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Abstract—A novel capsular molecule in which three porphyrin-based building blocks are capped by two ionophoric calixarene
molecules has been synthesized for the first time. The Zn(IT) complex showed a high encapsulation ability for C;-symmetrical guest
molecules. In addition, the binding properties were allosterically controlled by added Na* or CH,;OH. © 2001 Elsevier Science

Ltd. All rights reserved.

A great deal of effort has been directed toward multi-
porphyrin arrays such as molecular wires,! molecular
switches,> photosynthetic systems,® artificial antenna
models,* photosensitizers for DNA cleavage® and
photocurrent generation.® The combination of these
excellent porphyrin functions with host-guest chem-
istry has large potential in the future, but is much
less developed so far. A few cyclic host compounds
composed of covalently-linked multiporphyrins have
been synthesized, and some of them can include guest
molecules such as pyridine derivatives with the aid of
the axial coordination.”® The findings suggest that
molecular capsules with a specific cavity size and a
specific symmetry for each guest would have higher
association constants and higher selectivities for spe-
cific guest molecules. In these host-guest complexa-
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tion systems, if the guest binding can be changed by
some stimulus from the outside, they should act as
on—off-switched systems that eventually lead to
molecular devices. We have noticed that a calix-
[n]arene family would be useful as a potential scaffold
to design such switch-functionalized systems because
the structure of calix[n]aryl amide derivatives can be
readily changed by alkali metal cations bound to the
lower rim.° In homooxacalix[3]aryl amide derivatives,
for example, the calixarene phenyl rings are changed
from the standing conformation to the flattening one
by bound Na*. Here, we report a novel type of a
homooxacalix[3]Jarene dimer triply linked by Zn-por-
phyrin moieties. We have found that the C;-symmet-
rical capsular cavity shows unique responsive
properties for Cs;-symmetrical guests.
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Capsular molecule 1b was designed considering that (i)
a Cs;-symmetrical cavity would encapsulate C;-symmet-
rical guest molecules and (ii) two ionophoric sites at the
calixarene lower rim would change the capsular shape
and rigidity in response to Na* binding. Compound 1a
was synthesized according to Scheme 1. The product
was identified by IR, NMR and mass (MALDI-TOF)
spectral evidence and elemental analysis. This com-
pound was treated with Zn(OAc), in a chloroform—
methanol (1:1 v/v) mixed solvent to give 1b. The
product was isolated by column chromatography as a
pure compound and identified by similar analytical
methods. Compound 2b was synthesized to use as a
reference.

The 'H NMR spectral peaks of 1b were significantly
broadened in CDCI;, but became sharp in CDCl;/
CD,0OD=9:1 (v/v) (Fig. 1A). One may thus consider
that peak broadening is due to the intramolecular
hydrogen-bonding  interactions (e.g. interpillar
CO---HN), which operate strongly in aprotic solvents
and extensively suppress the conformational freedom of
1b. If 1b adopts a regular C;-symmetrical structure, the
calixarene phenyl protons should appear as a singlet.'”
In fact, however, several split peaks are still observable
even in CDCl;/CD;0D=9:1 (v/v) (Fig. 1B), indicating
that 1b is still distorted somewhat from the C;-symmet-
rical structure. Examination using the CPK molecular
and computational models reveals that the meso-tolyl
groups in porphyrins hit each other, making the adop-
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Figure 1. Partial '"H NMR spectra of 1b (0.1 mM) in the
absence (A) and presence (B) of NaClO, in CDCl;, and (C) in
the absence of NaClO, in CDCl;:CD;0D=9:1 (v/v): 25°C,
600 MHz.

tion of the regular C;-symmetrical structure sterically
difficult. It can be seen from Fig. 2 that the energy-min-
imized structure of 1b is very distorted, enjoying several
CO-‘HN hydrogen-bonding interactions.

We measured the '"H NMR spectra to confirm whether
or not the conformational change is induced by added
Na*. When NaClO, (5 equivalents to 1b) was added in
CDCl,, all peaks were sharpened (Fig. 1C). This sharp
splitting pattern was scarcely changed by the addition
of 10% CD;OD. The minor influence of CD;OD indi-
cates that the hydrogen bonds are already cleaved by
the complexation of Na* ions. It is known that phenyl
rings in homooxacalix[3]Jaryl amide are significantly
flattened by the binding of Na* to the lower rim.!® In
the binding of Na* to 1b, the phenyl rings are so
flattened that the distance between the interpillar
CONH group is lengthened and the intramolecular
hydrogen bonds are cleaved.

