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The synthesis and spectroscopic and electrochemical properties of crown-ether substituted metallophthalocyanines
(MCRPcs), optically active phthalocyanines (Pcs), subphthalocyanines (SubPcs), low symmetrical Pcs, ring-expanded
Pcs, and novel oligomers of Pcs studied mainly by the author over the last 20 years have been reviewed, together with the
electrocatalytic reduction of dioxygen using water soluble Pcs.  MCRPcs form, on addition of certain kinds of cation, co-
facial dimers through a two-step three-stage process.  SubPcs react with isoindolediimines to produce mono-substituted
Pc and Pc analogues.  Optically active Pcs have been prepared to show the beauty and usefulness of circular dichroism
spectroscopy.  Ring-expanded or -shrunk and low symmetrical Pc analogues have helped in exploiting the relationship
between size, symmetry, and spectroscopic and electrochemical properties of large aromatic molecules.  Molecular orbit-
al calculations on these compounds have succeeded in reproducing many of the experimental properties.  New types of
cofacial and planar dimers have been prepared, occasionally with a new concept.  Water-soluble iron and cobalt Pcs elec-
trocatalyze the reduction of dioxygen.  When a four-electron reduction was attained, the reduction proceeded via hydro-
gen peroxide, and could be explained by a mechanism of electrochemical catalyst regeneration.  The results for these
compounds are occasionally compared with those of porphyrin systems.

 

Phthalocyanines (Pcs) are a robust and versatile class of
compounds.  The first accidental synthesis was reported in
1907,

 

1

 

 and one of its structures was confirmed by X-ray crys-
tallography in 1936.
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  Although they are relatives of porphy-
rins, 

 

1

 

 (Fig. 1), Pcs and particularly metalloPcs (MPcs), 

 

2

 

, are
much more planar than metalloporphyrins.  They have been
firmly established as blue and green dyestuffs and pigments,
catalysts for sulfur-removing processes in the oil industry, de-
odorants, and germicides, while their recent use as photocon-
ducting agents in photocopying machines has provoked research
in various fields, including chemical sensors, electrochromism,
photodynamic reagents for cancer therapy and other medical
applications, photovoltaic cell elements for electricity genera-
tion, electrophotography, optical computer read/write discs,
low-dimensional metals, non-linear optics, electrocatalysis,
liquid crystals, and Langmuir–Brodgett films.
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  At present,
more than 50000 tons of Pcs are produced per year across the
world.  Most of these applications are concerned with the
large, flat 

 

π

 

-conjugation system of Pcs, as well as with the type
of central metal.  However, the work on soluble Pcs was limit-
ed when I started research work on Pcs about 20 years ago, and
most of the results had been published only as patents.  Anoth-
er hindrance to Pc research compared with porphyrin research
was the fact that molecular design is more difficult, because
stepwise synthesis is generally almost impossible (MPcs are
generally obtained in one-step by a template reaction using

metal ions).  My Pc research began with the preparation of sol-
vent soluble Pcs.

 

Fig. 1.   Basic structures of general metalloporphyrin 

 

1

 

, met-
allophthalocyanine 

 

2

 

, subphthalocyanine 

 

3

 

, and tetraaza-
porphyrin 

 

4

 

.
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1.   Crown Ether-Substituted Phthalocyanines

 

The chemistry of crown-ether-substituted porphyrins was
started for the first time by us in 1981.

 

5

 

  Since then, a large
amount of data has been accumulated.
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  On the other hand, the
first report on crown-ether substituted Pcs appeared indepen-
dently from three groups in 1986.
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  Fortuitiously, the com-
pound was the same, 15-crown-5-ed CuCRPc, and in addition,
the journal was also the same.  The most notable points about
this type of compound were in the process of dimerization in
the presence of cations, and the resultant cofacial eclipsed
structure.  Dimerization in the presence of K

 

+

 

 was first pur-
sued in detail using absorption spectroscopy (Fig. 2A).
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  In the

region where 0 

 

<

 

 [K

 

+

 

]/[MCRPc] 

 

<

 

 0.5, a set of isosbestic
points was observed between the spectra of monomeric MCR-
Pc in the absence and presence of cations.  However, in the re-
gion ca. 0.5 

 

<

 

 [K

 

+

 

]/[MCRPc] 

 

<

 

 1.5–2.0, another set of isos-
bestic points was detected with the spectrum at ca. [K

 

+

 

]/
[MCRPc] 

 

=

 

 0.5.  During this process (Fig. 2B), the Q band of
monomeric MCRPc faded away and concomitantly a new Q
peak developed at shorter wavelengths (Fig. 2A).  Since this
type of spectrum is expected upon cofacial stacking of chro-
mophores,

 

9

 

 the EPR spectrum of CuCRPc at ca. [K

 

+

 

]/[CuCR-
Pc] 

 

=

 

 2–3 was recorded.  From the characteristic spectrum for
triplet species (Fig. 3), the Cu–Cu distance was estimated to be
ca. 4.1–4.2 Å.  In addition, 

 

1

 

H NMR spectra of Zn- and
H

 

2

 

CRPc were compared in the absence and presence of K

 

+

 

.
Compared with the spectrum in the absence of cations, proton
signals in the crown ether unit shifted downfield to varying ex-
tents, while the pyrrole proton signal shifted inversely to high-
er field from 

 

−

 

3.41 to 

 

−

 

8.09 ppm at [K

 

+

 

]/[MCRPc] 

 

=

 

 2–3.
Monomeric H

 

2

 

- and ZnCRPc showed fluorescent emission
from the lowest 

 

π

 

