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Complexes formed between porphyrins and cyclodextrins
are among the most fascinating targets of hostguest complexes.
So far, the structural details have been discussed on the basis of
the solution properties. However, the real complex structure
determined from single-crystal analysis is not known up to the
present. In this paper, we report the first successful example for
formation of a single crystal and its X-ray analysis. We believe
that the resultant dye-oriented crystalline material would lead
to novel hostguest chemistry applicable to new photo and
electronic devices.

It is well-known that porphyrin derivatives act as important
players in various new photo- and electrochemical research
fields. Particularly, their role in the design of solar cells
mimicking the natural photosynthetic system is a conspicuous
example.1 In fact, many researchers have so far constructed
various artificial light-harvesting systems and charge separation
systems utilizing functionalized porphyrins and their assem-
blies.2,3 Through these studies, it is now well-established that to
control the aggregation mode of porphyrins is a decisive factor
to achieve high light-harvesting efficiency. In solution phase,
however, regular control is rather difficult because of the
predominantly strong ³³ stacking force among the porphyrin
rings, which in most cases governs the resultant aggregation
mode. It thus occurred to us that the crystal phase is a potential
alternative to realize a variety of new porphyrin aggregation
modes. The first idea was to separate the distance among
porphyrin rings through formation of inclusion complexes. In
this study, we have succeeded in isolating each porphyrin in
the single crystal utilizing hostguest complex formation with
methylated ¢-cyclodextrin (¢-CD) (Figure 1). Over a long
period, hostguest complexes of CDs have been studied
extensively.49 In particular, the interaction between porphyrin
and ¢-CD is interesting from the viewpoint of a biomimetic
model for hemoproteins. It has been proposed that porphyrins
form bicapped hostguest complexes with ¢-CDs in solu-
tion.10,11 However, their complex structures have been discussed
only on the basis of the spectral properties and theoretical
calculations. It is really surprising that so far nobody analyzes
the single-crystal complex structures, although the complexation
modes have frequently been discussed in the references.1016

Here, we report the first example of the crystal structure of
porphyrin bicapped with ¢-CDs.

2,3,6-Trimethyl-¢-cyclodextrin (TM¢CD) was selected to
isolate a single crystal from aqueous solution, because TM¢CD

has higher inclusion ability for meso-aryl groups of tetraaryl-
porphyrins (K µ 106M¹1) than other ¢-CD derivatives.1216 As
for a guest porphyrin, we selected 5,10,15,20-tetrapyridin-4-
ylporphyrin (TPyP), because the water solubility of this
compound can be adjusted by solution pH and the compound
disperses well in acidic aqueous solution. Basically, there is
scarce interaction between meso-tetrapyridiniumporphyrin and
the ¢-CD cavity in acidic solution,13 whereas in neutral solution
TPyP becomes much less water-soluble and the hydrophobic
meso-pyridyl groups have more chance to be included in the CD
cavity.

A single crystal of TPyP¢TM¢CD complex was obtained
from an aqueous solution of TPyP containing an excess amount
of TM¢CD at 60 °C.17 It may be a little curious that
crystallization of the TM¢CD-based hostguest complex is
performed at high temperature.9,18,19 In general, ¢-CD and its
derivatives are strongly solvated in aqueous solution through
hydrogen bonding with water molecules. Under heating, how-
ever, the hydrogen bonds are cleaved and as a result, the
hydrophobic nature of ¢-CD and its derivatives can emerge
strongly. In particular, TM¢CD behaves as a more hydrophobic
host molecule, which facilitates the TM¢CD complexes leading
to crystal growth.9 On the other hand, crystallization of an
inclusion complex between TM¢CD and tetrasulfonated phenyl-
porphyrin (TSPP) is very difficult, because TSPP is a hydro-
philic molecule and induces electrostatic repulsion among
anionic charges in the solid state.
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Figure 1. Structures of porphyrins and cyclodextrins.
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The decomposition temperature of TPyP¢TM¢CD complex
is 198202 °C. At this temperature, the crystal changed to
colorless liquid TM¢CD and purple precipitate of TPyP. It is
worthy to mention that this temperature is higher than the
melting point of TM¢CD (170178 °C). From this high temper-
ature, one may presume that the structure of TM¢CD becomes
more rigid by inclusion of TPyP into the cavity. The isolated
crystal was stable without deliquescence, but when it was
dispersed into neutral water, it showed good water solubility.
Interestingly, the crystal showed optical anisotropy (Figure 2).
Oblique extinction was observed under crossed Nicols observa-
tion. The extinction angle was 45°. Under one Nicol observa-
tion, the extinction of polarized light was observed at 135° for
the major axis of the crystal. This angle is approximately
between the major and minor axes. In addition, when the