Here, we evaluated whether this novel molecular cap-
sule is capable of including some guest molecules and
the inclusion properties are controlled allosterically by
the Na* induced structural change. When tris(2-
aminoethyl)amine (TREN) [(1-100)x10™® mol dm™]
was added to a CHCI; solution of 1b (1.00x10~° mol
dm™3) at 25°C, the Soret band (/,,,, 423 nm) shifted to
419 nm with a tight isosbestic point (420 nm) (Fig. 3).
It is known that Soret band shifts to longer wavelength
when amine derivatives complex as an axial ligand with
Zn(IT) porphyrin.!! Contrary to our expectation, how-
ever, the absorption spectral change showed a blue-shift
to 419 nm with increasing TREN concentration (Fig.
3). It is also known that the Soret band shifts to shorter
wavelength when porphyrins are positioned face-to-
face.!? This spectral change thus supports the view,
together with the above '"H NMR spectroscopic data,
that being different from conventional 1:1 Zn(II) por-
phyrin/amine complexes, the spectral change in 1b/
TREN complex is related to a TREN-induced
conformational change to reduce the steric crowding
among Zn(II) porphyrins. The continuous variation
plot!? established that 1b forms a 1:1 complex with

Figure 2. Energetically minimized structure by molecular
modeling of 1b.
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Figure 3. Absorption spectral change in 1b (1.0x107® mol
dm~3);[TREN]=0-0.1x10"* mol dm™. Insert [(AA) at 423
nm] versus [TREN] plot in CHCI, at 25°C.

TREN, and the association constant (K,,) was esti-
mated to be 1.72x10° dm?*® mol™' for TREN from the
plots in Fig. 3. This value is much larger than that for
complexation of n-propylamine with 2b (3.0x10° dm?
mol™).

In the presence of NaClO, (5.00x10~° mol dm™) in
CHCI,;, the same measurements were carried out. The
K, values were estimated to be 2.2x10> dm?* mol™' for
n-propylamine and 1.5x10® dm® mol™!' for TREN. The
results indicate that Na* addition somewhat decreases
the K, for n-propylamine, whereas it increases that for
TREN by about three orders of magnitude. Conceiv-
ably, Na* addition disrupts the intramolecular hydro-
gen bonds to arrange 1b into a more symmetrical one
suitable for the TREN binding. One may thus consider
that the Na* ion acts as a positive effector which can
enhance the K, by three orders of magnitude.

The absorption spectra were measured under the same
conditions both in the absence and the presence of
NaClO, (1.00x102 mol dm™) in CHCl;/CH,OH=
9:1(v/v). The K, values were estimated to be 2.2x10°
dm?® mol™ and 1.1x107 dm® mol™! for TREN, respec-
tively. Ordinarily, K, values in CHCI; are larger than
those in CHCIl;/CH;OH. In fact, the K, value of
n-propylamine and reference 2b in CHCI; is 20 times
larger than that in CHCl;/CH;OH (Table 1). However,
the present system shows the reversed result that the
K, of amine derivatives for 1b is increased by CH,;OH
addition. The K, value of TREN to 1b in CHCI; is

ass

less than one-fifteenth of that in CHCl;/CH;OH. The

Table 1. Association constants (dm* mol~') of amine
derivatives for 1b and 2b

Host  Additive n-Propylamine TREN

1b None 1.69 x 102 1.72x 10°
1b CH;OH (10 vol%) 1.88 x 102 2.63 x 10°
1b NaClO, 2.11x 102 1.52x 108
1b CH;OH/NaClO, 1.97 x 102 1.11x 107
2b None 3.20x 10?

2b CH,OH (10 vol%) 1.59 x 102

results clearly indicate that in CHCl;/CH,OH=9:1 (v/
v) the K, is already large enough even in the absence
of Na*, and Na* addition scarcely affects the TREN
affinity of 1b. Based on the foregoing '"H NMR spectral
data, one can consider that added CD;OD weakened
the intramolecular hydrogen-bonding interaction to
facilitate the subsequent TREN binding.

In conclusion, the present paper reports the first func-
tional capsular molecule in which three porphyrin-
based building blocks are capped by two ionophoric
calixarenes. We have found that this capsular molecule
1b not only includes C;-symmetrical TREN with a large
association constant, but also shows the positive
allosteric binding properties in communication with
Na* or CH;OH. The further applications of these
novel, functional systems to porphyrin-mediated molec-
ular recognition, redox reactions, photochemical reac-
tions, etc. are continuously studied in this laboratory.

Acknowledgements

The present work is supported by the Sumitomo Foun-
dation and a Grant-in-Aid for COE Research ‘Design
and Control of Advanced Molecular Assembly Sys-
tems’ from the Ministry of Education, Science and
Culture, Japan.

