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Abstract 
A cationic branch-type cyclophane tetramer (1a) was synthesized by intro-
ducing three Boc-protected cyclophane derivatives into a N-acetylated te-
traaza[6.1.6.1]paracy-clophane derivative as a core skeleton through DCC 
condensation, followed by removal of the external Boc-protecting groups. 
Cationic cyclophane tetramer 1a exhibited a high affinity toward an anionic 
and hydrophobic fluorescent guest, TNS, with binding constant of 4.8 × 105 
M−1. This value of 1a was about 80-fold larger than that of the corresponding 
monomeric cyclophane for the identical guest, reflecting multivalent effect on 
the guest binding. As for electrostatic recognition, the obtained binding con-
stant of 1a was one order of magnitude larger than that of an analogous anionic 
cyclophane tetramer (1b) for the identical guest. These enhanced guest-binding 
abilities of 1a were easily evaluated by fluorescence titration experiments. 
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1. Introduction 

Cyclophane having an internal cavity is an inherent host that binds guest mole-
cules to form host-guest complexes [1] [2] [3]. Much effort has been paid to de-
velop water-soluble cyclophane derivatives to act as a host in water. Their 
guest-binding behaviors such as binding affinity and molecular recognition have 
been widely investigated [4] [5] [6]. In the process of forming host-guest com-
plexes in water, hydrophobic interaction is supposed to be a major driving force 
[7]. Additionally, non-covalent interactions such as electrostatic and hydrogen 
bonding interactions become operative for molecular recognition [8] [9] [10]. 
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However, hydrophobicity of the internal cavity provided by the simple-monomeric 
cyclophanes is not always enough to form stable host-guest complexes [11]. On 
the other hand, naturally occurring multivalent receptors on cell-surfaces are 
claimed to exhibit enhanced binding abilities toward their ligands [12] [13] [14]. 
Certainly, multiplying of the binding sites is a reasonable approach to increase 
the binding affinities toward guest molecules [15]. Recently, we have developed a 
liner-type cyclophane trimer, which was constructed with three macrocyclic 
skeletons and two connecting spacers [16]. Alternatively, we have also developed 
pendent-type cyclophane oligomers such as dimer, trimer, tetramer, and penta-
mer that were constructed with several macrocyclic skeletons and a peptide 
backbone [17]. Such liner- and pendent-type cyclophane oligomers show in-
creased guest-binding abilities due to multivalent effects of macrocycles. In the 
course of our ongoing research on water-soluble hosts, we became interested in 
developing branch-type cyclophane oligomers, which are constructed with sev-
eral macrocyclic skeletons in a branching fashion. Especially, it is interesting to 
compare the guest-binding behavior between branch- and pendent-type cyclo-
phane oligomers. In addition, electrostatic interactions between these host and 
the guest molecules are regarded as an effective recognition factor. On these 
grounds, we designed branch-type cyclophane tetramers, 1a and 1b, as cationic 
and anionic water-soluble hosts, respectively (Figure 1). In addition, we also de-
signed cationic and anionic cyclophanes, 2a and 2b, respectively, as a mono-
meric host (Figure 1). In this context, we report synthesis of 1a and 1b and their 
host-guest binding behavior from a viewpoint of multivalency effect and elec-
trostatic recognition. This work has been directed toward the development of a 
new class of cyclophanes capable of performing sophisticated molecular recogni-
tion.   

2. Experimental Part 
2.1. General Methods 

HEPES (N-(2-hydroxyethyl) piperazine-N’-2-ethane-sulfonic acid) buffer (0.01 M, 
pH 7.4, with 0.15 M NaCl) was purchased from GE Healthcare. The following 
compounds were obtained from commercial sources as guaranteed reagents and 
used without further purification: potassium  
6-p-toluidinonaphthalene-2-sulfonate [K(TNS)] (from NacalaiTesque, Inc., 
Kyoto, Japan), 6-anilinonaphthalene-2-sulfonic acid (2,6-ANS) (from Molecular 
Probes, Eugene, OR). 1H and 13C spectra were taken on Bruker NMR AVANCE 
III 400 spectrometer. Fluorescence spectra, IR spectra, and MALDI TOF MS 
were recorded on JASCO FP-750, Perkin-Elmer spectrum one, and BrukerAu-
toflex Speed spectrometers, respectively.  

