveals that in solid state 3a adopts a partial
cone structure with the quinone moiety posi-
tioning the anti orientation. The two distal
benzene rings are in relatively parallel position,
while the central benzene ring and quinone ring
take a somewhat perpendicular arrangement to
each other.

The angles that the rings A -D make with the
best plane fitted to the carbon atoms of the

bridging methylene groups are 81.97(10),
78.72(10), 28.28(13) and 71.67(9)°, respectively.
The conformational parameters ¢ and x, which
were defined as the two torsion angles between
two adjacent phenolic units by Ugozzoli and
Andreetti [20], of 3a are shown in Figure 1. The
sequence of signs of the parameter (+ —, + —, + +,
— —) also clearly shows that 3a has a partial cone
conformation. A noticeable fact is that the
benzene ring (C) opposite the quinone ring tilts
inward markedly. The periphery comprising the
lower rim phenol ether oxygens is in fact a
relatively widened structure compared with
their p-tert-butylcalix[4]arene tetraester analogs,
as expected from the absence of bulky p-fert-
butyl groups on benzene rings.

To gain an insight into the relative stability of
the conformers of monoquinone, MM+ calcula-
tions (HyperChem) [21] were performed for the
structures of the cone and partial cone confor-
mation with anti quinone moiety of 3a. The MD
calculations were performed for the respective
geometry optimized structures having the AM1
calculated charges, and the potential energies of
the two representative conformers were aver-
aged for the time period of 100 ps at 300K. The
partial cone conformation is found to be slightly
more stable than the cone conformation; how-
ever, the difference in energy between the two
conformers is not so large and the quinone unit
might swing relatively freely between the two
conformations: cone, 11.60+5.59kcal mole™;

Conformational parameters

o x
A-B -107.8 -104.3
B-C 561 -1171

C-D 115.0 -48.6
D-A 100.3 104.8

FIGURE 1 Crystal structure and conformational parameters of triester-monoquinone 3a.
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partial cone with anti quinone moiety,
8.16 £5.97 keal mole™ (an average of 100 ps at
300K) [22].

Electrochemical Properties

Electrochemical properties of quinone-deriva-
tized calix[4]arenes were investigated by cyclic
voltammetry in CH;CN at 25°C. Cyclic voltam-
mogram illustrated in Figure 2a indicates that 3a
exhibits typical redox behavior of simply mod-
ified quinone derivatives such as 2,6-dimethyl
benzoquinone. Coulometric results indicate that
two peaks in the cyclic voltammogram corres-
pond to two one electron processes, respectively.
With respect to the peak due to the first electron
transfer, the difference between cathodic and
anodic peak potential (E, ,—E,, ) is measured as

74 mV, which implies that the kinetics of the first
electron transfer process falls on quasi-reversible
regime. This redox property agrees with the
results on calix[4]arene-monoquinone with three
ethoxy groups in the lower rim [4].

According to the report on a variety of
quinone-derivatized calix[4]arenes with simple
ethoxy groups, only monoquinone can bind to
Na® in neutral state, and the AE, is very large
compared to that of di-, tri-, or tetra-quinone [4].
'"H NMR titrations indicate that monoquinones,
3a and 3b, form 1:1 complexes with Na* and the
binding constants (K) are too large to be
evaluated in CD3;CN at 25°C. The height of peak
current due to the complexes of monoquinone-
Na" is proportional to the quantity of Na* up to
1 equiv with little change in the reduction
potential. The cease of current increase upon
more than 1 equiv of Na* is another evidence of

0 05

1

1.5 2 25

-E (V)vs. Ag'/Ag

FIGURE 2 Cyclic voltammograms of 3a: (a) in the absence of any guest, (b) in the presence of 1 equiv of Na”, and (¢) in the

presence of 1 equiv of NH; guest.
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1:1 complexation with a considerably large
binding constant. In addition, the constant
reduction potential of the new wave irrespective
of the Na* concentration indicates that the peak
potential shift results not from ion-pairing but
from complexation.

The presence of alkali metal ions produces a
significantly large shift in the peak potential of
elctrochemical reduction (AE,) (23] of quinone
moiety [4, 8, 11]. The complexes of Na™ and most
of quinone-derivatized calix[4]arenes are very
stable and the reversibility of the second electron
transfer of Q~/Q% improves. Figure 2b shows
that the redox wave corresponding to Q™ /Q*"
becomes markedly symmetric in the presence of
Na™ compared to that of 3a only. On the other
hand, protonated amines can also cause a large
potential shift in the reduction of 3a, but the
redox behavior is quite different, as displayed in
Figure 2c. This difference is because amines can
act as a proton source and electron transfer is
followed by fast proton transfer [11].