fluorescence was observed through the polarizer, the fluores-
cence intensity was minimized at 60° and maximized at 150° for
the major axis of the crystal. These findings are rationalized in
terms of the neat arrangement of TPyP molecules in the crystal.

The crystals of TPyP¢TM¢CD complex were triclinic with
the unit cell parameters a = 16.864¡, b = 17.532¡, c =
17.712¡, ¡ = 99.0°, ¢ = 103.3°, and £ = 112.9° (Figure 3,
Figure S1).20,24 We can find five water molecules in the crystal
structure. Their respective occupation probability is ca. 0.2. From
the low probability, we consider that these water molecules are not
necessarily indispensable to stabilize the crystal structure. The
structure consists of one TPyP capped with two TM¢CD
molecules. In addition, two meso-pyridyl groups of TPyP
penetrate into the TM¢CD cavity. This bicapped hostguest
complex structure is consistent with that proposed on the basis of
spectral studies in solution.1016 For example, Kano et al. reported
that O-methylation of secondary hydroxy groups in ¢-CD is
essential for strong guest binding.14 They explained on the basis of
ROESY and 13CNMR spectra that the induced-fit complex is
formed from porphyrin and TM¢CD, accompanying the dis-
tortion of the¢-CD ring. In our structural analysis, it is not so clear
whether TM¢CD is significantly distorted along the porphyrin in
the top view. More obvious is the finding that the ³ system of the
porphyrin ring is twisted to the left by 7.3° (Figure S2).24

Here, two important questions came to our mind. First,
where can we find the structural characteristics of the induced-fit
binding? Second, why is the porphyrin ring so twisted? The
answers for these questions are obtained from the arrangement
of seven glucose units in each CD ring. The TM¢CD ring shape
can be seen from the top view of the glucoside oxygen atoms
linking glucose units together (Figure S3).24 Surprisingly, they
occupy almost regular positions regardless of the nesting
porphyrin plane. This is contrary to our expectation, because
the glucose units near the meso-pyridyl group should be more
expanded owing to the steric crowding. On the other hand, the
side view of the TM¢CD ring can be illustrated by the C1

Figure 2. Microscopic images of the single crystal of TPyP
bicapped with TM¢CD; (a) bright-field, (b) fluorescent, and (c),
(d) crossed Nicols polarized images.

Figure 3. Structures of TPyP¢TM¢CD complex; (a) unit cell, (b) (111) plane, and (c) along the a axis. The hydrogen atoms are
omitted.
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and C4 atoms connected to the glucoside oxygen atoms
(Figure S4).24 One can clearly recognize that the strain in the
glucose ring belt does exist. Probably, this type of strain is more
advantageous than the ring strain to enhance the hydrophobic
interaction with TPyP. In addition, Kano et al. reported that the
bent structure of permethylated cyclodextrins which have no
OH group plays an important role in chiral recognition.21 As
the ¢-CD ring consists of odd seven glucose units, it is difficult
for each glucose unit to sandwich a TPyP and to overlap with
each other in the top view. In addition, each glucose ring belt is
considerably strained. We consider that these asymmetric factors
cause the twisting of the porphyrin ³ system.

The distances from one porphyrin to contiguous porphyrins
in the crystal lattice are estimated (Figure S5).24 The nearest one
and farthest one are 1.7 and 2.9 nm, respectively. However, all
porphyrins can be connected in less than 1.8 nm. Takagi et al.
reported that porphyrins can be regularly arranged in a clay sheet
as an inorganic host.22 Therein, the distance between porphyrins
was estimated to be about 2.4 nm. Important is their finding that the
energy transfer between porphyrins can take place very efficiently.
We believe, therefore, that the efficient energy transfer between
porphyrins can also take place in the present crystal system.