2.2. N,N’,N”-Tris(Boc-β-alanyl)-N’”-Acetyl-1,6,20,25-Tetraaza 
[6.1.6.1]-Paracyclophane 4  

Acetic anhydride (0.5 mL) was added to a solution of cyclophane derivative  
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Figure 1. Branch-type cyclophane tetramers (1a and 1b) and monocyclic cyclophanes (2a 
and 2b). 
 
bearing three Boc-β-Ala residues 3 (105 mg, 0.103 mmol) [15] in dry dichloro-
methane (DCM, 3 mL) and resulting mixture was stirred for 2 hours at room 
temperature. Chloroform (100 mL) was added to the mixture, and then washed 
with 5% citric acid solution (20 mL). After being dried (MgSO4), the solution 
was evaporated to dryness under reduced pressure. The residue was chromato-
graphed on a column of silica gel (SiO2) with ethyl acetate. Evaporation of the 
product fraction under reduced pressure gave a white solid (75 mg, 69%): 1H 
NMR (400 MHz, CDCl3, 298 K) δ 1.42 (m, 35 H), 1.74 (s, 3 H), 2.09 (m, 6 H), 
3.25 (m, 6 H), 3.63 (m, 8 H), 3.96 (s, 4 H), 5.33 (s, 3 H), 6.95 (m, 8 H), and 7.19 
(d, 8 H). 13C NMR (100 MHz, CDCl3, 298 K) δ 22.8, 24.8, 28.4, 34.8, 36.4, 41.0, 
48.6, 79.0, 128, 130, 140, 141, 156, 170, and 171. IR 1645 cm−1 (C=O). Found: C, 
67.68; H, 7.76; N, 9.19.Calcd for C60H81N7O10: C, 67.96; H, 7.70; N, 9.25. 
MALDI-TOF MS: m/z 1083.4 [M + Na]+, where M shows C60H81N7O10. 

2.3. Cationic Cyclophane 2a  

Trifluoroacetic acid (TFA, 1.0 mL) was added to a solution of 4 (75 mg, 
0.071mmol) in dry DCM (3 mL), and the mixture was stirred for 2 hours at 
room temperature. Evaporation of the solvent under reduced pressure and the 
residue was purified by gel filtration chromatography on a column of Sephadex 
LH-20 with methanol as an eluent. Evaporation of the product fraction under 
reduced pressure gave a white solid (78 mg, quantitative): 1H NMR (400 MHz, 
CD3OD, 298 K) δ 1.45 (m, 8H), 1.68 (s, 3H), 2.29 - 2.41 (m, 6 H), 3.09 (m, 6 H), 
3.66 (m, 8 H), 4.02 (s, 4 H), 7.01 - 7.16 (m, 8 H), and 7.34 (m, 8 H). 13C NMR 
(100 MHz, CD3OD, 298 K) δ 22.7, 25.7, 32.4, 36.9, 41.7, 49.7, 130, 132, 141, 143, 
171, and 173. IR 1634 cm−1 (C=O). Found: C, 53.99; H, 5.81; N, 8.65. Calcd for 
C51H60F9N7O10∙2H2O: C, 53.82; H, 5.67; N, 8.62. MALDI-TOF MS: m/z 760.9 [M 
+ H]+, 782.9 [M + Na]+, where M shows C45H57N7O4 as a free amine. 
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2.4. Anionic Cyclophane 2b  