To examine the correlation between AE, and
the structure of quinone-derivatized calix[4]ar-
enes, AE, in the presence of various guests are
summarized in Table I. With regard to the effect
of alkali metal ions such as Na* and K*, Na*
makes larger AE, than K* owing to the
difference in the ratio of charge to size or ionic
field strength [11b]. Considering the arrange-
ment of ligating sites in the lower rim, mono-
quinones are belived to provide more favorable
environment for the formation of stable complex
with Na® and K' than diquinones with the
similar structure. To compare the relative bind-
ing affinity of 3a, 3b and for comparison
purpose 5b, 'H NMR titration with metal
perchlorate in mixed solvent of THF-dg/CD;CN
(4:1, v/v) was performed. The binding constant
was found to be 3.2 (3a),>5 (3b), and 4.8 (5b),
respectively. In the viewpoint of the substitutent
effect, tert-butyl groups in the upper rim and
relatively small alkyl esters in the lower rim are
considered to make 3b more favorable for
encapsulation of metal ions than 3a. Fairly

facilitated electrochemical reduction of 3b com-
pared to 3a in the presence of Na* and K* can be
interpreted based on these considerations. The
same relationship holds for diquinones, 5a and
5b.

Quinone derivatives without ionophoric an-
nular framework such as 1,4-benzoquinone or
dimethyl benzoquinone can also give rise to
remarkable AE, in the presence of alkali metal
ions. Since the peak potential shift is owing to
ion-pairing between reduced quinone and metal
ion, AE, varies with the concentration of metal
ions and is small compared to that due to
complexation in the presence of 1 equiv of alkali
metal ions. The difference between AE, of
quinone-derivatized calix[4]arenes and 1,4-ben-
Zoquinone in the presence of the same concen-
tration of Na™ and K" clearly shows the effect of
complexation in Table I.

Contrary to the case of alkali metal ions, no
remarkable difference between AE, of quinone
derivatives with and without ionophoric moiety
is observed upon the addition of NH; or
protonated alkylamines. Since the strength of
the hydrogen bond between quinone and the
proton source is a crucial factor in the reduction
of quinone, AE, is influenced by not only the
acidity of the proton source but also the
formation of an extra hydrogen bond. The larger
AE, due to benzylammonium ion than that due

TABLEI Reduction potential shift of quinone-derivatized
calix{4]arenes due to cationic guests®

AEL(mV)
Guest
3a 3b 5a 5b 14-benzoquinone

Na* 360 372 320 348 12
K* 214 288 212 240 12
NHI 464 370 440 432 416
BuN H; 416 268 368 456 336
ArCH,NH7 476 344 426 530 420

?All data were obtained by cyclic voltammetry of 0.5 mM of
calix[4]arenes in CH;CN in the absence and presence of 1 equiv of
cations as shown in Figure 2. AE, is defined as the difference in peak
potential due to first electron transfer between in the presence and the
absence of cation. Scan rate; 50 mV sec™. Maximal error is less than
<5 mV.



15: 44 29 January 2011

Downl oaded At:

226 W. S. OH et al.

to butylammonium ion is supposed to stem
from the difference in acidity of the guest. On
the other hand, Table I indicates that 5a, 5b, and
3a show an extra AE, with comparison to 1,4-
benzoquinone. However, 3b exhibits a signifi-
cantly reduced AE, upon the addition of NHy
and primary alkylamines, whereas relatively
large AE, is observed in the presence of Na* or
K". Supposedly, since flexibility of the structure
of 3b is limited and also the lower rim is
compact, hydrogen bond between quinone and
NH; becomes weaker than 5a, 5b, and 3a. This
is evidenced by 'H NMR titration result, which
reveals very low logK value (<1) of 3b-NH;
complex compared with that of 5b-NH; com-
plex (log K=3.7) in CD3;CN.

As a consequence, AE, depends on both the
number of quinone and substituents in the
upper as well as in the lower rim of calix[4}ar-
enes. Both metal ions and proton sources lead to
characteristic AE, varying with different factors
independently. Detailed relationships between
the structure of calix[4]arene and AE, requires
further studies.

EXPERIMENTAL SECTION

Most of the reagents including calix[4]arene
(Janssen), tert-butyl bromoacetate, trifluoroacetic
acid, TI1 (CF,CQO,)3, and TH(NO3); (Aldrich) were
purchased and used without further purifica-
tion. THF, CH,Cl,, and DMF were used after
standard purification procedure. Chromatogra-
phy was performed with a silica gel 60 (230 -400
mesh, ASTM, Merck) or Chromatotron appara-
tus and TLC was carried out with silica gel
precoated plate (silica gel 60 F254). Melting
points were measured by Gallen — Kamp melting
point apparatus. Extraction experiments were
performed with a Haake F3 digital water bath
and Vortex - Genie mixer. 'H NMR spectra were
obtained on a Varian VXR-200S (200 MHz) with
TMS as an internal reference.