When we used 2,6-dimethyl-¢-cyclodextrin (DM¢CD)
instead of TM¢CD, colorless crystals of DM¢CD and micro-
crystals of TPyP were obtained separately. In aqueous solution,
the binding constants between DM¢CD and porphyrins are
relatively large (K µ 104M¹1), but they are smaller by two
orders of magnitude than those of TM¢CD.14 Judging from the
X-ray structure of the TPyP¢TM¢CD complex, this difference
can be attributed to the CD ring rigidity. The secondary hydroxy
groups in DM¢CD can still form hydrogen bonds. This should
suppress the induced-fit conformational change necessary to
stabilize the complex.

In conclusion, we have found a new preparation method for
single crystals of a porphyrin¢TM¢CD inclusion complex that
had been repeatedly attempted but unsuccessful so far. The key
points are the pH-dependent solubility change in porphyrin, the
“flexibility” of TM¢CD enabling the induced-fit guest inclusion,
and the high temperature advantageous for the hydrophobic
force. We have confirmed that this crystallization method is also
applicable to a few other porphyrins bearing pH-dependent
dissociable groups. The structure of TPyP and TM¢CD in the
single crystal is very unique, reflecting the packing mode of the
inclusion complex. In addition, it has been found that TPyP
molecules are oriented in the same direction within energy-
transferrable distance. These structural characteristics suggest
that this crystal would show interesting electrochemical and
optoelectronic properties. Furthermore, we believe that this
system can be extended to chiral chemistry and metalloporphy-
rin chemistry. In the TPyP¢TM¢CD crystal structure, TPyP is
already twisted to the left. However, further chiral control
becomes possible by introduction of chiral substituents. There-
by, these inclusion crystals would be applicable to circularly
polarized luminescence (CPL).23 Also, introduction of central
metals into the porphyrin ring would change the redox potential
of the metalloporphyrins, from which one can exploit a new
class of photo- and electrochemical materials. We thus believe
that the present study has important implications not only for
basic crystal analysis but also for applide research to design new
functional materials.

We are grateful for useful discussions with Prof. K. Kano
(Doshisha University). This work was financially supported
by the Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Grant-in-Aid for Scientific Research on
Innovative Areas “Emergence in Chemistry” (No. 20111011).

References and Notes
1 T. Konishi, A. Ikeda, S. Shinkai, Tetrahedron 2005, 61, 4881.
2 A. Satake, Y. Kobuke, Org. Biomol. Chem. 2007, 5, 1679.
3 H. Imahori, J. Phys. Chem. B 2004, 108, 6130.
4 J. S. Manka, D. S. Lawrence, J. Am. Chem. Soc. 1990, 112, 2440.
5 T. Jiang, M. Li, D. S. Lawrence, J. Org. Chem. 1995, 60, 7293.
6 F. Venema, A. E. Rowan, R. J. M. Nolte, J. Am. Chem. Soc. 1996,

118, 257.
7 K. Kano, Y. Ishida, Chem. Asian J. 2008, 3, 678.
8 J. Mosinger, L. Slavětínská, K. Lang, P. Coufal, P. Kubát, Org.

Biomol. Chem. 2009, 7, 3797.
9 K. Harata, in Cyclodextrin and Their Complexes, ed. by H.

Dodziuk, Wiley-VCH, Weinheim, 2006, Chap. 7, pp. 147198.
10 H. Zhou, J. T. Groves, J. Porphyrins Phthalocyanines 2004, 8,

125.
11 K. Kano, Colloid Polym. Sci. 2008, 286, 79.
12 T. Carofiglio, R. Fornasier, V. Lucchini, C. Rosso, U. Tonellato,

Tetrahedron Lett. 1996, 37, 8019.
13 K. Kano, N. Tanaka, H. Minamizono, Y. Kawakita, Chem. Lett.

1996, 925.
14 K. Kano, R. Nishiyabu, T. Asada, Y. Kuroda, J. Am. Chem. Soc.

2002, 124, 9937.
15 S. Hamai, T. Koshiyama, J. Photochem. Photobiol., A 1999, 127,

135.
16 K. Kano, R. Nishiyabu, R. Doi, J. Org. Chem. 2005, 70, 3667.
17 TPyP (62mg, 0.1mmol) and TM¢CD (572mg, 0.4mmol) were

dissolved in 18mL of water containing 2mmol of HCl. The
solution was neutralized with 2mL of saturated NaHCO3 aq. After
neutralization, TPyP was still dissolved in water without precip-
itation. The solution was incubated at 60 °C for 3 days to obtain
brown parallelogram plates, following the filtration. The crystals
were collected at 80 °C.