–

 

π

 

*

 

 (Q band) state, at around 700 nm.  Simi-
larly to the absorption spectra, the fluorescence was little
changed in the range 0 

 

<

 

 [K

 

+

 

]/[H

 

2

 

- or ZnCRPc] 

 

<

 

 0.5.  How-
ever, in 0.5 

 

<

 

 [K

 

+

 

]/[MCRPc] 

 

<

 

 1.5, it was quenched signifi-
cantly, and at ca. [K

 

+

 

]/[MCRPc] 

 

>

 

 1.5, its intensity was weak-
est.  Interestingly, inflection points were detected clearly at ca.
[A

 

+

 

]/[MCRPc] 

 

=

 

 0.5, 1.0, and 1.5 (A

 

+

 

 

 

=

 

 K

 

+

 

, Cs

 

+

 

), consistent
with a stepwise capture of cations such as K

 

+

 

 or Cs

 

+

 

.  Thus,
the above absorption, fluorescence emission, NMR, and EPR
spectroscopies clearly showed a two-step three-stage dimeriza-
tion.  In the first step, two MCRPc capture one cation, such as
K

 

+

 

 or Cs

 

+

 

, at 0 

 

<

 

 [K

 

+

 

]/[MCRPc] 

 

<

 

 ca. 0.5 to form a linear
dimer, 

 

5

 

 (Fig. 4) which transforms to a cofacial dimer, 

 

6

 

, by
trapping the 2nd and 3rd cations at 0.5 

 

<

 

 [K

 

+

 

]/[MCRPc] 

 

<

 

1.5, and at ca. [K

 

+

 

]/[MCRPc] 

 

>

 

1.5 a cofacial dimer whose in-
terplanar distance is ca. 4.1–4.2 Å is formed.  Although not yet
proven by X-ray crystallography, this cofacial dimer, 

 

6

 

 (Fig.
4), was considered to have a completely cofacial eclipsed

 

Fig. 2.   (A) Change of absorption spectra of H

 

2

 

CRPc by the
addition of CH

 

3

 

COOK in CHCl

 

3

 

.  (B) The dependence of
absorbance of several MCRPc’s on [K

 

+

 

]/[MCRPc] at sev-
eral wavelengths.

 

Fig. 3.   EPR spectrum of CuCRPc in CHCl

 

3

 

–MeOH (ca. 4:1
v/v) at 77 K in the presence of CH

 

3

 

COOK ([K

 

+

 

]/[MCRPc]

 

=

 

 4).
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structure.  Accordingly, the dimers were examined by various
spectroscopic methods.  Thus, both the electronic absorption
and magnetic circular dichroism (MCD) spectra of cofacial
dimeric H

 

2

 

CRPc and NiCRPc have been analysed using a band
deconvolution technique (Fig. 5, A–C).

 

10

 

  In this case, the
spectral envelopes obtained from the same solution were fitted
with the same number of bands and similar band centers and
bandwidths, so that the ambiguity inherent in this type of anal-
ysis was reduced.  For example, in the spectra of NiCRPc
monomer, these bands were found at 669 nm (14946 cm

 

−

 

1

 

),
410 (24398), 318 (31414), and 276 (36286), and for the dimer-
ic NiCRPc a degenerate band was observed at 672 nm (14887
cm

 

−

 

1

 

) and 632 nm (15832 cm

 

−

 

1

 

), which indicates that the
splitting (the difference of two 

 

A

 

’s in Fig. 4B) is ca. 950 cm

 

−

 

1

 

,
while the pair of Soret (B) bands were separated by ca. 2180
cm

 

−

 

1

 

 (the difference of two 

 

A

 

’s at the left-hand side in
Fig. 4C).  Faraday 

 

A

 

 terms which indicate the presence of de-
generate excited states were also found for the dimer of
H

 

2

 

CRPc at 641 nm (15596 cm

 

−

 

1

 

), 428 (23384), 395 (25309),

336 (29799), and 291 (34388), which gave a value of 1925
cm

 

−

 

1

 

 for the separation of the two components in the Soret
band region.

Interplanar interactions in the triplet dimers of ZnCRPc and
H

 

2

 

CRPc were examined by time-resolved EPR,

 

11

 

 and com-
pared with those of crowned porphyrin systems.  The contribu-
tions of charge resonance-type (CR) and exciton-type (EX) in-
teractions were directly estimated on the basis of the zero field
splitting parameters of the excited triplet states.  The contribu-
tion of CR character was largest for the crown-ether-bridged
Zn tetraphenyl porphyrin dimer 

 

7

 

 (for the dimer structure, see
Fig. 4).  This was interpreted mainly in terms of the interaction
between the 4p

 

z

 

 orbital of Zn and the a

 

2u

 

 HOMO of the por-
phyrin.  In contrast, the role of Zn in the ZnCRPc dimer system
was estimated to be much smaller, because little interaction
was expected between the 4p

 

z

 

 orbital of Zn and the a

 

1u

 

 HOMO
of phthalocyanines (note that the a

 

1u

 

 orbital has nodes at pyr-
role nitrogens through which the interactions may occur).  Fur-
thermore, the S1 (lowest energy excited, singlet state) and T1
(lowest triplet state) energies of monomers and dimers were
compared.  For the porphyrins, both S1 and T1 were red-shift-
ed, while S1 of CRPc was blue-shifted by dimerization.  These
observations supported the importance of CR and EX interac-
tion for the Zn porphyrin and ZnCRPc dimer, respectively.

