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a b s t r a c t

In order to develop a receptor molecule for recognizing differences in catechin structures, complexation
between catechins and a water-soluble acyclic phane composed of an isophthalate and two amino-
disulfonaphthalenes was investigated with 1H NMR spectroscopy. The phane receptor formed 1:1
complexes with the catechins and showed preferential binding ability for the 2,3-trans-gallate-type
catechin. The binding studies demonstrated the length of naphthalene framework required to form
a hydrophobic environment for the complexation.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Catechins, found in the leaves and buds of the tea plant (Camellia
sinensis), are polyphenolic compounds that exhibit a variety of
physiologically modulating effects.1 The strength of these bio-
activities is closely related to the chemical structures of the cate-
chin molecules. The major catechins in green tea can be classified
into four categories by the existence of a galloyl group on the
oxygen atom at the C3 position and the relative stereochemistry
between the C2 and C3 positions: (1) 2,3-cis-gallate-type, (2) 2,3-
trans-gallate-type, (3) 2,3-cis-non-gallate-type, and (4) 2,3-trans-
non-gallate-type. Typical structures are illustrated in Figure 1.
Generally, the gallate-type catechins (1 and 2) show higher activi-
ties than the non-gallate-type catechins (3 and 4).2

A supramolecular approach to recognizing of differences in
chemical structures is attractive. Previously, we reported that
a simple water-soluble acyclic phane receptor can distinguish dif-
ferences in the structures of the catechin analogs.3 Receptor 5 forms
1:1 complexes with the catechins, and shows excellent binding
ability for the 2,3-trans-gallate-type catechins. On the other hand,
when the receptor molecule is applied to functionalized self-as-
sembled monolayers4 or column packing materials, it must be
stable in a wide variety of chemical environments because of the
various analytical and maintenance conditions used by catechin
recognizing apparatuses equipped with the materials. However,
receptor 5 is not stable in a wide pH range, because the three
benzene rings of 5 are linked by ester groups. Consequently, in
GC 4GCg 2

Figure 1. Structures of the catechins examined.
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order to increase the potential application of this compound, we
sought to develop receptor molecules exhibiting increased chemi-
cal stability. In this paper, complexation of three water-soluble
acyclic phanes with three aromatic rings linked by amide groups,
with the four catechins (EGCg 1, GCg 2, EGC 3, and GC 4) is in-
vestigated by NMR, and the requirements for recognizing the
chemical structures of the catechins are discussed.
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2. Results and discussion

Synthesis of an analog in which the ester groups of 5 are
replaced by amide groups did not succeeded due to the insolubility
and low reactivity of the synthetic intermediates. Therefore, for
synthetic convenience, the receptor 7 with sulfonic acid groups as
the hydrophilic groups was prepared by modification of the syn-
thetic procedure for the analogs (Scheme 1).5 Although the ionic
motif in the receptor molecule was switched from positively
charged ammonium to negatively charged sulfonate under neutral
conditions, the logic of the receptor design based on hydrophobic
interactions between the catechins and the receptor in aqueous
solution is the same in both 5 and 7. The binding ability of receptor
7 for the catechins (1, 2, 3, and 4) was evaluated by 1H NMR ex-
periments. Figure 2 shows the chemical shift changes ðDdcat

obsÞ in
each proton of the catechins against the total concentration of the
receptor 7 under neutral and acidic conditions (the deuterium
oxide solutions were buffered at pD 7.0 with NaH2PO4/Na2HPO4