To a solution of cyclophane 2a (83 mg, 0.075 mmol) and triethylamine (TEA, 1 
mL) in dry DCM (3 mL) was added succinic anhydride (45 mg, 0.45 mmol). The 
mixture was stirred for 4 days at room temperature. The solution was distilled 
off under reduced pressure to give a white solid. The residue was purified by gel 
filtration chromatography on a column of Sephadex LH-20 with methanol as an 
eluent. The resulting salt was converted into the sodium salt by ion-exchange 
chromatography on a column of Amberlite IR-120 with methanol as an eluent. 
Evaporation of the product fraction under reduced pressure gave a white solid. 
(53 mg, 63%): 1H NMR (400 MHz, CD3OD, 298 K) δ 1.41 (m, 8 H), 1.66 (s, 3 H), 
2.17 (t, 6 H), 2.39 (m, 12 H), 3.07 (m, 6 H), 3.68 (m, 8 H), 4.02 (m, 4 H), 6.97 (m, 
8 H), and 7.30 (m, 8 H). 13C NMR (100 MHz, CD3OD, 298 K) δ 22.7, 25.6, 33.7 - 
35.2, 36.6, 41.7, 49.5, 129, 131, 141, 142, 172 - 175, and 180. IR 1634 cm−1 (C=O). 
Found: C, 57.73; H, 5.99; N, 8.61. Calcd for C57H66N7Na3O13∙3H2O: C, 58.01; H, 
6.15; N, 8.31. MALDI-TOF MS: m/z 1059.3 [M − H]−,1083.1 [M + Na]+ where M 
shows C57H69N7O13.  

2.5. A precursor of 1, Boc-Protected Cyclophane Tetramer 6 

Dicyclohexylcarbodiimide (DCC, 72 mg, 0.35 mmol) was added to a solution of 
Boc-protected cyclophane having a carboxylic acid 5 [15] (378 mg, 0.34 mmol) 
in dry DCM (3 mL) at 0˚C, and the mixture was allowed to stand at the same tem-
perature while being stirred for 20 min. The mixture was added to a solution of 2a 
(102 mg, 0.093 mmol) in dry DCM (2 mL), and the resulting mixture was stirred 
for 5 days at room temperature. Precipitates that formed (N,N’-dicyclohexylurea) 
were removed by filtration, the solvent was eliminated under reduced pressure, 
and the residue was dissolved in ethyl acetate (EtOAc, 10 mL). Insoluble mate-
rials were removed by filtration, and the filtrate was evaporated to dryness under 
reduced pressure. The residue was chromatographed on a column of silica gel 
(SiO2) with chloroform-methanol = 9:1 v/v as an eluent. Evaporation of the 
product fraction under reduced pressure and the residue was purified by gel fil-
tration chromatography on a column of Sephadex LH-20 with methanol as an 
eluent. Evaporation of the product fraction under reduced pressure gave a white 
solid (123 mg, 33%): 1H NMR (400 MHz, CDCl3, 298 K) δ 1.43 (m, 113 H), 1.76 
(s, 3 H), 2.09 (m, 24 H), 2.24 (m, 6 H), 2.38 (m, 6 H), 3.31 (m, 24 H), 3.63 (m, 32 
H), 3.96 (s, 16 H), 5.33 (s, 9 H), 6.59 (s, 3 H), 7.01 (m, 32 H), and 7.21 (m, 32 H). 
13C NMR (100 MHz, CDCl3, 298 K) δ 22.8, 24.9, 28.4, 29.9, 31.3, 34.8, 41.0, 48.7, 
78.9, 128, 130, 140, 156, and 172. IR 1644 cm−1 (C=O). Found: C, 67.56; H, 7.59; 
N, 9.54. Calcd for C231H300N28O37∙3H2O: C, 67.42; H, 7.50; N, 9.53. MALDI-TOF 
MS: m/z 4084.5 [M + Na]+, where M shows C231H300N28O37.    

