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Abstract

A water-soluble cyclophane (1) having poly(ethylene glycol) (PEG) moieties has been prepared
from a tetraazide-functionalized cyclophane derivative and four poly(ethylene glycol) methyl
ether acetylenes by Cu(I)-catalyzed 1,3 dipolar cycloadditions (click chemistry). An analogous de-
rivative having a pyrene moiety (2) was also prepared in a similar manner. The guest-binding be-
havior of 1 and 2 toward anionic guests such as 6-p-toluidinonaphthalene-2-sulfonate was inves-
tigated by fluorescence spectroscopy. The binding constants (K) of the host-guest complexes were
evaluated.
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1. Introduction

Cyclophanes are macrocyclic compounds that form host-guest complexes with various organic compounds [1].
Among macrocyclic hosts, cyclophanes play a wider and prominent role in host-guest chemistry and supramo-
lecular chemistry [2]. In aqueous media, hydrophobic interaction is the major driving force for host-guest com-
plexation [3]. It is desirable for water-soluble cyclophanes as hosts to provide hydrophobic binding sites that can
be well desolvated upon guest incorporation. Therefore, the hydrophobic internal cavity must be reasonably se-
parated from hydrophilic groups that are required for giving water solubility to cyclophanes. In our previous
study, we developed various water-soluble cyclophanes having a hydrophobic internal cavity by introducing po-
lar side chains such as saccharide residues, ammonium, and carboxylate groups into the cyclophane skeleton
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through an alkyl spacer having amide linkage [4].

On the other hand, chemical modification of poly(ethylene glycol) (PEG) to peptides or proteins is currently
used to offer improved water solubility and stability [5]. In addition, PEG is generally considered biologically
inert and safe [6]. In the course of our ongoing research on water-soluble cyclophanes capable of performing
guest-inclusion, we became interested in developing nonionic and water-soluble cyclophanes having PEG resi-
dues. Specifically, we have designed cyclophane 1 by introducing four PEG moieties into tetraaza [6.1.6.1]
paracyclophane [7] through a spacer (Figure 1). We expected that PEG could improve the surface hydrophilici-
ty of cyclophanes. In addition, we also designed pyrene-appended cyclophane bearing three PEG residues 2
(Figure 1). Cyclophane 2 is expected to act as water-soluble fluorescent host capable of binding and sensing
guest molecules. We report here the synthesis of water-soluble cyclophanes having PEG residues and their
guest-binding abilities.
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Figure 1. Water-soluble cyclophanes bearing a PEG moiety 1 and 2.
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2. Experimental Section
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 gua-
ranteed reagents and used without further purification: potassium 6-p-toluidinonaphthalene-2-sulfonate [K(TNS)]
(from Nacalai Tesque, Inc., Kyoto, Japan), 6-anilinonaphthalene-2-sulfonic acid (2,6-ANS) (from Molecular
Probes, Eugene, OR), poly(ethylene glycol)methyl ether acetylene (average Mn = 2000) (from Sigma-Aldrich
Japan, Tokyo, Japan). A tetraazide derivative of cyclophane (3) was prepared after a method reported previously
[8]. A triamine derivative of cyclophane having a pyrene moiety (4) was also prepared after a method reported
previously [9]. *H and *3C spectra were taken on Varian Mercury 400 spectrometer. Fluorescence spectra, IR
spectra, and ESI TOF MS were recorded on JASCO FP-750, Perkin-Elmer spectrum one, and JMS-T100 CS
spectrometers, respectively.

2.2. Cyclophane Bearing PEG Moieties (1)

A solution of anhydrous copper (1) sulfate (3.4 mg, 0.02 mmol) and sodium L-ascorbate (4.3 mg, 0.02 mmol) in
distilled water (0.5 ml) was added dropwise to the solution of poly(ethylene glycol)methyl ether acetylene (197
mg, 0.1 mmol) and tetraazide derivative of cyclophane [8] (3, 30 mg, 0.02 mmol) in dry N, N-dimethylforma-
mide (DMF, 3 ml) at room temperature, the resulting mixture was stirred for 24 h at room temperature. Evapo-
ration of the solvents under reduced pressure gave a solid. After dialysis (3.5 kDa cut-off) for 7 days, the solvent
was freeze-dried to give compond 1 as a white solid (193 mg, 88 %): *H NMR (400 MHz, CDCls, 293K) 6 1.4
(m), 1.9 (m), 2.0 (m), 2.8 (t), 3.1 (m), 3.3 (m), 3.4 (s), 3.5 - 3.8 (M), 3.9 (M), 4.2 (t), 6.6 (M), 7.0 (d), 7.2 (d), and
7.6 (5). °C NMR (100 MHz, CDCls, 293 K) ¢ 21, 25, 26, 34, 36, 41, 49, 59, 64, 65, 69, 71, 72, 120, 128, 130,
140, 141, 146, 171, and 173. IR 1101 cm™* (C-O-C), 1649, 1734 cm™* (C=0).

