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Summary: Porphyrins bearing the redox-active phenylenediamine pendant groups
are synthesized to afford dimensionally oriented n-conjugated systems. The
structural and electronic characteristics depend on the atropisomers. In the
fluorescence emission spectra, the emission from the porphyrin moiety is almost
completely quenched. Zinc complexation of the oooo isomers gives the
corresponding zinc porphyrins bearing four phenylenediamine strands. Treatment
with a bidentate ligand, DABCO, leads to the sandwich dimer complex, in which
the porphyrin moieties are surrounded by m-conjugated pendant groups.
p-t-Butylcalix[4]arenes bearing four redox-active phenylenediamine pendant groups
on the lower rim are synthesized and characterized both spectroscopically and
electrochemically. The interconversion of the oxidation states of the pendant groups
is demonstrated both chemically and electrochemically.
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Introduction

Architecturally ordered orientation of n-conjugated molecular or polymer chains is expected to
construct novel m-electronic systems. Only few reports have appeared on the alignment of 7-
conjugated polymer or telomer chains.!") Dimensional orientation of m-conjugated molecular
chains in one molecule is envisioned to provide such a system. In this context, the utilization of
a cyclic scaffold is considered to be a convenient approach to orient the n-conjugated molecular
chains. This review describes the porphyrins and calix[4]arene bearing the phenylenediamine
pendant groups, which are directed towards the construction of dimensionally oriented redox-~

active n-conjugated systems.
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Fig. 1. Orientation of redox-active n-conjugated systems.

Porphyrins Bearing Four Phenylenediamine Pendant Groups

A number of porphyrin—chromophore hybrid systems have been synthesized since porphyrins
are photochemically active. Electronic communication and/or photoinduced electron and energy
transfer between the porphyrin and chromophore centers are achieved in these systems.™
Chromophores are introduced along or onto the porphyrin plane to give two-dimensionally™ or

face-to-face!”! arrayed electronic systems, respectively. The latter interaction has been reported

[4a-e] [4£i]

in strapped porphyrins and other linked porphyrins.”™ ™ n-Conjugated oligomer chains such
as oligothiophene' and oligophenylene!® have been also introduced to the porphyrin ring to
form two-dimensional n-electronic systems, in which n-conjugated oligomers are incorporated
along the porphyrin plane. meso-Tetraarylporphyrin, in which four aromatic rings at the meso-
position are perpendicular to the porphyrin plane, can be used for perpendicular alignment of 7-
conjugated chains on the porphyrin plane. Furthermore, atropisomerism of meso-
tetraarylporphyrins has an advantage of aligning m-conjugated pendant groups under the
controlled orientation. Such an alignment is considered to permit unique -electronic
communication among the m-conjugated pendant groups or between the pendant group and
porphyrin ring although the expanded m-conjugation is disrupted. The porphyrins bearing the
redox-active phenylenediamine pendant groups are herein designed from these points of
view.["#]

The porphyrins 4-5 are synthesized by introduction of four phenylenediamine pendant groups
into the porphyrin scaffold 1 without atropisomerization as shown in Scheme 1. The structure
of these porphyrins is elucidated by NMR. A higher shift is observed with the phenylene
protons of the strands due to the ring-current effect of the porphyrin 7-ring system. Furthermore,

the strands of 4b and 5b are more susceptible to the effect than 4a and 5a.
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Scheme 1.
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The electronic environment of these porphyrins is also investigated by absorption spectra. The
slightly red-shifted Soret band with the lower molar coefficient is observed in both cases of 4a
and 4b in THF, as compared with the propyl-substituted derivatives 7a and 7b. The Soret and Q
bands of 4b are more broadened than those of 4a, being in contrast to the lack of typical
spectral difference between the atropisomers 7. These bands of 5 in dichloroethane are also red-
shifted and broadened as observed in 4.