Synthesis

Triesters 2a and 2b and diesters 4a and 4b were
prepared by the trialkylation and dialkylation
with alkyl bromoacetate in the presence of CaH,
or BaO from the calix{4Jarene and p-tert-butyl-
calix[4]arene according to the published proce-
dure [16,17]. Triester-monoquinones 3a and 3b
and diester-monoquinones 5a and 5b were
prepared by the oxidation with TI(NO;); and
THCF3CO,); respectively [6,12].

p-H-Calix[4]arene-tris(tert-butyl ester) 2a

(Yield: 71%); mp 155-157°C; '"H NMR (CDCly)
§7.08 (d,]=7.5 Hz, 2H), 7.03 (d,]=7.5 Hz, 2H),
6.89 (t,J=7.2Hz, 1H), 6.69 (t, J=7.5Hz, 1H),
6.3-6.5 (m, 6H), 6.23 (s, 1H), 4.99 (s, 2H), 4.89
(d,]J=13.2Hz, 2H), 459 (d,]=15.6Hz, 2H), 4.44
(d,]=13.5Hz, 2H), 4.37 (d, ] =15.3Hz, 2H), 3.31
(d, [=134Hz, 2H), 3.29 (d, ]=13.5H, 2H), 1.52
(s,18H), 1.41 (s, 9H). Anal. Calcd. for
C46Hs4010:C, 72.04; H, 7.10. Found: C, 71.57; H,
7.13.

p-H-Calix[4]arene-tris(tert-butyl ester)-
monoquinone 3a

To a mixture of TI(NO3)s (2.0mmol) in MeOH
(3.0 mL), the solution of 2a (1.0 mmol) in CHCl;/
MeOH was added dropwise. The reaction
mixture was stirred for 10min at rt. The
precipitate was filtered off and the solution
was treated with water. Extraction with CHCl;
followed by the recrystallization from CH,Cl,/
MeOH afforded orange-yellow crystal. (Yield:
80%); mp 231-233°C; 'H NMR (CDCl,) 67.13 (d,
J=7.4Hz, 2H), 6.94 (t, [=7.8Hz, 1H), 6.87 (s,
2H), 6.79 (d, J=7.8Hz, 2H), 6.47 (t, [=7.6Hz,
2H), 6.19 (d,J=7.6Hz, 2H), 447 (d,/=12.5Hz,
2H), 4.45 (d,]=15.4Hz, 2H), 4.36 (s, 2H), 4.10
(d,]=15.4Hz, 2H), 3.80 (d,]=12.4Hz, 2H), 3.55
(d,J=12.5Hz, 2H), 3.23 (d,]=13.9Hz, 2H), 1.48
(s, 18H), 1.36 (s, 36H). FABMS: m/z 803 (M+Na)™.
Anal. Calcd. for C4Hs5,011: C, 70.75; H, 6.71.
Found: C, 70.38; H, 6.79.
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p-tert-Butylcalix[4larene-(triethyl ester)-
monoquinone 3b

To a solution of TI(CFiCOyps (3.0mmol) in
CF,CO,H (3.4mL), triester-monophenol 2b was
added and stirred for 2 h under the dark
condition. After the reaction, cold water was
added and the reaction mixture was extracted
with CHCIl;. The combined extracts were
washed with water and dried. After evaporation
of the solvent under reduced pressure, the crude
product was purified with column chromato-
graphy (CH,Cl,/MeOH). (Yield: 32%); mp 165-
168°C; 'H NMR (CDCly) 67.22(s, 2H), 7.19 (d,
J=2.7Hz, 2H), 6.81 (d, J=2.5Hz, 2H), 6.73 (s,
2H), 4.78 (d, = 16.2 Hz, 2H), 4.55 (s, 2H), 4.47 (q,
J=7.2Hz, 4H), 437 (q,J=7.2Hz, 2H), 4.27
(d,]=12.6 Hz, 2H), 4.26 (d,]=16.2Hz, 2H), 4.00
(d,]=12.6 Hz, 2H), 3.50 (d,]=12.6 Hz, 2H), 3.12
(d,J=12.6HHz, 2H), 1.42 (t,] =7.2Hz, 6H), 1.39 (t,
J=75 Hz, 3H), 1.24 (s, 9H), 1.13 (s, 18H);
FABMS: m/z 887 (M+Na)*. Anal. Calcd. for
C52H640113 C, 72.20; H, 7.4é6. Found: C, 7188,
H, 7.24.

p-H-Calix[4]arene-bis(tert-butyl ester)-
diphenol 4a

(Yield: 59%); mp > 350°C (dec); "H NMR (CDCly)
§ 7.67 (s, 2H), 7.05 (d,J=7.5Hz, 4H), 6.89
(d,]=7.5Hz, 4H), 6.75 (t, =7.5Hz, 2H), 6.65 (t,
J=7.5 Hz, 2H), 458 (s, 4H), 447 (d,]=13Hz,
2H), 3.38 (d,]=13Hz, 2H), 1.56 (s, 18H). Anal.
Calcd. for C4oHuOs: C, 73.60; H, 6.79. Found: C,
73.58; H, 6.82.