Next, Pc analogues with 

 

C

 

2

 

v

 

 symmetry containing three
crown ether units, 

 

8

 

 and 

 

9

 

 (Fig. 6), were prepared and their
properties were examined.

 

12

 

  From the Pc structure, one ben-
zene unit was removed or fused and the other three benzenes
were linked to 15-crown-5 ethers.  Differing from tetraphe-
nylporphyrins having three or four crown ether units, the cat-
ion-induced cofacial eclipsed dimers can again have 

 

C

 

2

 

v

 

 sym-
metry.  Since this type of chromophoric system had not been
realized previously, this gave us a rare opportunity to study the
optical properties of such systems.  By the addition of K

 

+

 

,
Rb

 

+

 

, or Cs

 

+

 

, cofacial dimerization was induced, as in the case
of the MtCRPc with four 15-crown-5 units having 

 

D

 

4

 

h

 

 symme-
try, and the interplanar distance was estimated to be 4.1–4.2 Å
from analysis of the EPR spectra of the copper complexes.
The electronic and MCD spectra in the absence of these cat-
ions showed split Q bands as a result of the lifting of the upper
state degeneracy, as shown typically for tribenzotetraazapor-
phyrin, 

 

8

 

, in Fig. 7A, while the dimers gave blue-shifted Q
bands, as can be deduced from the exciton theory.  However,
the Q MCD band had a dispersion curve (Faraday 

 

A

 

 term type)
characteristic to the upper state degeneracy corresponding to
the absorption peak, indicating that the spectra of cofacial
eclipsed dimers are insensitive to the symmetry of the consti-
tuting monomer (note that the 

 

C

 

2

 

v

 

 chromophore cannot have
degenerate excited states from the standpoint of group theory).

These ZnCRPc monomers with three crown ether units
showed both S1 and S2 (second lowest energy excited, singlet
state) emission (Fig. 7B for 

 

8

 

).  The S2 emission was much
broader than the S1 emission; in each case the Stokes shift of
the S1 emission was very small, while that of the S2 emission
was very large.  Interestingly, the quantum yield of the S1
emission decreased with decreasing molecular symmetry from
a value of 0.16 for ZnPc with a 

 

D

 

4

 

h

 

 

 

π system to 0.09 for 8 and
tribenzomononaphthotetraazaporphyrin, 9, with C2v chro-
mophores, while the lifetime was longer for larger macrocy-

Fig. 4.   Proposed structures for the cation-induced linear 5
and cofacial 6 dimer of MCRPc and a cofacial dimer of tet-
ra-crowned metalloporphyrin 7.  Solid circles indicate cat-
ions such as K+ and Ca2+.
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cles, suggesting the operation of mechanisms other than non-
radiative decay.  On the other hand, the quantum yield of S2
emission is the smallest for the most symmetrical D4h π system
and becomes larger for lower C2v π systems.

In contrast to the S1 emission, whose decay curves could be
fitted by single exponential curves, double exponential curves
were always required for the S2 emission in order to obtain a
good fit.  Two components, one with τ = subnanosecond and
the other with τ = 19–27 ns, were required.  Since the latter
values were fairly large for states with a singlet multiplicity, it
was deduced that the S2 emission may be originating in
ligand-centered triplet states, such as π–π*.

Zero field splitting parameters, D and E, of the Zn complex-
es with three crown-ether units were obtained by analysis of
time-resolved EPR spectra.  In the case of the monomers, the
D value decreased with increasing molecular size, indicating
delocalization of the unpaired electrons over the whole macro-
cycle.  The D value further decreased on cofacial dimer forma-
tion.  Concerning the predominant intersystem crossing to Tz

(the z compnent of triplet sublevels) (Pz � Px, Py (P: popula-
tion)) which was obtained from simulation of the spectra, par-
ticipation of the d orbitals (dxz, dyz) of the Zn atom in the T1
(π–π*) was considered, which would represent a striking con-
trast to metal-free11 and MgPc13 (Px, Py � Pz).

A four crown-ether-linked phthalocyanine prepared from
the tetraanhydrides of 2,3,9,10,16,17,23,24-octacarboxyPc and
15-crown-5-ed aniline, 10 (Fig. 6), also showed a two-step
three-stage cofacial dimerization, but this process was not as
clear as for the above CRPc systems.14a  A phthalocyanine
dimer linked peripherally by one 18-crown-6 unit, 11 (Fig. 6),
did not show any evidence of dimerization by the addition of
various cations.14b

Fig. 5.   (A) MCD (bottom) and electronic absorption spectra (top) of NiCRPc monomer (solid lines) and its K+-induced dimer (bro-
ken lines) in CHCl3.  (B) and (C) are band deconvolution analyses of the dimer spectra in the Q and Soret band regions, respective-
ly. “A” denotes the positions of Faraday A terms.

Fig. 6.   Pc analogues containing three 15-crown-5 units, 8
and 9, another type of tetra-crowned Pc 10, and a Pc dimer
linked by 18-crown-6, 11.
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2.   Optically Active Phthalocyanines

Optical activity is ubiquitous in nature.  In the case of por-
phyrinic compounds, hemoproteins and chlorophylls have
been well known for many years.  Synthetic chiral porphyrins
have also been reported over the last 20 years or so, but the his-
tory of optically active Pcs is only approximately half as long
as that of porphyrins.  One of the reasons for this appears to be
a difficulty in controlling the molecular structure.  The first
chiral Pc, 12 (Fig. 8), was reported in 1988;16 it contained opti-
cally active carbons in the side chains and showed mesomor-
phic behaviour.