18 Y. Takashima, Y. Oizumi, K. Sakamoto, M. Miyauchi, S.
Kamitori, A. Harada, Macromolecules 2004, 37, 3962.

19 K. A. Udachin, L. D. Wilson, J. A. Ripmeester, J. Am. Chem. Soc.
2000, 122, 12375.

20 Diffractometer, Rigaku Saturn724; radiation, MoK¡ ( =
0.71070¡); temperature of measurement, ¹149.8 °C; empirical
formula: C166H250N8O71 (TPyP¢2TM¢CD¢H2O); fw: 3493.81,
crystal size: 0.9 © 0.3 © 0.1mm3, triclinic crystal system, space
group P1, a = 16.864(4)¡, b = 17.532(4)¡, c = 17.712(4)¡,
¡ = 98.9688(10)°, ¢ = 103.336(3)°, £ = 112.9167(2)°, V =
4514(2)¡3, Z = 1, Dcalcd = 1.285 g cm¹3, 2ªmax = 55.0°, absorp-
tion coefficient ® = 1.002 cm¹1, reflections collected: 19721,
independent reflections: 19721 (Rint = 0.0000). SHELXL-97 suite
of programs was used to refine the structure (G. M. Sheldrick, Acta
Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112). Some
non-hydrogen atoms were refined anisotropically, while the rest
were refined isotropically. Hydrogen atoms were refined using the
riding model. The final cycle of full-matrix least-squares refine-
ment on F2 was based on 19721 observed reflections and 2443
variable parameters. Goodness of fit on F2 = 1.059, final R indices
[I > 2.00·(I)] R1 = 0.0552, R indices (all data) R1 = 0.0677,
wR2 = 0.1567, largest diff. peaks and holes 1.02 and ¹0.32 eA¹3.
CCDC: 802112.

21 K. Kano, H. Hasegawa, J. Am. Chem. Soc. 2001, 123, 10616.
22 S. Takagi, M. Eguchi, D. A. Tryk, H. Inoue, J. Photochem.

Photobiol., C 2006, 7, 104.
23 S. Haraguchi, M. Numata, C. Li, Y. Nakano, M. Fujiki, S. Shinkai,

Chem. Lett. 2009, 38, 254.
24 Supporting Information is available electronically on the CSJ-

Journal Web site, http://www.csj.jp/journals/chem-lett/.

101

© 2011 The Chemical Society of JapanChem. Lett. 2011, 40, 99101 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1016/j.tet.2005.03.053
http://dx.doi.org/10.1039/b703405a
http://dx.doi.org/10.1021/jp038036b
http://dx.doi.org/10.1021/ja00162a066
http://dx.doi.org/10.1021/jo00127a040
http://dx.doi.org/10.1021/ja952401y
http://dx.doi.org/10.1021/ja952401y
http://dx.doi.org/10.1002/asia.200700383
http://dx.doi.org/10.1039/b908772a
http://dx.doi.org/10.1039/b908772a
http://dx.doi.org/10.1142/S108842460400012X
http://dx.doi.org/10.1142/S108842460400012X
http://dx.doi.org/10.1007/s00396-007-1724-7
http://dx.doi.org/10.1016/0040-4039(96)01814-X
http://dx.doi.org/10.1246/cl.1996.925
http://dx.doi.org/10.1246/cl.1996.925
http://dx.doi.org/10.1021/ja020253n
http://dx.doi.org/10.1021/ja020253n
http://dx.doi.org/10.1016/S1010-6030(99)00144-6
http://dx.doi.org/10.1016/S1010-6030(99)00144-6
http://dx.doi.org/10.1021/jo0500535
http://dx.doi.org/10.1021/ma049763n
http://dx.doi.org/10.1021/ja002189k
http://dx.doi.org/10.1021/ja002189k
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1021/ja0112644
http://dx.doi.org/10.1016/j.jphotochemrev.2006.04.002
http://dx.doi.org/10.1016/j.jphotochemrev.2006.04.002
http://dx.doi.org/10.1246/cl.2009.254
http://www.csj.jp/journals/chem-lett/