p-H-Calix[4]arene-bis(tert-butyl ester)-
diquinone 5a

(Yield: 38%); mp 151 -153°C; "H NMR (CDCl;) é
6.82 (d,J=7.2Hz, 4H), 6.74 (s, 4H), 6.66
(t,]=7.5Hz, 2H), 434 (s, 4H), 3.96 (d, J=13Hz,
2H), 336 (d, [=13 Hz, 2H), 149 (s, 18 H);
FABMS: m/z 703 (M+Na)*. Anal. Calcd. for
CsoH40010: C, 70.58; H, 5.92. Found: C, 70.39;
H, 5.96.

Molecular Modeling

Molecular modeling study was performed by
HyperChem [21] version 4.0 package. The
structure was constructed and geometry opti-
mized with MM+ force field. The charges were
calculated with AM1 method and the structure
was geometry optimized again. The process was
repeated until a reasonable structure was ob-
tained. The molecular dynamics study was
performed using the AM1 charge optimized
structure at 500K to yield partial cone con-
formation. Finally the molecular dynamics si-
mulation for the representative conformational
isomeric structures was performed at 300K for a
time period of 100ps and the energies were
averaged.

Electrochemical Measurements

Electrochemical experiments were performed
with a Windows-driven electrochemical analy-
zer (BAS100B/W) (Bioanalytical Systems) in
CH,CN using positive feedback routines to
compensate for resistance. The working elec-
trode, counter electrode, and reference electrode
were a glassy carbon mini-electrode with an area
of 0.071 cm?, a Pt wire and a home-made Ag/
Ag" electrode in which 0.01M AgNO; was
employed as an internal solution, respectively.
The salt bridge, which connects the reference
electrode and the sample solution, was com-
posed of 0.1 M tetrabutylammonium perchlorate
(TBAP) in CH3CN. To remove the effect of
dissolved oxygen and water, nitrogen gas was
passed through zinc amalgam oxygen trap [24],
sulfuric acid, calcium chloride, and silica gel
before being bubbled into the sample solution.
Acetonitrile (Fisher, HPLC grade) was refluxed
with CaH, for more than 24 h before use. The
supporting electrolyte was 0.1M TBAP (Fluka,
electrochemical grade) and used without further
purification. The surface of the working elec-
trode was polished with 0.05pum alumina
(Buehler) and then rinsed with deionized water
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and washed carefully with purified CH;CN. The
potential of the reference electrode was checked
with ferrocene throughout experiments. All the
guest salts were perchlorates. They were recrys-
tallized three times from water for quaternary
and primary alkylammonium salts, CH,Cl,/
Et;0O mixed solvent for secondary alkyl-, tri-
methyl-, and triethyl-ammonium salts and hex-
ane/CH,Cl, mixed solvent for tributyl-
ammonium salt. Nitrogen atmosphere in the
cell was maintained throughout experiments at
room temperature.

X-ray Crystal Structure Determination of 3a

C46H5,071, M=780.88, Space group=P-1,
a=10.820(1), b=12.277(2), c¢=17.056(2) A,
a=81.13(1), #=77.31(1), y=79.43(1)°,
U=2157.4(5) A%, Z=2, F(000)=832,
Temp=23°C, Dc=1.202gcm 7,
AMoKa;)=0.71073 A, 4=0.85cm™'. Crystals of
3a suitable for X-ray work were grown from
CH;Cl,/MeOH. A crystal was mounted on an
Enraf-Nonius CAD4 diffractometer equipped
with graphite-monochromated MoKa radiation.
Unit cell parameters were determined by least-
squares refinement of 25 reflections. The inten-
sities of three standard reflections, measured
every 3h of X-ray exposure, showed no sys-
tematic changes. The intensity data were cor-
rected for Lorentz and polarization effects. The
structures were solved by direct methods
(SHELXS-86) and refined by full-matrix least-
squares methods (SHELXTL-93) [19]. All non-
hydrogen atoms were refined anisotropically.
The positions of hydrogen atoms were calcu-
lated (C—H =0.95 A) and were included as fixed
contributions to the structure factor. Each
hydrogen atom was assigned an isotropic
thermal parameter 1.2 times that of the atom to
which it is attached. The final cycles of refine-
ment of F? with 4045 independent reflections
and 514 variables converged to the agreement
indices R1(I>20 (1)) =0.0535 and wR2 (all data)
=0.125. Atomic coordinates and bond distances

and angles have been deposited with the Cam-
bridge Crystallographic Data Center.
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