2-1.   Phthalocyanines with Optically Active Aromatic
Molecules.    a) Peripheral Substitution.    Our first chiral

Pcs contained optically active binaphthyl units on the Pc pe-
riphery, 13 and 14 (Fig. 8), and were designed for three pur-
poses.  Firstly, we wanted to know the relationship between the
helicity and the sign of induced circular dichroism (ICD) in he-
moproteins.  Hemoproteins generally show either positive or
negative CD curves throughout both the Soret and Q band re-
gions, and hence their shape is often similar to that of the ab-
sorption spectrum.  However, the correspondence between the
asymmetric environment surrounding the heme and the sign of
the ICD had not been determined.  According to theoretical
calculations,17 the ICD sign was determined solely by a cou-
pled oscillator interaction between the heme transitions and al-
lowed π–π* transitions in nearby aromatic side chains.  There-
fore, we thought it possible for the Pc chromophore and chiral
binaphthyl units to function in place of the heme chromophore
and the nearby aromatic side chains, respectively, in hemopro-
teins.  The second interest was to assertain whether or not
chirality control of the Pc stacking was possible, since Pcs
were well known to be prone to cofacial aggregation.  The last
aim was to elucidate the generation mechanism of the CD.
Since the Q band corresponding to the longest-wavelength al-
lowed transition is much more intense for Pcs than for porphy-
rins, Pcs were thought to be better for this purpose.  Thus, two
types of binaphthyl-linked Pc were synthesized.18  In one type
of precursor, a chiral binaphthyl unit was linked to the 4th and

Fig. 7.   (A) UV-visible absorption (bottom) and MCD (top)
spectra of 8, monomer (solid lines), 8–Rb+–8 linear dimer
(dotted lines) and [8]2(Rb)3 cofacial dimer (broken lines) in
CHCl3.  A dispersion type MCD curve associated with the
Q00 band of [8]2(Rb)3 suggests that the Q1 state may be de-
generate.  (B) Fluorescence emission (solid lines) and exci-
tation spectra (broken lines) of 8 in CHCl3.  There is no in-
tensity relationship between the S1 and S2 emissions.

Fig. 8.   Structures of the first chiral Pc, 12, reported in 1988,
our first chiral Pcs, 13 and 14, reported in 1993, and two
types of optically active binaphthyl-linked Pc, 15 and 16,
used for the elucidation of CD generation mechanism in
1999.
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5th position of phthalonitrile via two two-membered alkyl
chains, 13, and in the other type two phthalonitrile units were
bound to hydroxy groups of binaphthyl-2,2′-diol via two four-
membered alkyl chains, 14.  The resultant Pcs contained, re-
spectively, four and two binaphthyl units.  Four R and S bi-
naphthyl-linked CuPc, 13, produced positive and negative CD,
respectively, corresponding to the entire region of the absorp-
tion spectrum of the Pc chromophore.  Since R and S binaph-
thyls are left- and right-handed conformers, respectively, it was
determined that hemoproteins in the field of left- and right-
handed environments produce positive and negative ICD signs,
respectively.  Pcs with two binaphthyl units, 14, were used for
cofacial dimerization experiments.  When dimers were formed,
Pcs with R and S binaphthyls showed negative-to-positive and
positive-to-negative CD patterns, respectively, associated with
the Q band on going from longer to shorter wavelengths.
Thus, chirality control of the Pc stacking was achieved: left-
handed and right-handed helix, respectively, for the R and S bi-
naphthyl-linked Pcs.  For elucidation of the CD generation
mechanism, similar types of Pc were prepared.  However, in
order to strengthen the CD intensity and lower the structural
flexibility, binaphthyl units were placed as close as possible to
the center of the Pc, 15 and 16 (Fig. 8).19  Perturbation theory
provided two predominant mechanisms to induce CD: the
Kuhn–Kirkwood coupled oscillator mechanism, and the CD
stealing mechanism.  In the former mechanism, rotatory
strength, R1, can arise if the electronic transition dipoles on the
chromophore and on the substituent are skewed.  R1 is propor-
tional to (rj − ri)•(µµµµj × µµµµi), where rj and ri are the position vec-
tors of the centers of gravity of the chromophores i (in this
case, Pc) and j (binaphthyl), and µµµµ is the electronic transition
moment.  The latter CD stealing mechanism directly transfers
rotatory strength from the strongly active substituent to the
central Pc transition via dipolar coupling.  It requires the tran-
sition moments at the two centers to be aligned, since the rota-
tional strength through this mechanism, R2, is proportional to
Im (µµµµi•mj), where mj is the magnetic transition moment of j.  A
possible third mechanism might be via coupling between the
magnetic transition moment of the central chromophore and
the electronic transition moments of the periphery.  In the D4h

symmetry group of the unsubstituted MtPc, transitions to both
the Soret and Q bands transform as Eu representations, while
magnetic transition moments require Eg + A2g symmetries.
Hence, neither of the Pc transitions carries an intrinsic magnet-
ic moment.  Therefore, this third mechanism was strictly sym-
metry-forbidden.

