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Synthesis of a water-soluble molecular tweezer and a
recognition study in an aqueous media
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Abstract—Synthesis of a 1,10-diphenanthryl all-trans fused perhydrophenanthrene derivative and a recognition study in an aqueous
media were carried out. A water-soluble derivative recognized certain benzene derivatives with 104–105 M�1 of binding constant.
� 2004 Elsevier Ltd. All rights reserved.
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Figure 1.
During the last quarter of the century, recognition stud-
ies using artificially designed molecular tweezers1 involv-
ing a pair of electron sufficient aromatic plates have
been demonstrated.2–21 In most of these publications,
including our previous paper,2 recognition studies be-
tween an electron-deficient aromatic compound and a
pair of electron-sufficient aromatic plates were carried
out in organic solvents. Kreb and Jørgensen argued that
the value of 490 M�1 reported by them was the highest
recorded value for the binding constant under those
conditions.3 Until now, it was considered that these rec-
ognitions could be based on strong p–p interactions.3

Accordingly, neither molecular recognition of electron-
sufficient aromatic compounds as an analyte, nor recog-
nition study in aqueous solvent22 has been reported until
now. In other words, when tweezers were used as a host
molecule, other typical interactions such as a hydropho-
bic interaction between aromatics, were not
demonstrated.

In this letter, we report the synthesis of a water-soluble
molecular tweezer 1, and its recognition study in an
aqueous media (Fig. 1). The cavity between two phen-
anthrenes of 1 is perfectly hydrophobic, and the addi-
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tional ionic groups are conformationally located far
from this cavity.

First, we synthesized the diacid 10 from the diketone 22

as shown in Scheme 1. Reduction of 2 was carried out
with AlH3

23 in THF at 0 �C for 10 min, which gave a
pure equatorial diol 3 in 61% yield along with a mixture
of its diastereomers. The obtained purified major diaste-
reomer 3 was treated with a mixture of acetic anhydride,
pyridine, and 4-(N,N-dimethylamino)pyridine (DMAP)
in dichloromethane at 0 �C for 13 h to give the diacetate
4 in 88% isolated yield. Two tolyl moieties of 4 were oxi-
dized2 with N-bromo succinimide (NBS), CaSO4/H2O,
and pyrodinium chlorochromate (PCC) to obtain the
dialdehyde 5 in 55% overall yield. The Honnor–
Emmons–Wittig reaction of 5 was performed with
diethyl benzylphosphate/NaH in THF at reflux for 8 h.
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This resulted in the production of trans-distyrene 6 in
82% yield. Treatment of 6 with succinic anhydride and
DMAP gave the diacid 7 in 91% yield. The diacid 7
was transformed into the diester 8 with 2-(trimethylsil-
yl)ethanol, 1-dimethylaminopropyl-3-ethyl carbodi-
imide hydrochloride salt (EDC Æ HCl), and DMAP in
71% yield. Oxidative cyclization of two bis-styryl moie-
ties24 of 8 was carried out by a mercury lamp with iodine
and propene oxide in argon-bubbled benzene for 4 h to
give the bis-phenanthrene 9 in 44% yield. Finally, depro-
tection of 2-silylethyl moieties of 9 with tetrabutylam-
monium fluoride in N,N-dimethylformamide (DMF)
was carried out to give the diacid 10 in 86% yield.

The water-solubility of 10 was very low even though two
free carboxylic acids were present. However, we inciden-
tally attempted our binding study in a solvent more
polar than CDCl3 for comparing the obtained results
with our previous result using 11.2 (Fig. 2) 1H NMR
of the saturated solution of 10 in several polar solvents
such as acetone-d6, methanol-d4, and acetic acid-d4
was measured. A satisfactory signal/noise range of 1H
NMR was obtained from the solution of 10 in acetic
acid-d4, although all the NMR peaks of 10 were too
broad to determine the binding constant. Finally, clear
sharp peaks were observed in CDCl3/acetic acid-d4
(v/v = 3/1). This enabled us to carry out the binding
study of 10 with 3,5-dinitrobenzonitrile (12). The molar
ratio of the complex of 10/12 at 25 �C was determined to
be 1:1 by Job plot,25 which was similar to that of 11/12
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in CDCl3.
2 Using the titration method,25 measured by

1H NMR at 25 �C, the binding constant of 10/12 was
determined to be 58 M�1, which was not in a different
class from the binding constant of 11/12 (34 M�1 at
25 �C in CDCl3)

2.

Thus, the diacid 10 was transformed to bis-guanidine
salt 1 as shown in Scheme 2. Condensation of 10 with
1326 was carried out with EDC Æ HCl and N-hydroxy-
benzotriazol (HOBt) to give 14 in 93% yield. Finally,
deprotection of four tert-butyloxycarbonyl groups
(Boc) quantitatively yielded 1 with trifluoroacetic acid
(TFA) in chloroform.

The TFA salt 1 was sufficiently soluble in both metha-
nol-d4 and deuterium oxide for the measurement by
1H and 13C NMR. However, as no clear sharp peaks
were obtained at 25 �C in each solvent, we chose UV
measurement instead.

First, the UV spectra of 1 in various concentrations in
water were examined and were found to be strongly
influenced by the concentration. This indicates the pres-
ence of self intermolecular interactions of 1. In such a
case, the binding study between 1 and a certain guest
molecule could not be clearly determined based on Lam-
bert–Beer rule alone. Unfortunately, the UV peaks indi-
cated self interaction even at the lowest concentration
for the acceptable measurable range. Therefore, we con-
cluded that binding study of 1 in water could not be
taken into account. Fortunately, the above problem
was solved when solution of 1 in water/methanol
(v/v = 4/1) was prepared. Difference between the UV
spectra of 1 at 5 · 10�5 M and that at 2 · 10�5 M was
negligible. Thus we carried out the binding study of 1
at 5 · 10�5 M.
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We could not choose 12 as an analyte as it is insoluble in
water/methanol. Therefore, benzene 1,3-disulfonic acid
(15) and 4-methoxyphenol (16) were chosen as guest
molecules as both are sufficiently soluble in water/meth-
anol (v/v = 4/1), and the maximum UV peaktop for
these two molecules was sufficiently far away from that
of 1 (256 nm).

The molar ratio of both complexes of 1/15 and 1/16 were
determined to be 1:1 by Job plot.25 The binding constant
of 1/15 was determined to be 3.3 · 104 M�1 by the titra-
tion method.25 Similarly, the binding constant of 1/16
was determined to be 4.0 · 104 M�1. In contrast, a UV
spectrum of 18 (Fig. 3) at 5 · 10�5 M�1 in a water–
methanol (v/v = 4/1) was not altered significantly upon
titration with 15.

Therefore, we can conclude that perhydronaphthacene
moiety is essential for the recognition property of 1.
Additionally, the ionic interaction between guanidine
moiety and either sulfonic acid or aromatic-OH could
be ignored in water/methanol. The main driving force
of recognition is strongly due to the elaborately designed
cavity27 of 1 that fits both the width and depth of the
benzene ring.

In conclusion, we have designed and synthesized a
water-soluble tweezer that exceeds the previous highest
record of the binding constant.3 The currently obtained
binding constants, 104–105 M�1, could be a significant
quantitative index for the hydrophobic interacting force
of parallelly organized aromatic plates27,28 in an aque-
ous media.
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