2.6. Cationic Cyclophane Tetramer 1a 

TFA (1.0 mL) was added to a solution of 6 (60 mg, 0.015 mmol) in dry DCM (3 
mL), and the mixture was stirred for 2 hours at room temperature. Evaporation 
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of the solvent under reduced pressure and the residue was purified by gel filtra-
tion chromatography on a column of Sephadex LH-20 with methanol as an elu-
ent. Evaporation of the product fraction under reduced pressure gave a white 
solid (50 mg, 81%): 1H NMR (400 MHz, CD3OD, 298 K) δ 1.42 (m, 32 H), 1.62 
(s, 3 H), 2.01 - 2.24 (m, 24 H), 2.39 (m, 12 H), 3.03 (m, 18 H), 3.25 (m, 6 H), 3.67 
(m, 32 H), 4.01 (s, 16 H), 6.92-7.16 (m, 32 H), and 7.32 (m, 32 H). 13C NMR (100 
MHz, CD3OD, 298 K) δ 22.6, 25.4, 30.8, 31.7, 32.5, 35.1, 36.8, 41.7, 49.2, 129, 
131, 140, 141, 142, 143, 171, 173, and 174. IR 1644 cm−1 (C=O). Found: C, 57.43; 
H, 6.00; N, 9.11. Calcd for C204H237F27N28O37∙5H2O: C, 57.30; H, 5.82; N, 9.17. 
MALDI-TOF MS: m/z 3161.5 [M + H]+, 3183.5 [M + Na]+, where M shows 
C186H228N28O19 as a free amine.  

2.7. Anionic Cyclophane Tetramer 1b 

To a solution of cyclophane 1a (81 mg, 0.019 mmol) and triethylamine (TEA, 1 
mL) in dry DCM (3 mL) was added succinic anhydride (35 mg, 0.346 mmol). 
The mixture was stirred for 4 days at room temperature. The solution was dis-
tilled off under reduced pressure to give a white solid. The residue was purified 
by gel filtration chromatography on a column of Sephadex LH-20 with methanol 
as an eluent. The resulting salt was converted into the sodium salt by ion-exchange 
chromatography on a column of Amberlite IR-120 with methanol as eluent. 
Evaporation of the product fraction under reduced pressure gave a white solid. 
(50 mg, 61%): 1H NMR (400 MHz, CD3OD, 298 K) δ 1.42 (m, 32 H), 1.65 (s, 3 
H), 2.12 - 2.28 (m, 36 H), 2.39 (m, 18 H), 2.53 (m, 18 H), 3.31 (m, 24 H), 3.66 
(m, 32 H), 3.99 (m, 16 H), 6.99 (m, 32 H), and 7.29 (m, 32 H). 13C NMR (100 
MHz, CD3OD, 298 K) δ 23.0, 25.5, 30.5 - 31.6, 35.1, 36.6, 41.7, 49.9, 129, 131, 
141, 142, 172 - 174, and 176. IR 1633 cm−1 (C=O). Found: C, 59.83; H, 6.34; N, 
8.84. Calcd for C222H255N28Na9O46∙10H2O: C, 60.07; H, 6.25; N, 8.84. MALDI-TOF 
MS: m/z 4059.1 [M – H]−, 4083.6 [M + Na]+ where M shows C222H264N28O46.  

2.8. Binding Constants of Cyclophane with Fluorescence Guests  

To each solution of TNS and 2,6-ANS (1.0 μM) in HEPES buffer were added in-
creasing amounts of the hosts such as 1a, 1b, 2a, and 2b. The fluorescence spec-
tra were recorded after each addition of the hosts. The binding constants were 
calculated on the basis of the Benesi-Hildebrand method for titration data.   