The spectral difference between the acoa and oo isomers might be accounted for as follows.
The pendant groups of the afafl isomer might be in equilibrium with the conformers, in which
one or more strands lean toward the porphyrin ring. The equilibrium of the conformers is
assumed to be related to the distortion and fluctuation of the porphyrin ring as indicated by the
broadened Soret and Q bands. On the other hand, such a conformation is less accessible in the
oaooo isomer probably due to the steric crowdedness, being accompanied by the restricted
motion of the phenylene moieties of the pendant groups. Molecular dynamics calculation also
supports these conformations.

The pendant group of the porphyrin 8, which bears one anilinoanilino pendant group, is also
susceptible to the ring-current effect as observed in the afof isomer 5b. The single-crystal X-
ray structure analysis demonstrated that the pendant group of 8 leans toward the porphyrin ring.
These results support the above-mentioned conformation of 5b, in which the pendant groups
and porphyrin ring are present in close proximity.

The redox processes attributable to the phenylenediamine and porphyrin moieties are illustrated
in Scheme 2. Although the oxidation potentials of the phenylenediamine moieties of 4a and 4b
are not largely different, they are more cathodic than those of 9. A similar trend is observed
with 5a and 10. This shift might be based on the characteristics of the present n-conjugated
system, which suggests an electronic interaction between the pendant groups on the porphyrin
scaffold.

The fluorescence emission spectroscopy with excitation of the Q(1,0) band is studied. The
porphyrin moiety observed in 7 is almost completely quenched (< 1%) in the case of 4a and 4b.
Contrary to 4, a similar quenching does not occur with 6 bearing the anilino pendant groups.
Quenching of the emission of 4 is likely to depend on the phenylenediamine function of the

pendant group. This process is consistent with the difference in the redox potentials of each unit.
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In the case of 4a, the photoinduced intramolecular electron transfer from the phenylenediamine
moiety to the excited singlet state of the porphyrin is thermodynamically feasible. The
quenching behavior of 4b is explained similarly. The emission of 5a or 5b is quenched as
observed in 4 (ca. 1%). On the contrary, 8 exhibits the emission with ca. 50% intensity as
compared with that of 7. The difference observed between S and 8 might be reflected by the n-

conjugated strand system of 5, in which the pendant groups undergo the more facile oxidation.

Scheme 2.
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Zinc Porphyrins Bearing Four Phenylenediamine Pendant Groups

Zine porphyrins have been utilized in a variety of host-guest systems!™ and electron- or energy-
transfer systems."® An additional functionality is allowed to be introduced to the vacant axial
coordination site of zinc porphyrins. Use of a bidentate ligand as a secondary bridging spacer is
considered to form a sandwich dimer-type zinc porphyrin-ligand complex.!'! According to this
type of molecular design, a dimensionally ordered m-conjugated system, in which the central
porphyrin—bridging ligand—porphyrin moiety is surrounded by n-conjugated pendant groups, is
envisioned to be constructed by using the porphyrins bearing four oriented phenylenediamine
strands.

The zinc complex ZnSa is quantitatively formed by treatment of 5a with zinc(Il) acetate
dihydrate. In the zinc complexation, a zinc(ll) species is likely to be introduced selectively from
the side opposite to the phenylenediamine strand side because the corresponding ofof
atropisomer 5b is metallated with less efficiency in a lower yield. A similar structural
circumstance of the pendant groups is indicated as observed with 5.

The similar four-pendant group effect is observed as described in the case of the free base 5 and
8. The oxidation potential of the phenylenediamine pendant groups of ZnSa (+ 0.29 V vs
Fe/Fc"), which is not changed by complexation, was more cathodic than that of Zn8 (+0.38 V).
The fluorescence emission of the porphyrin moiety of Zn5a is quenched with more ease than

that of Zn8.

1: 1 complex (12a)

1:2 complex (11a)

Scheme 3.
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The aooo complex Zn5a, in which four pendant groups are located on one side of the
porphyrin plane, is considered to accommodate a coordination ligand on the other side.®1
Diazabicyclooctane (DABCO) is used here as a bridging ligand because of relatively strong
basicity. The addition of 0.5 molar equiv of DABCO affords the 2 : 1 complex 11a with the
proximity of two porphyrin n-planes (Scheme 3). Use of 1.0 molar equiv of DABCO results in
the formation of the 1 : 1 complex 12a. It should be noted that the further addition of Zn5a to

the solution of 12a leads to the reversible formation of 11a.