and at pD 1.7 with DCl/KCl, respectively).6 Although these Ddcat
obs

values were small, all of the 1H NMR signals of the catechins shifted
upfield with increasing concentration of 7. To investigate the stoi-
chiometric ratios of the complexes between 7 and the catechins,
Job’s plot experiments were performed using 1H NMR chemical
shift changes of the catechin C20(60)–H, which revealed that the
ratios were 1:1 in every case.7 The standard binding isotherm for
the formation of a 1:1 complex was applied to the 1H NMR titration
plots in Figure 2 to obtain the binding constants (Table 1).8 The
binding constants under acidic conditions were larger by 20–200%
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Scheme 1. Preparation of receptor 7.
than those under neutral conditions as 7 became more hydropho-
bic due to an increase in the SO3H form.9 However, the binding
modes would not necessarily differ between neutral and acidic
conditions, because the profile of the chemical shift changes of both
the catechins and receptor 7 is similar under both conditions (Figs.
2 and 3). Interestingly, unlike receptor 5, the binding ability of re-
ceptor 7 for the catechins was low. Moreover, receptor 7 is not able
to recognize the differences in the chemical structures of the cat-
echins, such as the presence of the galloyl group and the relative
stereochemistry between the C2 and C3 positions. These results
might be due to the property differences between the sulfonic acid
group and the quaternary ammonium group and between the
amide and ester groups, which result in different conformations
between 7 and 5. However, the depth of the binding site also ap-
pears to be an important factor. The quaternary nitrogen atom of 5
is attached to the benzene ring via the benzyl methylene, making
the length of the hydrophobic portion 0.379–0.429 nm (Fig. 4a).10

On the other hand, the corresponding length of 7 is only 0.242–
0.279 nm (Fig. 4b), creating a shallower binding site.

Therefore, to increase the depth of the binding site of the amide-
type receptor, compound 9 with two naphthalene frameworks as
the arms was prepared (Scheme 2).11,12 The length of the hydro-
phobic moiety in the arm of 9 is 0.421–0.487 nm (Fig. 4c). Binding
between 9 and the catechins was investigated by 1H NMR experi-
ments. Figure 5 shows the chemical shift changes ðDdcat

obsÞ in each
proton of the catechins against the total concentration of receptor 9
under neutral and acidic conditions. All the 1H NMR signals of the
catechins shifted upfield with increasing concentration of receptor
9 and Ddcat

obs values were larger than those in 7. Job’s plot experi-
ments performed using 1H NMR chemical shift changes of the
catechin C20(60)–H revealed that the stoichiometric ratios of the
complexes were 1:1 in every case. The binding constants of 9 for the
catechins were calculated by the analysis of the 1:1 complex using
the plots in Figure 5. As shown in Table 2, the binding constants of 9
were larger than those of 7, and were also larger under acidic
conditions by 15–30% than under neutral conditions. Judging from
the profile of the chemical shift changes of the catechins and re-
ceptor 9 (Figs. 5 and 6), the binding modes would be similar under
both these conditions. The chemical shift changes in the protons of
9 shown in Figure 6, especially the slight changes of C20–H between
the two hydrophilic groups, suggest that the binding occurs in the
more hydrophobic and inner part of the binding site, which is
surrounded by the three aromatic rings. As expected, the binding
behavior of receptor 9 for the catechin molecules was similar to
that of receptor 5: higher affinities for the gallate-type catechins (1
and 2) than the non-gallate-type catechins (3 and 4) and the 2,3-
trans-gallate-type catechin (2) were preferred over the 2,3-cis-
gallate-type catechin (1). However, the same effects are not
necessarily obtained with other naphthalene arms. For example,
receptor 11 exhibited weak catechin binding and recognition (Table
3).13 This is likely due to insufficient length of the hydrophobic
moieties in the binding site (the length of the hydrophobic moiety
in the arm of 11 is 0.245–0.279 nm as illustrated in Fig. 4d). These
results demonstrate that the binding and recognition abilities of 9
for the catechins are due to increased length of the hydrophobic
moiety of the binding site.
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To obtain additional information about the complexation be-
tween receptor 9 and the gallate-type catechins, NOESY
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Figure 2. 1H NMR titration curves for receptor 7 and the catechins in D2O at 300 K. Ddcat
obs is the difference between the observed 1H NMR chemical shift of the catechins with and

without the receptor. [7]0 is the total concentration of receptor 7. The numbers in the graphs identify the protons of the catechins according to their attached carbon number. Some
data points are not plotted in the graphs because their 1H NMR signals were hidden under the residual proton signal of D2O. The protons on the A-ring (C6–H and C8–H) were not
detected due to deuterium substitution.