3. Results and Discussion 
3.1. Synthesis of Branch-Type Cyclophane Tetramers 

We designed cationic and anionic cyclophane tetramers (1a and 1b) as a 
branch-type host (Figure 1). The cyclophane tetramers are composed of four 
tetraaza[6.1.6.1]paracyclophane derivatives. Three external cyclophane deriva-
tives are connected to a core cyclophane through an alkyl spacer having amide 
linkages. Hydrophilic polar side chains were introduced onto nine nitrogen 
atoms of the external cyclophanes to afford water-solubility on the resulting 
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hosts, while one of nitrogen atoms on the core cyclophane was acetylated. Ca-
tionic and anionic cyclophane tetramers, 1a and 1b, have cationic ammonium 
and anionic carboxylate groups, respectively. Both cyclophane tetramers are 
expected to act as a water-soluble host having internal hydrophobic cavities. In 
addition, in order to compare its guest-binding ability, we also designed catio-
nic and anionic cyclophanes (2a and 2b) as a monomeric host. These hosts 
were prepared based on Boc chemistry by following the reaction sequence 
given in Scheme 1. Cationic cyclophane 2a was prepared from acetylation of 
N,N’,N”-tris(Boc-β-alanyl)-1,6,20,25-tetraaza[6.1.6.1]paracyclophane (3) [16] 
with acetic anhydride, followed by removal of the Boc-protecting groups with 
TFA. A precursor of 1a, Boc-protected cyclophane tetramer 6 was prepared by 
condensation of 2a with three equivalent of Boc-protected cyclophane having a 
carboxylic acid 5 in the presence of dicyclohexylcarbodiimide (DCC). Cationic 
cyclophane tetramer 1a was obtained by removal of the protecting groups with 
TFA. Both anionic cyclophanes 1b and 2b were obtained from 1a and 2a, re-
spectively, by a reaction with succinic anhydride. All new compounds were puri-
fied by gel filtration chromatography and identified by 1H and 13C NMR and 
MALDI-TOF MS spectroscopy as well as by elemental analysis. Cationic cyclophane 
 

 
Scheme 1. Preparation of cyclophanes 1a, 1b, 2a, and 2b. 
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tetramer 1a had good water-solubility of 0.4 g/mL. At least at concentrations 
below 60 μM of 1a, a good linear Beer’s plot of absorbance at 232 nm was ob-
tained, which indicates that 1a was not self-aggregated. A similar property in the 
water-solubility of 1b, 2a, and 2b was also observed by identical methods.  

3.2. Binding Behavior for Fluorescence Guests   

Cyclophane tetramers provide four hydrophobic internal cavities for organic 
guest molecules in water, while monomeric cyclophanes haveone hydrophobic 
internal cavity. Therefore, the guest-binding abilities of cyclophane tetramers are 
expected to be larger than those of monomeric cyclophanes, reflecting multiva-
lent effect [11]. In addition, it is expected that electrostatic attraction between 
the hosts and the guests is an effective driving force for molecular recognition. 
That is, the peripheral side chains such as cationic ammonium and anionic car-
boxylate groups are expected to play an important role for guest recognition.  

In order to evaluate the guest-binding behavior of 1a, fluorescence titration 
experiments were executed by using anionic and hydrophobic guests such as 
6-p-toluidinonaphthalene-2-sulfonate (TNS) and 6-anilinonaphthalene-2-sulfonate 
(2,6-ANS) in an aqueous HEPES (0.01 M, pH 7.4, with 0.15 M NaCl) buffer 
(Figure 2). These guests are well-known fluorescent probes, which exhibits in-
tensive fluorescence in non-polar solvents, but with low fluorescence intensity in 
water [18]. Upon addition of an excess amount of 1a to the HEPES buffer con-
taining TNS, a fluorescence intensity at around 433 nm originating from TNS 
increased, reflecting formation of the corresponding host-guest complex, as 
shown in Figure 3(a). Such experimental conditions at an excess amount of 1a 
are favorable for the formation of 1:1 host:guest complexes of 1a with the guest. 
The stoichiometry for the complex was actually confirmed to be 1:1 host:guest 
by Job’s continuous variation method. Binding constant for the formation of 1:1 
host:guest complexes (K) of 1a with TNS was evaluated to be 4.8 × 105 M−1 on 
the basis of the Benesi-Hildebrand relationship [19], and listed in Table 1. The 
fluorescence titration experiments toward TNS were executed by using 1b, 2a, 
and 2b (Figures 3(b)-(d), respectively) and the corresponding K values are 
summarized in Table 1. In a comparison between the guest-binding abilities of 
1a and monomeric host 2a, the saturated fluorescence intensities upon complex-
ation of 1a with TNS were much larger than those by 2a, as shown in Figures 
3(a)-(c). The K value of 1a with TNS was about 80-fold larger than that of 2a 
with the identical guest, reflecting multivalent effect (Table 1).  