Calix[4]arenes Bearing Four Redox-Active n-Conjugated Pendant Groups

The preorganized macrocyclic conformation of calixarenes has been employed for

[13] [14]

supramolecular systems, such as molecular capsules, rotaxanes, and catenanes.
Calix[4]arene is envisaged to be a scaffold for constructing a dimensionally oriented =-
conjugated electronic system, which is considered to be promising for potential applications to,
for example, redox-switching receptors and efficient catalysts.!'”!

Introduction of N-(4-acetylaminophenyl)-N’-(4-aminophenyl)-1,4-phenylenediamine (3) to
5,11,17,23-tetra-t-butyl-25,26,27,28-tetrakis(carboxymethoxy)calix[4]arene (1319 affords the
calix[4]arene 14 bearing four phenylenediamine pendant groups on the lower rim via the
corresponding acylimidazolide as shown in Scheme 4.0 A restricted conformation of the

pendant groups is observed spectroscopically.

13: R= -OH

l 1,1-carbonyldiimidazole

(@] (@]
H H
w80 MOy e

Scheme 4.
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The oxidation states of the redox-active phenylenediamine pendant groups of 14 could be
interconverted chemically. The treatment of 14 with Ag,O in DMF at room temperature results
in the oxidation of the phenylenediamine moieties to the quinonediimine ones to afford the
calix[4]arene 15 quantitatively, which bears four quinonediimine pendant groups (Scheme 5).
The conversion from 14 to 15 is also monitored spectroscopically. As the oxidation reaction
proceeds, a CT band assignable to the quinonediimine moieties appears at around S00 nm. The
reduction is achieved by the addition of NH,NH,-H,0 to the thus-obtained solution of 15,
leading to a disappearance of the CT band along with the formation of the reduced derivative

14.

t-Bu

t-Bu

Ag,0 || NHNHH,0

t-Bu

t-Bu
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Scheme 3.

The cyclic voltammogram of 14 in THF exhibits two one-electron redox processes attributable
to the phenylenediamine moiety at —86 and 328 mV (Ey;) vs. Fc/Fc'. These redox potentials are
shifted cathodically in comparison with those of 16 (Ey: —2 and +400 mV). This difference
might be again due to the presence of the pendant groups on the lower rim. In DMF, two one-

electron redox processes appears as one redox couple despite the observation of two one-
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electron oxidation waves with 16: [Ep, (mV vs. Fc/Fc'): 14 (0.25 mM) -58; 16 (1.0 mM) -48
and +37]. The redox behavior of 14 is assumed to be accounted for by the more facile
intramolecular interchain disproportion of the radical cation species of the phenylenediamine
pendant groups to the corresponding phenylenediamine and protonated quinonediimine (two-

electron oxidized form) derivatives than the intermolecular interaction of 16.1'®

Conclusion

The porphyrins and the corresponding zinc complexes bearing dimensionally oriented =-
conjugated pendant groups are synthesized and characterized. The structural and electronic
characteristics depend on the atropisomers. The photoinduced intramolecular electron transfer
from the phenylenediamine moiety to the excited singlet state of the porphyrin moiety is
demonstrated in both atropisomers. The sandwich dimer complex is formed by further
complexation of the zinc porphyrin complex. The phenylenediamine pendant groups are
introduced into the lower rim of the calix[4]arene scaffold, providing another dimenstonally
oriented redox system. These m-conjugated systems are of potential use in a variety of

photoreflactive electron transfer systems such as photocatalysis.

Acknowledgment
This work has financially supported in part by a Grant-in-Aid for Scientific Research on

Priority Areas from the Ministry of Education, Culture, Sports, Science and Technology, Japan.

* Previously named by Department of Applied Chemistry, Faculty of Engineering.