2.3. Triazide Derivative of Cyclophane Bearing A Pyrene Moiety (5)

Solutions of a-azidoisobutyric acid in heptane (1.0 ml, 1.2 mmol) and triethylamine (0.25 ml) in dry DMF (3 ml)
were added dropwise to the solution of triamine derivative of cyclophane 4 [9] (135 mg, 0.10 mmol), benzotria-
zol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 215 mg, 0.41 mmol), in dry DMF (2 ml)
at room temperature, the resulting mixture was stirred for 2 days at room temperature. Ethyl acetate (EtOAC,
200 ml) was added to the reaction mixture, and the mixture was then washed with saturated aqueous sodium
chloride (50 ml). After being dried (MgSO,), the solution was evaporated to dryness under reduced pressure.
The crude product was purified by gel filtration chromatography on a column of Sephadex LH-20 with methanol
as an eluant. The product fraction was evaporated to dryness under reduced pressure to give a white solid. (99
mg, 72%): *H NMR (400M Hz, CDCl,, 293K) ¢ 1.43 (m), 1.49 (m), 2.1 (m), 2.2 (m), 2.3 (t), 3.4 (m), 3.6 (M),
3.9 (m), 6.4 (m), 6.9 (M), 7.1 (m), and 7.3 (m). *C NMR (100 MHz, CDClg, 293K) ¢ 24.4, 24.8, 27, 28, 30, 33,
34, 35, 36, 41, 49, 64, 123, 124, 125, 126, 127, 129, 130, 139, 140, 170, 171, and 172. IR 1643, 1715 cm™*
(C=0), 2108 cm™* (N=N). ESI-TOF MS: m/z 1414 [M + Na]".

2.4. Pyrene-Appended Cyclophane Bearing PEG Moieties (2)

A solution of anhydrous copper (1) sulfate (3.4 mg, 0.02 mmol) and sodium L-ascorbate (4.3 mg, 0.02 mmol) in
distilled water (0.5 ml) was added dropwise to the solution of poly(ethylene glycol)methyl ether acetylene (158
mg, 0.08 mmol) and triazide derivative of cyclophane (5, 30 mg, 0.02 mmol) in dry DMF (3 ml) at room tem-
perature, the resulting mixture was stirred for 24 h at room temperature. Evaporation of the solvents under re-
duced pressure gave a solid. The crude product was purified by gel filtration chromatography on a column of
Sephadex LH-20 with methanol as an eluant. The product fraction was evaporated to dryness under reduced
pressure to give compound 2 as a white solid. (141 mg, 95 %): *H NMR (400MHz, CDCl,, 293K) § 1.4 (m), 1.9
(m), 2.0 (m), 2.1 (m), 2.3 (m), 2.8 (m), 3.1 (m), 3.3 (M), 3.4 (s), 3.4-3.8 (M), 3.9 (M), 4.3 (M), 6.6 (M), 6.9 (M),
7.1 (m), 7.6 (m), 7.8 (M), 7.9 (m), 8.1 (m), 8.2 (m), and 8.3 (m). **C NMR (100 MHz, CDCls, 293K) & 21, 25,
26, 33, 34, 36, 37, 41, 49, 59, 64, 65, 69, 71, 120, 142, 125, 126, 127, 128, 130, 131, 132, 136, 140, 141, 147,
171,172, and 173. IR 1111 cm™* (C-O-C), 1643, 1734 cm™* (C=0).
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2.5. Binding Constants of Cyclophanes with the Guests

To each solution of a fluorescent guests (1.0 uM) in HEPES buffer were added increasing amounts of the 1 at
298K, and the guest fluorescence intensity was monitored after each addition by excitation at 326 and 318 nm
for TNS and 2,6-ANS, respectively.

To a solution of fluorescent cyclophane 2 (1.0 pM) in HEPES buffer were added increasing amounts of TNS
and 2,6-ANS, and the fluorescence intensity was monitored after each addition by excitation at 322 nm. The
binding constants were calculated on the basis of the Benesi-Hildebrand method for titration data.

3. Results and Discussion
3.1. Design and Synthesis of Pyrene-Appended Cyclophanes

Cu(l)-catalyzed Huisgen’s 1,3-dipolar “click” cycloaddition of an azide and an alkyne has been increasingly
used in many fields such as biological [10] and materials [11]. We adopted the click reaction to synthesize the
cyclophanes due to the advantages of its high efficiency, regioselectivity, and compatibility with reaction condi-
tions. Water-soluble cyclophane bearing PEG residues 1 was synthesized by following the reaction sequence
shown in Scheme 1. In the preceding paper, we have synthesized a tetraazide derivative of cyclophane 3 [8].
Then, cyclophane 1 was synthesized by click reaction between 3 and poly(ethylene glycol)methyl ether acety-
lene (average Mn = 2000) in a good yield of 88 %. On the other hand, triazide derivative of cyclophane 5 was
synthesized by a reaction of triamine derivative of cyclophane 4 [9] with a-azidoisobutyric acid in heptane in the
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Scheme 1. Preparation of cyclophanes 1 and 2.



