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The cis-doubly N-confused porphyrin (cis-N2CP, 1) and
its Cu(III) and Ag(III) complexes (1–Cu, 1–Ag) form 1-D
zigzag infinite chains through hydrogen-bonding inter-
actions between the peripheral core nitrogens (N and
NH) in the solid state. Each columnar structure consists
of porphyrin rings with the same chirality.

Keywords: Porphyrin; Self-organization; Crystal structure; Hydro-
gen bonding

Supramolecular assemblies based on noncovalent
interactions have attracted much interest as a new
strategy for preparing functional materials [1–5].
One of the promising methods to fabricate
molecular architectures in the solid state as well as
in solution is to use hydrogen-bonding interactions
that arrange each building block in a defined
direction [6]. For example, a 1-D tape-like network
is formed by the complementary hydrogen-bonding
interactions of melamine and cyanuric acid deriva-
tives [7]. A 2-D sheet, wherein various kinds of
guest molecules can be captured, is synthesized
from a resorcinol-substituted anthracene derivative
by using the interactions between the hydroxyl
groups [8,9]. Furthermore, a 3-D network, consisting
of a mutually interpenetrating super-diamond
lattice in the solid state, is synthesized from
adamantane-1,3,5,7-tetracarboxylic acid bearing
four hydrogen-bonding sites [10]. In the bio-related
field, on the other hand, an artificial model of an ion
channel in a membrane was developed by using
molecular assembly of a cyclic peptide, “peptide
nanotube” [11–13]. For supramolecular assembly,

pyrrole and imidazole-containing moieties are of
interest because the pyrrole-like NH behaves as a
hydrogen-bonding donor and the imino-type N
serves as a hydrogen acceptor [14]. In fact,
imidazole forms infinite hydrogen bonding chains
via NZH· · ·N in the solid state, which shows proton
conductivity along the chain axis (Scheme 1)
[15–18].

In the course of our study on N-confused
porphyrin (NCP), a porphyrin isomer wherein one
of the pyrrole rings is connected to meso-carbons at
the a- and b0-positions [19–25], we and others
have found that the peripheral nitrogen can bind a
hydrogen atom derived from an acid added or
transferred from inner core by NH tautomerism
[19,25]. To this outer NH, association of a solvent
molecule such as dimethylformamide (DMF) or
anion through hydrogen bonding is observed
[25 – 28]. In this context, the multiply NCP,
wherein more than one of the pyrrole rings are
confused [29], are considered as possible building
blocks for supramolecular assemblies because
these compounds have both the hydrogen-bonding
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donor (NH) and acceptor (N) sites for self-
association. Herein, we report the formation of
1-D chain networks of cis-doubly N-confused
porphyrin [cis-N2CP (1)] [30–34] and its metal
complexes (1–Cu, 1–Ag) in the solid state. The
hydrogen-bonding interaction in solution is also
described.

The syntheses and X-ray structures of the title
compounds have been previously reported [30]. The
free base and Ag(III) complex of 1 show only one
outer NH signal, indicating that the other outer
nitrogen of the confused pyrrole ring exists as an
amino form (N). The nature of hydrogen bonding
donor of the outer NH can be evaluated from the
relative 1H NMR chemical shifts of the NH signal in
various solvents. When the solvent molecules
associate tightly with the peripheral nitrogen, the
electronic states and the conformation of N2CP may
change greatly. In fact, the 1H NMR spectra of 1
showed large resonance shifts according to the
solvent polarity and basicity. (Table I) For example,
the outer NH signal appeared at 14.71 ppm in
pyridine-d5 which is shifted þ5.76 ppm downfield
compared with the corresponding signal in CDCl3.
By increasing the polarity of the solvents, the inner

NH and CH protons are shifted to higher field,
probably due to the contribution of the aromatic
zwitterionic resonance form (Scheme 2) [35].†