[1] For examples, grafting of the n-conjugated polymer or oligomer chains: (a) S. Creager, C. J. Yu, C. Bamdad, S.
O’Connor, T. MacLean, E. Lam, Y. Chong, G. T. Olsen, J. Luo, M. Gozin, J. F. Kayyem, J. Am. Chem. Soc. 1999,
121, 1059. (b) A. Berlin, G. Zotti, G. Schiavon, S. Zecchin, J. Am. Chem. Soc. 1998, 120, 13453 and references
cited therein. (¢) J. M. Tour, L. Jones, II, D. L. Pearson, J. S. Lamba, T. P. Burgin, G. W. Whitesides, D. L. Allara,
A. N. Parikh, S. Atre, J. Am. Chem. Soc. 1995, 117, 9529. (d) F. Garnier, A. Yassar, R. Hajaoui, G. Horowitz, F.
Deloffre, B. Servet, S. Ries, P. Alnot, J Am. Chem. Soc. 1993, 115, 8716. (e) V. Cammarata, L. Atanasoska, L.
Miller, C. J. Kolaskie, B. J. Stallman, Langmuir 1992, 8, 876. (f) T. Yamamoto, T. Kanbara, C. Mori, Synth. Met.
1990, 38, 399.

[2] (a) F. Wiirthner, M. S. Vollmer, F. Effenberger, P. Emele, D. U, Meyer, H. Port, H. C. Wolf, J. Am. Chem. Soc.
1995, 117, 8090 and references cited therein. (b) F. Li, S. I. Yang, Y. Ciringh, J. Seth, C. H. Martin, IIf, D. L.
Singh, D. Kim, R. R. Birge, D. F. Bocian, D. Holten, J. S. Lindsey, J. Am. Chem. Soc. 1998, 120, 10001. (c) M. D.
Ward, Chem. Soc. Rev. 1997, 26, 365. (d) D. M. Guldi, Chem. Soc. Rev. 2002, 31, 22.

[3] () T. A. Vannelli, T. B. Karpishin, Inorg. Chem. 1999, 38, 2246 and reference cited therein. (b) J. R. Reimers,
L. E. Hall, M. J. Crossly, N. S. Hush, J. Phys. Chem. A 1999, 103, 4385. (c) B. H. Novak, T. D. Lash, J. Org.
Chem. 1998, 63, 3998. (d) D. P. Arnold, G. A. Heath, D. A. J. James, Porphyrins Phthalocyanines 1999, 1, 5. (e)



112

N. P. Taylor, A. P. Wylie, J. Huuskonen, H. L. Anderson, Angew. Chem., Int. Ed. 1998, 37, 986.

[4] For exampie, porphyrin-quinone cyclophanes: (a) H. A. Staab, R. Hauck, B. Popp, Eur. J. Org. Chem. 1998,
631 and references cited therein. (b) A. Osuka, K. Maruyama, S. Hirayama, Tefrahedron 1989, 45, 4815.
Porphyrin-fullerene systems: (c) P. Cheng, S. R. Wilson, D. 1. Schuster, Chem. Commun. 1999, 89. (d) J.-P.
Bourgeois, F. Diederich, L. Echegoyen, I.-F. Nierengarten, Helv. Chim. Acta 1998, 81, 1835. (e) E. Dietel, A.
Hirsch, E. Eichhorn, A. Rieker, S. Hackbarth, B. Rdder, Chem. Commun. 1998, 1981. (f) P. S. Baran, R. R.
Monaco, A. Khan, U. D. L. Schuster, S. R. Wilson, J. Am. Chem. Soc. 1997, 119, 8363. (g) M. G. Ranasinghe, A.
M. Oliver, D. F. Rothenfluh, A. Salek, M. N. Paddon-Row, Tetrahedron Lett. 1996, 37, 4797. (h) H. Imahori, K.
Hagiwara, M. Aoki, T. Akiyama, S. Taniguchi, T. Okada, M. Shirakawa, Y. Sakata, J. 4m. Chem. Soc. 1996, 118,
11771. (i) T. Drovetskaya, C. A. Reed, Tetrahedron Lett. 1995, 36, 7971. (j) P. A. Liddell, J. P. Sumida, A. N.
Macpherson, L. Noss, G. R. Seely, K. N. Clark, A. L. Moore, T. A. Moore, D. Gust, Photochem. Photobiol. 1994,
60, 537.