0. Hayashida et al.

presence of benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) (Scheme 1). Simi-
larly, pyrene-appended water-soluble cyclophane bearing PEG residues 2 was synthesized by Cu(l)-catalyzed
Huisgen’s 1,3-dipolar cycloaddition of 5 with poly(ethylene glycol)methyl ether acetylene (average Mn = 2,000)
in a good yield of 95 %. Even though compounds 1 and 2 contain a hydrophobic cavity, both compounds were
soluble in aqueous neutral media at biological pH owing to three PEG side chains. From a practical standpoint,
cyclophanes 1 and 2 had good H,O-solubility of 0.3 and 0.2 g/mL, respectively. Both 1 and 2 having hydro-
phobic cavities were expected to act as water-soluble hosts.

3.2. Guest-Binding Behavior of Cyclophanes

In order to evaluate guest-binding ability of 1 and 2, we adopted well-known fluorescent probes such as 6-p-to-
luidinonaphthalene-2-sulfonate (TNS) and 6-anilinonaphthalene-2-sulfonate (2,6-ANS), whose emission is ex-
tremely sensitive to the microenvironmental polarity of the surrounding medium in both intensity and wave-
length [12]. First, the guest-binding behavior of cyclophane 1 toward TNS and 2,6-ANS was examined by fluo-
rescence spectroscopy in aqueous HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid) buffer
(0.01 M, pH 7.4, 0.15 M with NaCl) at 298 K. The fluorescence intensity originating from TNS increased along
with a concomitant blue shift of the fluorescence maximum upon addition of a large excess amount of 1 as
shown in Figure 2(a), showing that the guest molecules are incorporated into the hydrophobic cavity provided
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Figure 2. Fluorescence spectral changes for an aqueous solution of TNS (a) and 2,6-ANS (b) upon addition of 1 in HEPES

buffer at 298 K; [TNS] = [2,6-ANS] = 1.0 uM. [1] = 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90 pM (from bottom to top). Ex.
326 and 318 nm for TNS and 2,6-ANS, respectively. Inset: the corresponding titration curves.
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by 1. A similar fluorescence feature was observed when 2,6-ANS was employed as a guest for complexation
with 1 (Figure 2(b)). In addition, binding constants (K) for the formation of inclusion complexes of 1 with TNS
and 2,6-ANS in a 1:1 molar ratio were evaluated on the basis of the Benesi-Hildebrand relationship [13] and
summarized in Table 1.

On the other hand, pyrene-appended water-soluble cyclophane 2 showed characteristic fluorescence spectra
originated the pyrene moiety in aqueous media (Figure 3). The guest-binding behavior of 2 toward TNS and
2,6-ANS, was also examined by fluorescence spectroscopy in aqueous HEPES buffer (0.01 M, pH 7.4, 0.15 M
with NaCl). Upon addition of TNS to an aqueous HEPES buffer containing 2, a fluorescence intensity originated
from the pyrene moiety of 1 at 376 and 396 nm decreased along with a concomitant increase of the fluorescence
intensity of entrapped TNS molecules at around 500 nm, as shown in Figure 3(a), reflecting the formation of
host-guest complexes. Such fluorescence quenching of 1 at 376 and 396 seem to be caused by the interactions
between pyrene group of 2 and entrapped TNS molecules. A similar trend of guest-binding behavior was also
observed for complexation of 2 with 2,6-ANS (Figure 3(b)). The K values for the 1:1 host-guest complexes
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Figure 3. Fluorescence spectral changes for an aqueous solution of 2 upon addition of TNS (a) and 2,6-ANS (b) in HEPES
buffer at 298 K; [2] = 1.0 uM. [TNS] = [2,6-ANS] =0, 5, 10, 15, 20, 25, 30, 35, 40, and 45 uM (from top to bottom at 376
nm). Ex. 322 nm. Inset: the corresponding titration curves.
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Table 1. Binding constants (K, M) for host-guest complexes in HEPES buffer.

KM
Host
TNS 2,6-ANS
1 1.0 x 10* 9.4 x 10°
2 2.3 x10* 2.3 x10*

were also calculated on the basis of Benesi-Hildebrand relationship and summarized in Table 1. The K values of
2 with TNS and 2,6-ANS were larger than those of 1 with the identical guests. As mentioned above, the most
important driving force for host-guest comeplexation of cyclophane in aqueous media is the hydrophobic inte-
raction. These results indicated that effective hydrophobic microenviroments were provided by 2 due to cyclo-
phane cavity as well as a pyrene moiety.

4. Conclusion

We found that Cu(l)-catalyzed 1,3 dipolar cycloaddition was useful to synthesize cyclophanes bearing PEG re-
sidues 1 and 2 with high efficiency. As a host, the K values for 1 with TNS and 2,6-ANS were 1.0 x 10* and 9.4
x 10® M™%, respectively. On the other hand, 2 showed fluorescence bands with fluorescence maximum at 376 nm
in an aqueous HEPES buffer. Formation of the host-guest complexes of 2 with the identical guests was demon-
strated by fluorescence quenching experiments. The K values for 2 with TNS and 2,6-ANS were 2.3 x 10* and
2.3 x 10* M?, respectively, which were larger than those of 1 with the identical guests, reflecting the effective
hydrophobic interactions.
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