All possible couplings were considered (Fig. 9).  The two
mechanisms which contribute to the rotatory strength of the B
type transitions were expressed numerically and gave a small
negative value, while the induced rotational strength of the A
component is only due to the CD stealing channel (Fig. 9, top)
and gave a large positive value for (R)-binaphthylPc.  Hence,
as a result of superimposition of small negative and large posi-
tive branches, the sign of the CD spectrum of (R)-binaphthyl-
linked Pcs becomes positive in the wavelength region of the Pc
chromophore.  For the S configuration, the sign was, of course,
opposite, as was indeed observed (Fig. 10).  In the case of four
binaphthyl-containing Pcs such as 16, the shape, particularly
the Q band shape, of the ICD spectra was similar to that of the

absorption spectra, since the upper states are degenerate (Fig.
11, left).  In the case of two binaphthyl-containing Pcs such as
15 (Fig. 11, right), the shape of the Q absorption and ICD band
differed slightly due to the lowering of the Pc chromophore
symmetry from approximate D4h to D2h, and concomitant lift-
ing of the upper state degeneracy.  Here, a single Q00 absorp-
tion band peak in D4h Pc split into a peak at longer wavelength
and a shoulder at shorter wavelength, and as a result became
broader.  In contrast, the Q CD band became sharper.  This was

Fig. 9.   Overview of all possible couplings.  All moments are
in-plane except for µµµµj

B and mj
B.  Here, α is the angle be-

tween the binaphthyl planes, θ is the inclination of the in-
ternaphthyl bond with respect to the Pc plane, and r12 is the
internaphthyl distance.

Fig. 10.   Spectra for four-binaphthyl-linked H2Pc.
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interpreted, for example, for the R-binaphthyl-linked Pcs, by
considering that the Q CD band was composed of the superim-
position of a strong positive CD at the Q00 absorption peak and
a small negative CD corresponding to the shoulder at shorter
wavelength.  Although the apparent relative intensity of the
Soret band to the Q band is stronger for the CD spectra than for
the absorption spectra (Fig. 10), a reasonable explanation was
provided: this is due to the energy difference between the ab-
sorption wavelength of binaphthyls and the Soret or Q bands
(see original paper for details).

ICD spectra of electrolysed cobalt species were also record-
ed.20  Monovalent CoPc generally shows an absorption peak of
medium intensity between the Q and Soret band, which has
been assigned to a charge-transfer band from the cobalt eg to
ligand b1u orbital under D4h symmetry.21  When R-binaphthyl-
linked CoPc was used, both the starting Co(Ⅱ) and reduced
Co(Ⅰ) species revealed positive ICD spectra whose shapes were
similar to those of the absorption spectra.  Since the symmetry
of the first excited state is Eu as in the case of the Q and Soret
bands, this was taken as an indication that all these bands were
in-plane polarized.

The metal-free and the zinc complexes of these optically ac-
tive Pcs fluoresce from the S1 and S2 states.  Since these com-
plexes are chiral, their excitation spectra were recorded using a
spectrodichrometer.  The resultant spectra are therefore called
“fluorescent-detected induced circular dichroism (FDICD)”
spectra.22  Pcs with R- and S-binaphthyl units showed positive
and negative spectra, respectively, in the 270–700 nm region
which is the absorption window of the Pc chromophore, indi-
cating that the R species absorbs left circularly polarized light
more than the right, and vice versa for the S species (Fig. 12).
These were the only FDICD spectra ever reported.

b) Axial Substitution.    By linking an optically active
chromophore as an axial ligand, we can prepare Pcs with axial
chirality.  When we used the reactivity of the axial oxygen in
TiOPc, which is readily displaced by ortho-phenolic OH
groups, with the elimination of water, to produce two ether
linkages (i.e. from Ti = O to ),23,24 tert-butylated

TiOPc and S- or R-1,1′-binaphthyl-2,2′-diol were reacted.25

The Q00 band of their absorption spectra split into two peaks
due to exciton interaction between the Pc and binaphthyl
ligands,23 while a very weak peak which had not been ob-
served for general Pcs developed at ca. 510 nm (Fig. 13).  In
the CD spectrum, the R-binaphthyl-linked species showed a
plus-to-minus pattern at the Q00 and the 510 nm bands, and a
small negative-to-strong positive pattern in the Soret band re-
gion, viewing from the longer wavelength side.  This sign-in-
version could only be explained by considering interactions
among three independent chromophores (i.e. one Pc and two
naphthalenes), since the distance between the Pc and binaph-
thyl units is too short.

2-2.   Phthalocyanines Containing Chiral Carbons in the
Side-Chain.    The relationship between the CD sign and con-
figuration of carbons in the side chain has not been reported.
One reason is that the CD signals of this type of Pc are very
weak in intensity.  Accordingly, few researchers have been in-
terested in this problem.  In order to induce chirality in the Pc
chromophore, chiral carbons must be located as close as possi-
ble to the Pc chromophore, preferably without freedom of
movement.  In order to satisfy these conditions, pyrazinonitrile
fused with (1R)-(−)- or (1S)-(+)-camphor was prepared and
tetracyclized in the presence of 1,8-diazabicyclo[5,4,0]undec-
7-ene (DBU).26  The resultant R and S metal-free species

Fig. 11.   Electronic absorption (bottom), CD (middle), and
MCD (top) spectra in the Q band region of (A) (R)- and
(S)-ZnPc with four-binaphthyl units, and (B) (R)-ZnPc
with two-binaphthyl units.  The MCD and absorption spec-
tra in (A) indicate that the excited state of the Q band is de-
generate, while those in (B) suggest it is not degenerate.