In the single crystals of 1 and 1–M (M ¼ Cu, Ag),‡

1-D chain networks are formed, in which the
peripheral N and NH connect to each other through
hydrogen-bonding interactions (Scheme 3). The
N· · ·HZN distances and angles (/NZH· · ·N) are
2.915, 2.924 and 2.903 Å and 152.0, 159.4 and 159.68,
respectively (Fig. 1). Furthermore, the dihedral angles
(Fig. 2(a)) between the two neighboring porphyrins,
which are defined by using the mean planes of core 24
(1) or 25 atoms (1–Cu, 1–Ag), are 62.05, 67.71 and
68.318, respectively. On the other hand, the distances
between two parallel planes (Fig. 2(b)) are 7.15, 6.89
and 6.93Å in 1, 1–Cu and 1–Ag, respectively, and the
metal–metal distances for Cu(III) and Ag(III) com-
plexes (Fig. 2(c)) are 8.395 and 8.329 Å. To the best
of our knowledge, the 1-D chains observed in N2CP
(1, 1–Cu, 1–Ag) are the first examples of direct
hydrogen-bonding interactions between the periphery
of two porphyrinoid molecules.

In cis-N2CP (1), the confused pyrrole ring is
canted, and thus, two enantiomers could exist
according to the direction of the confused pyrrole
rings, “up or down”, with respect to the plane of
the asymmetric macrocycle. In solution, however,
the “flip-flop” motion of the confused pyrrole ring is

TABLE I Selective 1H NMR chemical shifts (ppm) of 1 at rt

CDCl3* CD2Cl2 Acetone-d6 DMSO-d6 DMF-d7 Pyridine-d5

Outer NH 8.95 9.15 12.10 12.96 13.30 14.71
bH 7.36 7.43 7.82 7.90 8.06 8.18
bH 7.28 7.35 7.79 7.90 8.06 8.12
bH 7.06 7.14 7.60 7.70 7.87 7.93
bH 6.98 7.05 7.42 7.50 7.66 7.78
aH 6.94 7.05 7.76 7.90 8.15 8.24
Inner NH 6.38 6.20 5.58 4.86 5.14 5.52
Inner CH 3.50 3.32 2.73 2.06 2.30 2.63
Inner CH 3.20 3.04 2.52 1.83 2.11 2.58

*Ref. [30].

SCHEME 1 Proton transfer cascade in imidazole network
system.

SCHEME 2 Resonance forms of cis-N2CP, 1.

†In a CH2Cl2 solution containing a small amount of water, association of H2O molecules at the peripheral nitrogens was suggested from
the electrochemical study of cis-N2CP (1, 1–Cu, 1–Ag) [33].

‡CCDC Ref code: 1 (KAXNEC), 1–Cu (KAXPAA), 1–Ag (KAXNOM).
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so fast as to cause spontaneous racemization. In the
solid state, on the other hand, the motions of
the pyrrole rings and also the pentafluorophenyl
rings are rather suppressed, as a result, the two
enantiomers become distinguishable in the free base
as well as the metal complexes, 1–Cu and 1–Ag.
As seen in the columnar structures of 1, 1–Cu and
1–Ag, each hydrogen-bonding chain includes enan-
tiomers of the same chirality. The zigzag spiral, thus,
has its own chirality and the direction of NZH· · ·N
pathway is opposite in the neighboring columns.

In summary, in the solid state, cis-N2CP (1) and
the metal complexes (1–Cu, 1–Ag) form 1-D zigzag
infinite chains by means of hydrogen-bonding
interactions between nitrogens (N and NH) of the
macrocyclic periphery. Each columnar structure
consists of macrocycles of the same chirality.
The hydrogen-bonding interaction at the peripheral
nitrogens in cis-N2CP is also suggested from
the 1H NMR spectra in solution, especially in polar
or basic solvents, where the NH signal is shifted to
the lower field.{ At present, only alkoxy-substituted
cis-N2CP (1) has been synthesized, in which
the peripheral nitrogens are distinguishable,
namely, N in the alkoxy-substituted ring and
NH in the remaining confused pyrrole ring.§

FIGURE 1 The columnar packing diagrams of (a) 1, (b) 1–Cu and (c) 1–Ag.

SCHEME 3 Schematic drawings of 1-D chain networks of
cis-N2CP, 1.

{The dimerization constant for 1 was determined to be less than 20 M21 from the concentration-dependent 1H NMR spectral changes in
CDCl3 at rt. Moreover, the “molecular weight” of 1 measured by vapor pressure osmometry (VPO) in CHCl3 was 1178 g mol21, which is
nearly equal to that of monomer 1 (m/z ¼ 1018). These data suggest that the degree of the self-association of 1 in CHCl3 is relatively small.