References

1. (a) Anderson, H. L. Chem. Commun. 1999, 2323; (b)
Wagner, R. W.; Lindsey, J. S. J. Am. Chem. Soc. 1994,
116, 9759; (c) Aratani, N.; Osuka, A.; Kim, Y. H.; Jeong,
D. H.; Kim, D. Angew. Chem., Int. Ed. 2000, 39, 1458;
(d) Tsuda, A.; Furuta, H.; Osuka, A. Angew. Chem., Int.
Ed. 2000, 39, 2549.

2. Gosztola, D.; Niemczyk, M. P.; Wasielewski, M. R. J.
Am. Chem. Soc. 1998, 120, 5118.

3. (a) Wasielewski, M. R. Chem. Rev. 1992, 92, 435; (b)
Steinbergyfrach, G.; Liddell, P. A.; Hung, S. C.; Moore,
A. L.; Gust, D.; Moore, T. A. Nature 1997, 385, 239; (c)
Martin, N.; Sanchez, L.; Illescas, B.; Pérez, 1. Chem. Rev.
1998, 98, 2527; (d) Van Patten, P. G.; Shreve, A. P.;
Lindsey, J. S.; Donohoe, R. J. J. Phys. Chem. B 1998,
102, 4209.

4. (a) Sessler, J. L.; Brown, C. T.; O’Connors, D. S
Springs, L.; Wang, R. J. Org. Chem. 1998, 63, 7370; (b)
Osuka, A.; Yoneshima, R.; Shiratori, H.; Okada, T.;
Tanicuchi, S.; Mataga, M. Chem. Commun. 1998, 1567,
(c) Aoyama, Y.; Kamohara, T.; Yamagishi, A.; Toi, H.;
Ogoshi, H. Tetrahedron Lett. 1987, 28, 2143; (d) Nagata,
N.; Kugimiya, S.; Kobuke, Y. Chem. Commun. 2000,
1389; (e) Kobuke, Y.; Miyaji, H. J. Am. Chem. Soc. 1994,
116, 4111; (f) Kobuke, Y.; Miyaji, H. Bull. Chem. Soc.
Jpn. 1996, 69, 3563.

5. (a) Sousa, C.; Maziere, C.; Maziere, J. C. Cancer Lett.
1998, 128, 177; (b) deVree, W. J. A.; Essers, M. C.;
Sluiter, W. Cancer Res. 1997, 57, 2555; (c¢) Jasat, A.;
Dolphin, D. Chem. Rev. 1997, 97, 2267; (d) Suenaga, H.;
Nakashima, K.; Mizuno, T.; Takeuchi, M.; Hamachi, 1.;
Shinkai, S. J. Chem. Soc., Perkin Trans. 1 1998, 1263.



3728 M. Kawaguchi et al. / Tetrahedron Letters 42 (2001) 3725-3728

6. (a) Uosaki, K.; Kondo, T.; Zhang, X. Q.; Yanagida, M.
J. Am. Chem. Soc. 1997, 119, 8367; (b) Imahori, H.;
Yamada, H.; Ozawa, S.; Ushida, K.; Sakata, Y. Chem.
Commun. 1999, 1165; (c¢) Imahori, H.; Yamada, H.;
Nishimura, Y.; Yamazaki, I.; Sakata, Y. J. Phys. Chem.
B 2000, 104, 2099.

7. (a) Anderson, S.; Anderson, H. L.; Sanders, J. K. M. J.
Chem. Soc., Perkin Trans. 11995, 2255; (b) Vidal-Ferran,
A.; Clyde-Watson, Z.; Bampos, N.; Sanders, J. K. M. J.
Org. Chem. 1997, 62, 240; (c) Nakash, M.; Clyde-Watson,
Z.; Feeder, N.; Davies, J. E.; Teat, S. J.; Sanders, J. K.
M. J. Am. Chem. Soc. 2000, 122, 5286.

8. Ambroise, A.; Li, J.; Lianhe; Lindsey, Y. J. S. Org. Lett.

11.

12.

13.

2000, 2, 2563-2566.

(a) Guilbaud, P.; Varnak, A.; Wippf, G. J. Am. Chem.
Soc. 1993, 115, 8298; (b) Yamada, A.; Murase, T.;
Kikukawa, K.; Arimura, T.; Shinkai, S. J. Chem. Soc.,
Perkin Trans. 2 1991, 793.

. Zhong, Z.; Ikeda, A.; Shinkai, S. J. Am. Chem. Soc. 1999,

121, 11906.

Nappa, M.; Valentine, J. S. J. Am. Chem. Soc. 1978, 100,
5075.

Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990,
112, 5525.

Sahai, R.; Loper, G. L.; Lin, S. H.; Eyring, H. Proc.
Natl. Acad. Sci. USA 1974, 71, 1499.