[51 M. S. Vollmer, F. Wiirthner, F. Effenberger, P. Emele, D. U. Meyer, T. Stimpfig, H. Port, H. C. Wolf, Chem.
Eur. J. 1998, 4, 260.

[6] S. Mikami, K. Sugiura, Y. Sakata, Chem. Lett. 1997, 833.

[7] T. Hirao, K. Saito, Tetrahedron Lett. 2000, 41, 1413,

[8] K. Saito, T. Hirao, Tetrahedron 2002, 58, 7491.

[9] For a recent review: J. Weiss. J. Inclu. Phenom. Macro. 2001, 40, 1.

[10] Examples for electron and energy transfer systems with axially coordinated zinc porphyrin: (a) C. A. Hunter,
R. K. Hyde, Angew. Chem., Int. Ed. Engl. 1996, 35, 1936. (b) J. Otsuki, K. Harada, K. Araki, Chem. Lett. 1999,
269. (¢) N.Armaroli, F. Diederich, L. Echegoyen, T. Habicher, L. Flamigni, G. Marconi, J. F. Nierengarten, New. J.
Chem. 1999, 23, 77. (d) D. M. Guldi, C. Luo, T. D. Ros, M. Prato, E. Dietel, A. Hirsch, Chem. Commun. 2000,
375.(e) T. D. Ros, M. Prato, D. M. Guldi, M. Ruzzi, L. Pasimeni, Chem. Eur. J 2001, 7, 816. (f) F. D’Souza, G.
R. Deviprasad, M. E. El-Khouly, M. Fujitsuka, O. Ito, J. Am. Chem. Soc. 2001, 123, 5277.

[11] (a) H. L. Anderson, C. Hunter, J. K. M. Sanders, J. Chem. Soc., Chem. Commun. 1989, 226. (b) C. A. Hunter,
M. N. Meah, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112, 5773. (¢) H. L. Anderson, Inorg. Chem. 1994, 33,
972. (d) K. Yamada, H. Imahori, E. Yoshizawa, D. Gosztola, M. R. Wasielewski, Y. Sakata, Chem. Lett. 1999, 235.
(e) D. M. Guldi, C. Luo, A, Swartz, M. Scheloske, A. Hirsch, Chem. Commun. 2001, 1066.

[12] T. Hirao, K. Saito, Synlett 2002, 415.

[13] (a) P. Timmerman, W. Verboom, F. C. J. M. van Veggel, J. P. M. van Duynhoven, D. N. Reinhoudt, Angew.
Chem., Int. Ed. Engl 1994, 33, 1832. (b) K. D. Shimizu, J. Rebek, Jr., Proc. Natl. Acad. Sci. U. S. A. 1995, 92,
12403. (c) O. Mogek, V. Béhmer, W. Vogt, Tetrahedron 1996, 52, 8489.

{14] (a) C. Fischer, M. Nieger, O. Mogek, V. Bshmer, V. Ungaro, F. Vogtle, Eur J. Org. Chem. 1998, 1, 155. (b)
Z.-T. Li, G-Z. Ji, C.-X. Zhao, S.-D. Yuan, H. Ding, C. Huang, A.-L. Du, M. Wei, J. Org. Chem. 1999, 64, 3572.
[15] Calixarenes bearing TTF or terphenoquinone moieties have been reported, for example: (a) J.-B. Regnouf-de-
Vains, M. Sallé, R. Lamartine, J Chem. Soc., Perkin Trans. 2 1997, 2461. (b) K. Takahashi, A. Gunji, D.
Guillaumont, F. Pichierri, S. Nakamura, Angew. Chem. Int. Ed. 2000, 39, 2925.

[16] P. Lhotak , S. Shinkai, Tetrahedron Lett. 1995, 36, 4829.

[17] K. Saito, T. Hirao, Bull. Chem. Soc. Jpn. 2002, 75, 1845.

[18] J. F. Wolf, C. E. Forbes, S. Gould, L. W. Shacklette, J. Electrochem. Soc. 1989, 136, 2887.