Table 1
Binding constants (M�1) of the complex between receptor 7 and the catechins at 300 K in D2O

Catechin protons pD 7.0 pD 1.7

EGCg 1 GCg 2 EGC 3 GC 4 EGCg 1 GCg 2 EGC 3 GC 4

C2–H 31�5 57�3 da da 125�20 105�16 64�17 da

C3–H 56�14 47�3 54�14 61�15 89�18 97�16 77�17 49�13
C4–H 60�14 52�3 51�14 21�9 116�20 100�16 66�16 43�13
C4–H 72�14 41�4 66�16 22�11 122�21 99�18 65�15 27�12
C20þ60-H 52�14 50�4 58�14 50�14 97�18 97�16 68�15 64�15
C200þ600-H 67�15 47�3 114�20 100�16

Mean 56�13 49�3 57�14 38�12 110�19 99�16 68�16 46�13

a These binding constants could not be determined, because the 1H NMR signals were hidden under the residual proton signal of D2O.
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Figure 3. 1H NMR chemical shift changes in receptor 7 (1.00 mM) by addition of the catechins (1.00 mM) in D2O at 300 K. Ddrec
obs is the difference between the observed 1H NMR

chemical shifts of the receptor with and without the catechins. The x-axis identifies the protons of 7 according to their attached carbon number.
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experiments were carried out. A spectrum in aqueous solution in-
cluding 9 and EGCg 1 showed intermolecular cross peaks between
the protons of the B-ring of 1 and the protons of the naphthalene
rings of 9, between the protons of the galloyl group of 1 and
the protons of the naphthalene rings of 9, between the protons of
the B-ring of 1 and the protons of the benzene ring of 9, and be-
tween the protons of the galloyl group of 1 and the protons of the
benzene ring of 9 (Fig. 7a). Furthermore, intermolecular cross peaks
were also observed between C2–H of 1 and C40–H of 9, between
C4–H of 1 and C50–H of 9, and between C4–H of 1 and C80–H of 9.
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These results suggest that plural complex structures exist between
9 and 1. On the other hand, a NOESY spectrum in aqueous solution
including 9 and GCg 2 showed intermolecular cross peaks mainly
between the protons of the B-ring of 2 and the protons of the
naphthalene rings of 9, between the protons of the galloyl group of
2 and the protons of the naphthalene rings of 9 (Fig. 7b). Similar
NOESY results were observed between 5 and EGCg 1 and between 5
and GCg 2.3 However, in the case of the complexation between 9
and 2, an intermolecular cross peak was also observed between
C200(600)–H of 2 and C4(6)–H of 9, suggesting that there is more than
one major complex structure.

In this study, water-soluble acyclic phane receptors for the 2,3-
trans-gallate-type catechin with higher chemical stability than the
ester-type receptor 5 were examined. As a result, the amide-type
receptor 9 with a pair of disulfonaphthalene arms was revealed to
be well suited for the purpose. The depth of the binding site formed
required utilizing the maximum length of the naphthalene
framework in order to achieve full catechin recognition. Receptor 9
is stable in a wide pH range.14 In the future, it is expected that the
structure of 9 will be utilized as a practical receptor in recognizing
apparatuses for the 2,3-trans-gallate-type catechins.

3. Experimental

3.1. General

The preparation of 7, 9, and 11 was performed in Kjeldahl shape
flasks (short neck type) with a polyethylene stopper made a few
holes by a needle under an air atmosphere. All reactions were
magnetically stirred. Solutions were concentrated by rotary evap-
oration at 30 �C.

Special reagent-grade solvents and reagents were used without
further purification. All catechins, the aromatic compounds (6, 8,
10, and 12) were obtained from commercial suppliers.

Proton and carbon-13 nuclear magnetic resonance (NMR)
spectra were recorded on a 500 MHz spectrometer. Chemical shifts
in 1H NMR spectra are reported on the parts per million scale, and
are referenced to tetramethylsilane (d¼0.0000 ppm) in carbon
tetrachloride as an external standard, which was inserted into an
NMR tube (f¼5 mm) with a coaxial cell. Chemical shifts in 13C NMR
spectra are reported on the parts per million scale and are refer-
enced to the carbon resonances of carbon tetrachloride
(d¼96.1 ppm) as an external standard, which was inserted into an
NMR tube (f¼5 mm) with a coaxial cell. 1H NMR data are repre-
sented as follows: chemical shift, integration, multiplicity
(s¼singlet, d¼doublet, t¼triplet, m¼multiplet, and br¼broad), and
coupling constant in hertz. The proton signals of the compounds 7,
9, and 11 were assigned by Double Quantum Filtered COSY (DQF-
COSY), NOESY, HMQC, and HMBC spectra. Hydrogen multiplicity
information was obtained from DEPT and HMQC spectra. Infrared
(IR) spectra were recorded on an FT/IR spectrometer. High-resolu-
tion mass spectra (HRMS) were obtained at the Center for In-
strumental Analysis, Hokkaido University.