§Alkoxy-free cis-N2CP was also obtained in low yields by using alcohol-free solvent in the final [2 þ 2] coupling reaction of 1 (unpublished
data).
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When the alkoxy-free cis-N2CP is available, whose
two outer nitrogens are equivalent just like in
imidazole, a supramolecular proton transfer system
could be contemplated [15–18]. Moreover, the trans-
type of N2CP [36,37], wherein two confused pyrroles
are encountered, may form a different network from
that of cis-N2CP in the solid state. The design and
fabrication of additional solid-state architectures
using multiply N-confused porphyrins are currently
underway.
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[1] Vögtle, F. Supramolecular Chemistry; John Wiley & Sons:
New York, 1991.

[2] Ball, P. Designing the Molecular World; Princeton University
Press: New Jersey, 1994.

[3] Whitesides, G. M.; Simanek, E. E.; Mathais, J. P.; Seto, C. T.;
Chin, D. N.; Mammen, M.; Gordon, D. M. Acc. Chem. Res.
1995, 28, 37–44.

[4] Chin, D. N.; Zerkowski, J. A.; MacDonald, J. C.; Whitesides,
G. M. In Organised Molecular Assemblies in the Solid State;
Whitesell, J. K., Ed.; John Wiley & Sons: Chichester, 1999,
Chapter 5.

[5] Current Challenges on Large Supramolecular Assemblies;
Tsoucaris, G., Ed.; Kluwer Academic Publishers: Dordrecht,
1999.

[6] Jeffrey, G. A.; Saenger, W. Hydrogen Bonding in Biological
Structures; Springer: Berlin, 1991.

[7] Zerkowski, J. A.; Seto, C. T.; Whitesides, G. M. J. Am. Chem.
Soc. 1992, 114, 5473–5475.

[8] Aoyama, Y.; Endo, K.; Kobayashi, H.; Masuda, H. Supramol.
Chem. 1994, 4, 229–241.

[9] Endo, K.; Sawaki, T.; Koyanagi, M.; Kobayashi, K.;
Masuda, H.; Aoyama, Y. J. Am. Chem. Soc. 1995, 117,
8341–8352.

[10] Ermer, O. J. Am. Chem. Soc. 1988, 110, 3747–3754.
[11] Ghadiri, M. R.; Granja, J. R.; Milligan, R. A.; McRee, D. E.;

Kazanovich, N. Nature 1993, 366, 324–327.
[12] Ghadiri, M. R.; Granja, J. R.; Buehler, L. K. Nature 1994, 369,

301–304.

[13] Clark, T. D.; Buehler, L. K.; Ghadiri, M. R. J. Am. Chem. Soc.
1998, 120, 651–656.

[14] Sessler, J. L.; Berthon-Gelloz, G.; Gale, P. A.; Camiolo, S.;
Anslyn, E. V.; Anzenbacher, P., Jr.; Furuta, H.; Kirkovits, G. J.;
Lynch, V. M.; Maeda, H.; Morosini, P.; Scherer, M.; Shriver, J.;
Zimmerman, R. Polyhedron In press.

[15] Martinez-Carrera, S. Acta Crystallogr. 1966, 20, 783–788.
[16] Kawada, A.; McGhie, A. R.; Labes, M. M. J. Chem. Phys. 1970,

52, 3121–3125.
[17] Craven, B. M.; McMullan, R. K.; Bell, J. D.; Freeman, H. C.

Acta Crystallogr. Sect. B 1977, 33, 2585–2589.
[18] Hickman, B. S.; Mascal, M.; Titman, J. J.; Wood, I. G.

J. Am. Chem. Soc. 1999, 121, 11486–11490.
[19] Furuta, H.; Asano, T.; Ogawa, T. J. Am. Chem. Soc. 1994, 116,

767–768.
[20] Chmielewski, P. J.; Latos-Grażyński, L.; Rachlewicz, K.;
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FIGURE 2 Arrangements of the neighboring three molecules of (a) 1, (b) 1–Cu and (c) 1–Ag.
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