Fig. 12.   Fluorescence detected induced CD spectra of (R)-
and (S)-H2Pc with four-binaphthyl units (top), and (R)- and
(S)-ZnPc with four-binaphthyl units (bottom) in THF.
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showed positive and negative CD signs, respectively, through-
out all the spectral regions, and the shapes of the CD spectra
were similar to those of the absorption spectra.  From the result
which was described in the preceding section, it was concluded
that the chiral carbons in R and S species gave asymmetric
fields of left- and right-handed conformers, respectively.  In the
case of copper complexes, a dispersion-type CD curve was ob-
served, corresponding only to the Q00 absorption band.  No
reasonable theoretical interpretation has been given for this
phenomenon.  Copper complexes formed cofacial dimers un-
der a mixed solvent system.  Under this condition, the sign of
the CD spectrum of the R species changed from negative to
positive in both the Q and Soret band regions on going from
longer to shorter wavelength, while that of the S species
changed in the opposite manner.  These changes in CD sign in-
dicated that the R and S enantiomers have opposite chirality of
stacking: left-handed for the former and right-handed for the
latter.  Thus, control of the chirality of stacking was attained by
changing the configuration of the carbon atoms in the substitu-
ents.

2-3.   Phthalocyanines with Planar Asymmetry.    With
the development of synthetic methods,27–29 it became possible
to prepare tetra-substituted Pcs with single-handed rotation.  If
an axial ligand is attached, the resultant Pc is a mixture of
right-handed and left-handed conformers.  Thus, VOPc with
single-handed rotation was resolved into two enantiomers by

use of an optically active HPLC column, and their CD spectra
were recorded (Fig. 14).30  By comparison with the results of
theoretical calculations, the second eluted component, which
showed positive CD sign at both the Q and Soret bands and
negative CD at an n-π* transition band, was assigned to the
right-handed conformer (for the structure, see the inset of Fig.
14).

3.   Subphthalocyanines

Subphthalocyanine (SubPc), 3 (Fig. 1), was first synthe-
sized31 in 1972, and two years later its structure was analyzed
using X-ray crystallography.32  In contrast to general Pcs,
which have four isoindole units and a planar structure, the Sub-
Pc macrocycle is composed of three isoindole units and exhib-
its a parabolic antenna-like structure, 17 (Fig. 15).  However,
over the following 15 years no further data were published
on SubPcs.  When I began studying SubPcs about a decade
ago, I aspired to preparing “Red” Pcs, since stable red-dyes
and pigments had long been sought for.  One idea was to de-
crease the size of Pcs by removing one isoindole unit, since
Pcs having four isoindole units already have a blue-green col-
or.  When I manipulated SubPcs which was purplish red, how-
ever, it was noticed that quite often metal-free Pcs with a blue
color were produced.  Since superphthalocyanines which have
five isoindole subunits and contain uranium dioxide, and ac-
cordingly have a structure which is buckled and severely and
irregularly distorted from planarity33 were known to undergo a
ring contraction reaction,34 we considered that SubPc may in-
corporate another isoindole unit to form the more stable Pc

Fig. 13.   Structure of tert-butylated TiPc linked with a (R)-bi-
naphthyl molecule (inset), and absorption (bottom), MCD
(middle) and CD spectra (top) of (R)- and (S)-binaphthyl-
linked TiPc in THF.

Fig. 14.   Electronic absorption (bottom), CD (middle), and
MCD spectra (top) of a VOPc with single-handed rotation,
in CHCl3.
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structure.  In this way, it was found that the reaction of SubPc
with excess isoindole in a mixture of DMSO and aromatic sol-
vent such as chloronaphthalene at 80–90 °C produces mono-
substituted type unsymmetrical Pcs and Pc analogues.35  Since
then, nearly 50 papers have been published on ring-expansion
reactions of SubPcs across the world.36,37  We initially thought
intuitively that the distorted, strained structure of SubPc is the
driving force of the ring expansion.  However, our calculations
later suggested that the lack of donor–acceptor stabilization in
B–N(pyrrole) bonds destabilizes SubPc, and that the initial
step of the ring expansion reaction consists of an elimination
process of an axial ligand of SubPc.38  In addition, many new
SubPc analogues have been prepared and characterized spec-
troscopically.  For example, the axial OH group of SubPcs is
reactive and forms a µ-oxo dimer by elimination of a water
molecule.  A crowned SubPc with an axial phenyl group does
not form a cofacial dimer in the presence of cations such as
K+, Cs+, and Rb+ which induce dimerization of crowned
Pcs,7,8 because of its bowl-shaped structure, 18 (Fig. 15).
However, this crowned SubPc can produce supramolecules
with cyclodextrins (CDxs).  This was confirmed using NMR
and circular dichroism spectroscopy.  In particular, the latter
spectroscopy has been intensively utilized to determine the
orientation of the guest molecule trapped in the cavity of CDx,
the polarization direction of the bands of chromophore mole-
cules, and the configuration of two chromophores in the CDx
cavity.39  Accordingly, a great deal of information can be ob-
tained from the analysis of circular dichroism spectra of CDx-
chromophore supramolecules.  Thus, the crowned SubPc with
a phenyl axial ligand was found to form a lid-type inclusion
complex with dimethyl-β-CDx in both acetonitrile and aceto-
nitrile–water (3:2 v/v), 18 (Fig. 15), but the inclusion of the
phenyl group is deeper in the latter solvent.

The electronic absorption and MCD spectra of SubPcs were
analyzed by band deconvolution and molecular orbital calcula-
tions.  As in the case of MPcs, there is only one degenerate ex-
cited state in the Q band region, while three degenerate excited
states were detected in the Soret band region.  In particular, a
small Faraday A term was perceived at the longer wavelength
side of the intense Soret band.  This is exactly the same phe-
nomenon as observed for MPcs.40  Similarly to the tetraazapor-

phyrin (TAP), Pc, and naphthalocyanine (Nc) series, the Q
band of subazaporphyrin (SubAP), SubPc, and SubNc shifts to
longer wavelength with concomitant increase in intensity,
while the Soret band shifts to shorter wavelength with concom-
itant decrease in intensity in this order (Fig. 16).  In these com-
pounds, the LUMO is doubly degenerate, and does not change
its energy significantly, while the HOMO level destabilizes
markedly on going from SubAP, SubPc, and further to SubNc.