Comparison between the guest-binding abilities of cationic host 1a and anio-
nic host 1b gave us meaningful information as regards electrostatic interactions 
between the hosts and the guests. The saturated fluorescence intensities upon 
complexation of 1b with TNS were much smaller than those by 1a (Figure 3(a) 
and Figure 3(b)). The K values of 1b toward these guests were 1 order of mag-
nitude weaker than those of 1a due to electrostatic repulsion between the anio-
nic host and anionic guests (Table 1). Similar guest recognition based on elec-
trostatic interactions was observed between monomeric cyclophanes 2a and 2b  
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Figure 2. Hydrophobic fluorescent guests TNS and 2,6-ANS. 

 

 
Figure 3. Fluorescence spectra for aqueous solutions of TNS upon addition of the hosts: 
1a (a), 1b (b), 2a (c), and 2b (d) in HEPES buffer at 298 K: [TNS] = 1.0 μM, [1a] = [1b] 
(from bottom to top) = 0. 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 μM. [2a] = [2b] 
(from bottom to top) = 0. 12.5, 25.0, 37.5, 50.0, 62.5, 75.0, 87.5, 100, 113, and 125 μM. Ex, 
326 nm. Inset: correlations between fluorescence intensity and host concentrations.  
 
Table 1. Binding constants (K, M−1) for host-guest complexes in HEPES buffer at 298 K.a 

Host 
K, M−1 

TNS 2,6-ANS 

1a 4.8 × 105 2.6 × 105 

1b 3.5 × 104 2.4 × 104 

2a 6.1 × 103 4.4 × 103 

2b 1.8 × 103 0.9 × 103 

C5
b 4.8 × 105 2.5 × 105 

C4
b 2.7 × 105 1.9 × 105 

C3
b 1.7 × 105 6.7 × 104 

C2
b 5.4 × 104 3.0 × 104 

aExcitation: 326 and 318 nm for TNS and 2,6-ANS, respectively. bReference [17]. 
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(Figure 3(c) and Figure 3(d), Table 1). In addition, the above-mentioned mul-
tivalent effect on the guest binding was observed between anionic cyclophanes 
1b and 2b (Figure 3(b) and Figure 3(d), Table 1). Therefore, 1a was found to 
be most desired host exhibiting both multivalent effect and favorable electros-
tatic interactions among the adopted hosts for TNS binding. Similar enhance-
ments of 1b in the guest-binding ability were also observed, when 2,6-ANS was 
employed as a guest (Table 1).  

In addition, we compared the guest-binding behavior between branch-type 
cyclophane tetramer 1a and pendent-type cyclophane oligomers Cn [17] (Figure 
4). The K values of 1a with TNS and 2,6-ANS were larger than those of C4 and 
comparable to those of C5 (Table 1). These results suggested that molecular de-
sign of branch-type cyclophane oligomers was more suitable for multivalently 
enhanced guest-binding exhibition than that of pendent-type cyclophane oligo-
mers.  

4. Conclusion 

We have synthesized a cationic branch-type cyclophane tetramer (1a) by intro-
ducing three Boc-protected cyclophane derivatives into a N-acetylated tetraa-
za[6.1.6.1]paracy-clophanederivative as a core skeleton through DCC condensa-
tion, followed by removal of the external Boc-protecting groups. Cationic cyc-
lophane tetramer 1a exhibited a high affinity for fluorescent guests such as TNS, 
and 2,6-ANS with binding constants of 4.8 × 105 and 2.6 × 105 M−1, respectively. 
These values of 1a were about 80- and 60-fold larger than those of the corres-
ponding monomeric cyclophane for the identical guests, respectively, reflecting 
multivalent effect on the guest binding. As for electrostatic recognition, the ob-
tained binding constants of 1a were one order of magnitude larger than those of 
an analogous anionic cyclophane tetramer (1b) for the identical guests. It was 
found that molecular design of branch-type cyclophane oligomers was more 
suitable for multivalently enhanced guest-binding exhibition than that of the 
previous pendent-type cyclophane oligomers. We believe that our concept on  
 

 
Figure 4. Pendent-type cyclophane oligomers Cn [17]. 
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molecular design of multivalency effect in macrocycles provides a useful guide-
post for developments of host carriers having strong binding affinities toward 
anticancer drugs as a guest.  
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