3.2. Synthesis of the receptors (7, 9, and 11)

3.2.1. Disodium 3,30-[1,3-phenylenebis(carbonylimino)]bisbenzene-
sulfonate (7). A chloroform solution (48 mL) of isophthaloyl chlo-
ride 6 (2.00 g, 9.85 mmol) and 2.00 M sodium carbonate aqueous
solution (9.96 mL) were added to an aqueous solution (48 mL) of
3-aminobenzenesulfonic acid 8 (3.42 g, 19.7 mmol) at 0 �C. The
solution was stirred at 25 �C for 20 h. The formed precipitate was
separated by Kiriyama funnel, and then washed with dichloro-
methane. The residual solvent was removed in vacuo to give
7 (4.22 g, 82%) as a white solid: mp (7 did not change in appearance
up to 300 �C); 1H NMR (500 MHz, D2O) d 8.21 (1H, br s, C2–H), 7.94
(2H, dd, J¼1.6, 8.0 Hz, C4(6)–H), 7.80 (1H, t, J¼1.9 Hz, C20–H), 7.61
(2H, ddd, J¼1.0, 1.9, 8.0 Hz, C60–H), 7.55 (1H, t, J¼8.0 Hz, C5–H), 7.49
(2H, ddd, J¼1.0, 1.9, 8.0 Hz, C40–H), and 7.41 (2H, t, J¼8.0 Hz, C50–H);
13C NMR (125 MHz, D2O) d 167.9 (C), 143.0 (C), 137.2 (C), 133.9 (C),
130.9 (CH), 129.6 (CH), 129.2 (CH), 126.4 (CH), 124.6 (CH), 122.1
(CH), and 118.6 (CH); IR (KBr) 3435, 1680, 1542, 1190, and
1046 cm�1; HR-FABMS, Calcd for C20H14N2NaO8S2 ([M�Na]�),
497.0095, found 497.0107.

3.2.2. Tetrasodium 6,60-[1,3-phenylenebis(carbonylimino)]bis-1,3-
naphthalenedisulfonate (9). A chloroform solution (24 mL) of iso-
phthaloyl chloride 6 (1.00 g, 4.93 mmol) and 2.00 M sodium car-
bonate aqueous solution (2.49 mL) were added to an aqueous
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Figure 5. 1H NMR titration curves for receptor 9 and the catechins in D2O at 300 K. Ddcat
obs is the difference between the observed 1H NMR chemical shift of the catechins with and

without the receptor. [9]0 is the total concentration of receptor 9. The numbers in the graphs identify the protons of the catechins according to their attached carbon number. Some
data points are not plotted in the graphs, because their 1H NMR signals were hidden under the residual proton signal of D2O. The protons on the A-ring (C6–H and C8–H) were not
detected due to deuterium substitution.

Table 2
Binding constants (M�1) of the complex between receptor 9 and the catechins at 300 K in D2O

Catechin protons pD 7.0 pD 1.7

EGCg 1 GCg 2 EGC 3 GC 4 EGCg 1 GCg 2 EGC 3 GC 4

C2–H 155�5 300�49 110�36 da 215�9 da da da

C3–H 158�6 297�16 97�4 108�16 212�10 396�22 117�16 119�14
C4–H 154�5 282�15 99�4 111�20 209�10 394�24 118�16 121�15
C4–H 203�26 351�18 105�3 50�4 198�8 445�27 123�15 106�16
C20þ60-H 163�5 331�18 114�3 76�4 212�10 400�22 128�15 126�14
C200þ600-H 154�5 324�17 195�10 400�22

Mean 165�9 314�22 105�10 86�11 207�10 407�23 122�16 118�15

a These binding constants could not be determined, because the 1H NMR signals were hidden under the residual proton signal of D2O.
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Figure 6. 1H NMR chemical shift changes in receptor 9 (1.00 mM) by addition of the catechins (1.00 mM) in D2O at 300 K. Ddrec
obs is the difference between the observed 1H NMR

chemical shifts of the receptor with and without the catechins. The x-axis identifies the protons of 9 according to their attached carbon number.
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Table 3
Binding constants (M�1) of the complex between receptor 11 and the catechins at 300 K in D2O