SubAP, SubPc, and SubNc all showed S1 emission.  In
CHCl3, their quantum yields were 0.034, 0.61, and 0.094, re-
spectively, while the Stokes shift of SubAP was particularly
large (5900 cm−1) suggesting that the SubAP structure is flexi-
ble, and therefore that the structures in the ground and excited
states are different.  SubPc with crown units alone gave S2
emission in addition to S1 emission.  The zero-field splitting
parameter, D, obtained from analysis of the time-resolved EPR
spectrum (0.870 GHz), indicated that the π-delocalization in
the T1 state of SubPc is indeed smaller than that of ZnPc
(0.705 GHz).

4.   Ring-Expanded and Low Symmetrical Phthalocyanine 
Analogues

When the π-system of tetraazaporphyrins is expanded radi-
ally viewing from the center of the macrocycle, Pcs, Ncs, and
anthracocyanines (Acs) are formed.  However, no one knew
the extent of the shift of the Q band and how the Q band inten-
sity would change.  In addition, no data were present on low
symmetrical Pc analogues when I began studying these com-
pounds around a decade ago.  The shape, position, and intensi-
ty of the main absorption band of Pc analogues are important
factors in considering their role in society, since they have
been used as dyes and pigments and in fields utilizing lasers.
In order to find the relationship between size, shape, and spec-
troscopic and/or electrochemical properties, we have prepared
several ring-expanded and low symmetrical Pc analogues and
characterized these.

a) Symmetrically Ring-Expanded Species.    In the first
step, TAP, 4 (Fig. 1), Pc, Nc, and Ac having four t-butyl groups
at similar positions were prepared.41,42  Although the Q band
shifts to longer wavelength with increasing molecular size, the

Fig. 15.   SubPc 17 (side-view) and crowned SubPc having a
phenyl group as an axial ligand 18.  When the latter makes
an inclusion complex with 2,6-dimethyl-β-cyclodextrin,
the phenyl moiety is trapped into the cavity of 2,6-dimeth-
yl-β-cyclodextrin.

Fig. 16.   Electronic absorption spectra of subazaporphyrin
(solid line), SubPc (dotted line), and SubNc (broken line)
in CHCl3.
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extent of the shift becomes smaller the larger the size of the
macrocyclic ligand.  In other words, if we set the shift from
TAP to Pc at unity, the shift from Pc to Nc was 0.7, while that
from Nc to Ac was 0.5.  On the other hand, the variation of the
absorption coefficient of the Q00 band did not have a linear de-
pendence on the size of the chromophore.  This increased from
TAP to Pc, and further to Nc, but decreased slightly from Nc to
Ac.  Measurements of the redox couples of these compounds
showed that the first reduction potential changes only slightly
while the first oxidation becomes significantly easier with in-
creasing molecular size, indicating that the LUMO level does
not change, while the HOMO level destabilizes markedly on
going from TAP to Ac.  Thus, though the shift of the longest-
wavelength band implies a decrease of the HOMO–LUMO
gap, the destabilization of the HOMO is the main contributer.
These spectroscopic and electrochemical data have been satis-
factorily reproduced by molecular orbital calculations within
the framework of the Pariser–Parr–Pople (PPP) approximation,
except for the absorption coefficient change from Nc to Ac (in
the calculation, the absorption coefficient of the Q band of Ac
is slightly larger than that of Nc43).  Through these experi-
ments, we obtained a very important result in that the practical
size limitation of the ring-expanded TAP is Ac, since larger tet-
raazamacrocycles become more prone to oxidation (after oxi-
dative decomposition, imides such as naphthalimides and an-
thracoimides are obtained).  We also found that the common
knowledge that metal-free porphyrins and phthalocyanines
have a four-peak Q band does not hold for metal-free Nc and
Ac derivatives, since the splitting of the 0x00 and Qy00 becomes
smaller in these species.

In the case of tetrabenzoporphyrin, tetranaphthoporphyrin,
and tetraanthracoporphyrin,44 the Q band shifts to longer wave-
length with increasing molecular size, but its position is always
shorter, and the relative intensity of the Soret band to the Q
band is larger than the corresponding tetraazaporphyrins.  In
contrast to the tetraazaporphyrin series, the first reduction also
becomes slightly easier, indicating that the LUMO level be-
comes slightly lower with increasing molecular size.  This is
reproduced by PPP molecular orbital (MO) calculations.45,46

Two other types of ring-expanded TAP have been prepared.
The first is what we call  fluoranthocyanine, 19 (Fig. 17), pre-
pared from fluoranthenedicarbonitrile in the presense of lithi-
um.47  In this Pc analogue, a five membered aromatic ring
fused to 1,8-naphthalene is fused to each benzene ring of Pc.
The position of the Q absorption peak is shorter than that of
Nc, since only a five-membered ring is fused radially, viewing
from the center of the molecule, while the Soret band lies at a
longer wavelength than it does for normal Pcs.  The second is
cycloheptatriene-fused TAPs, 20 (Fig. 17).48  In these Pc ana-
logues, the size and symmetry of the π-system changes revers-
ibly during dehydrogenation/hydrogenation cycling of the cy-
cloheptatriene moiety.  Because of the extended π-system, the
parent molecules show the Q and Soret bands at 710–720 and
ca. 400 nm, respectively.