Catechin protons pD 7.0 pD 1.7

EGCg 1 GCg 2 EGC 3 GC 4 EGCg 1 GCg 2 EGC 3 GC 4

C2–H 114�14 133�10 da da 129�14 188�16 da da

C3–H 82�6 153�14 59�14 42�5 136�17 160�6 50�14 66�16
C4–H 128�16 161�15 62�16 50�7 131�14 154�7 68�14 60�14
C4–H 130�21 155�15 63�14 47�9 97�7 159�6 67�16 61�15
C20þ60-H 119�15 160�15 49�14 46�13 129�14 165�8 67�16 63�15
C200þ600-H 121�18 159�14 144�22 155�6

Mean 116�15 153�14 58�14 46�9 128�15 164�8 63�15 62�15

a These binding constants could not be determined, because the 1H NMR signals were hidden under the residual proton signal of D2O.
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solution (24 mL) of disodium 6-amino-1,3-naphthalenedisulfonate
10 (3.42 g, 9.86 mmol) at 0 �C. The solution was stirred at 25 �C for
15 h. The aqueous layer was separated, and the solvent was re-
moved in vacuo. The aqueous solution of the residue was acidified
to less than pH 1 with 1 M hydrochloric acid. This solution was
passed through 50 mL of Amberlite (IR120B H AG) in a glass col-
umn. The eluant was concentrated in vacuo. The residue was dis-
solved in methanol, and the solvent was removed in vacuo. This
process was repeated six times to give the residue (3.42 g). 2.00 M
sodium carbonate aqueous solution (4.65 mL) was added to an
aqueous solution of this residue, and the resulting solution was
lyophilized to give 9 (3.65 g, 90%) as a pale yellow-white solid: mp
(9 did not change in appearance up to 300 �C); 1H NMR (500 MHz,
D2O) d 8.53 (2H, d, J¼9.2 Hz, C80–H), 8.35 (2H, m, C40–H), 8.31 (1H, t,
J¼1.9 Hz, C2–H), 8.27 (2H, d, J¼2.2 Hz, C50–H), 8.18 (2H, d, J¼1.9 Hz,
C20–H), 8.01 (2H, dd, J¼1.9, 8.0 Hz, C4(6)–H), 7.80 (2H, dd, J¼2.2,
9.2 Hz, C70–H), and 7.59 (1H, t, J¼8.0 Hz, C5–H); 13C NMR (125 MHz,
D2O) d 168.1 (C), 139.2 (C), 138.9 (C), 136.2 (C), 133.9 (C), 133.6 (C),
130.8 (CH), 129.2 (CH), 128.9 (CH), 126.4 (CH), 126.2 (C), 126.1 (CH),
124.4 (CH), 121.4 (CH), and 120.3 (CH); IR (KBr) 3440, 1668, 1543,
1195, and 1041 cm�1; HR-ESI-MS, Calcd for C28H16N2Na3O14S4

([M�Na]�), 800.91829, found 800.91520.

3.2.3. Tetrasodium 4,40-[1,3-phenylenebis(carbonylimino)]bis-1,5-
naphthalenedisulfonate (11). A chloroform solution (24 mL) of iso-
phthaloyl chloride 6 (1.00 g, 4.93 mmol) and 2.00 M sodium car-
bonate aqueous solution (4.98 mL) were added to an aqueous
solution (24 mL) of sodium 4-amino-1,5-naphthalenedisulfonate
12 (3.21 g, 9.86 mmol) at 0 �C. The solution was stirred at 25 �C for
16 h. The aqueous layer was separated, and the solvent was re-
moved in vacuo. The aqueous solution of the residue was acidified
to less than pH 1 with 1 M hydrochloric acid. This solution was
passed through 50 mL of Amberlite (IR120B H AG) in a glass col-
umn. The eluant was concentrated in vacuo. The residue was dis-
solved in methanol, and the solvent was removed in vacuo. This
process was repeated six times to give the residue (3.60 g). 2.00 M
sodium carbonate aqueous solution (4.88 mL) was added to an
aqueous solution of this residue, and the resulting solution was
lyophilized to give 11 (3.95 g, 97%) as a white solid: mp (11 did not
change in appearance up to 300 �C); 1H NMR (500 MHz, D2O) d 8.82
(2H, dd, J¼1.3, 8.6 Hz, C80–H), 8.43 (1H, br s, C2–H), 8.30 (2H, dd,
J¼1.3, 7.5 Hz, C60–H), 8.14 (2H, d, J¼8.0 Hz, C20–H), 8.11 (2H, br d,
J¼7.8 Hz, C4(6)–H), 7.79 (2H, d, J¼8.0 Hz, C30–H), 7.62 (1H, t,
J¼7.8 Hz, C5–H), and 7.59 (2H, dd, J¼7.5, 8.6 Hz, C70–H); 13C NMR
(125 MHz, D2O) d 168.8 (C), 137.75 (C), 137.67 (C), 134.3 (C), 134.2
(C), 131.2 (CH), 131.0 (C), 130.0 (CH), 129.4 (CH), 129.2 (CH), 127.1
(CH), 126.5 (CH), 126.2 (CH), 125.9 (CH), and 124.8 (C); IR (KBr)
3452, 1653, 1532, 1189, and 1040 cm�1; HR-ESI-MS, Calcd for
C28H16N2Na3O14S4 ([M�Na]�), 800.91829, found 800.91485.
3.3. 1H NMR titration experiments

Stock solutions of the catechins (5.50 mM) and the receptors
(6.11 mM) in deuterium oxide buffered at pD 7.0 with NaH2PO4/
Na2HPO4 or at pD 1.7 with DCl/KCl were prepared separately. For
each combination between the catechins and the receptors, 13 NMR
tubes were filled separately with different concentrations of the
receptor at 0.000, 0.125, 0.250, 0.500, 1.00, 1.50, 2.00, 2.50, 3.00,
3.50, 4.00, 4.50, 5.00 mM against a constant concentration of the
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catechin (1.00 mM) in a 0.550 mL total solution for each. 1H NMR
spectra were obtained for each tube at 300 K. The chemical shift
changes ðDdcat

obsÞ in each proton of the catechins were plotted against
the total concentration of the receptors. The fitting curves for the
plots were calculated by nonlinear least-squares regression pro-
cedures according to Eq. 1 using KaleidaGraph (Synergy Software)
to obtain the binding constants (Eq. 1 is the standard binding iso-
therm for the formation of a 1:1 complex). In Eq. 1, [R]0 and [C]0 are
the total concentrations of the receptors and the catechins, re-
spectively, Kb is a binding constant, and Ddcat

11 is the difference be-
tween the 1H NMR chemical shift of the catechins forming the 1:1
complex with the receptors ðdcat

11 Þ and the free catechins ðdcatðfreeÞ
obs Þ,

i.e., Ddcat
11 ¼ dcat

11 � dcatðfreeÞ
obs .

Ddcat
obs ¼ Ddcat

11

�
1þ Kb½C�0þKb½R�0�

n�
1þ Kb½C�0þKb½R�0

�2

�4K2
b ½C�0½R�0

o1=2
��

2Kb½R�0 (1)

3.4. Chemical shift changes in the protons of the receptors (7
and 9) with the addition of the catechins

Stock solutions of each receptor (2.00 mM) and each catechin
(2.00 mM) in D2O buffered at pD 7.0 with NaH2PO4/Na2HPO4 or at
pD 1.7 with DCl/KCl were prepared separately. The NMR tubes in-
cluding only receptors and including both the receptors and the
catechins were prepared with 1.00 mM of the receptors and
1.00 mM of the catechins for a 0.550 mL total solution. 1H NMR
spectra were obtained for each tube at 300 K.
3.5. NOESY experiments

A solution in D2O buffered by DCl/KCl (0.600 mL) including the
receptor 9 (1.20 mmol) and EGCg 1 or GCg 2 (1.20 mmol each) was
prepared. NOESY spectra using pulsed field gradients were ac-
quired at 300 K under the following conditions: relaxation delay of
1.0 s, mixing time of 100 ms, 128 scans, 512�512 data points. The
data were processed with a sine-bell window function.
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