b) Mono-substituted Species.    Mono-substituted Pc spe-
cies had previously been prepared by either a mixed condensa-
tion method or a polymer support method.49  However, the re-
action of SubPc with isoindolediimine in DMSO-chloronaph-
thalene at 80–90 °C led to mono-substituted metal-free species

in moderate yields (Fig. 18).35–38  The stepwise adjustment of
the size of the π-conjugated macrocyclic systems became pos-
sible by adopting this method.  For example, if one reacts suc-
cinoimidine, isoindolediimine, or benzo- or naphtho-fused
isoindolediimine with tert-butylated SubPc, the Q band posi-
tions of the resultant compounds differ by 20–30 nm per ben-
zene unit.  By comparing the experimental spectra with the re-
sults of PPP molecular orbital calculations, we proposed two
pyrrole hydrogen atoms to bind to the nitrogen along the short
axis of the molecules.38

In mono-substituted species also, the first reduction poten-
tials are almost constant, irrespective of the size of the intro-
duced aromatic molecule,50 but the first oxidation becomes
easier with increasing molecular size; these tendencies were
reproduced by PPP MO calculations.43  When aromatic mole-
cules of the same size were introduced to the TAP and Pc skel-
etons, the spectroscopic change in the smaller TAP species is
larger.  Thus, when one benzene molecule was fused to a Co-
TAP which has a Q band at 615 nm, the Q bands appeared at
655 and 634 nm,51 while when one benzene molecule was
fused to a ZnPc which has a Q band at 665 nm, the Q bands ap-
peared at 693 and 681 nm.52  The mono-substituted species

Fig. 17.   Structures of ring-expanded and low symmetrical Pc
derivatives.

Fig. 18.   Ring-expansion of SubPc to produce mono-substi-
tuted type Pcs.  “R” can be aromatic rings such as benzene,
naphthalene, anthracene, and pyridine.
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generally shows split Q bands, and the splitting is larger the
larger size of the fused aromatics.  Interestingly, of the split Q
bands, the relative intensity of the band at longer wavelength is
always weaker, and this tendency is more marked when larger
aromatics are introduced.

Two completely different types of mono-substituted Pc ana-
logue have also been prepared.  The first is a Pc analogue con-
taining a 1,8-naphthalene unit instead of benzene in the Pc
skeleton, 21 (Fig. 17).53  This compound shows two small ab-
sorption peaks beyond the main Q band.  The PPP MO calcula-
tions suggested that in this type of molecule, the HOMO-1 and
HOMO-2 orbitals destabilize, and as a result the HOMO and
HOMO-1 levels in Pc are inverted.  The above unusual absorp-
tion bands could be explained using a five orbital model (two
LUMOs and three HOMOs).  Since the spectra of porphyrins
and Pcs reported to date had all been explained using a four or-
bital model, this was the first Pc analogue whose spectrum
could not be interpreted by this model.  The other type of
mono-substituted Pc analogue is tetrabenzo-triazaTAP, 22
(Fig. 17) and tetranaphtho-triazaTAP.54  In these compounds,
one meso-nitrogen in Pc or Nc is replaced by a carbon atom, so
that they therefore lie in between tetrabenzoporphyrin and Pc
or Nc.  Compared with the spectra of Pc or Nc, the Q band oc-
curred at shorter wavelength, while the Soret band was seen at
slightly longer wavelength.  According to ZINDO/S calcula-
tions, the LUMO in D4h Pc splits into two orbitals and the ener-
gy level of the HOMO drops, while that of the HOMO-1 in-
creases in tetrabenzotriazaTAPs.  As a whole, the spectra can
be interpreted as derivatives of Pc.  The S1 fluorescence quan-
tum yields of these triazaTAPs were lower than those for the
corresponding Pc or Nc.

Although spectroscopically not very interesting, we devel-
oped a transformation method from tribenzo[b,g,l]thieno[3,4-
q]porphyrazine obtained by a cross cyclotetramerization reac-
tion of phthalonitrile and 3,4-dicyanothiophene to mono-sub-
stituted Pc.55

c) Opposite-Di-substituted Species.    Our group synthe-
sized the first MPc (a ZnPc) with symmetry other than D4h.56

This was achieved using 3,6-diphenylphthalonitrile as one of
two starting phthalonitriles in a mixed condensation.  Because
of the steric hindrance between the phenyl groups, a ZnPc with
D2h symmetry was preferentially separated, and identified by
mass and NMR spectroscopies.

These showed a split, four-peak Q band, similarly to the re-
sults for metal-free Pcs.  In a similar manner, zinc and cobalt
dinaphthotetraazaporphyrins with D2h symmetry, whose π-
conjugated aromatic cores are structural isomers of Pc, 23
(Fig. 17) were synthesized from 2,3-dicyano-1,4-diphenyl-
naphthalene and 2,3-diphenylmaleonitrile.57  Their D2h struc-
ture was determined from mass and absorption spectra.  Com-
paring the Q band absorption spectra of ZnTAP, mono-naph-
tho-fused ZnTAP, and di-naphtho-fused ZnTAP, we found that
the Q band shifted to longer wavelength with enlargement of
the π-system.  However, according to symmetry-adapted per-
turbation theory,43 the energy difference between the Q band of
TAP and the center of the split Q bands of di-naphtho-fused
TAP should be twice that between the Q band of TAP and the
center of the split Q bands of mono-naphtho-fused TAP.  In ad-
dition, the splitting of the Q bands in opposite-di-substituted

species should be more than twice that in mono-substituted
species.  Therefore, if we collected the portion which yielded
the desired mass spectra and these spectroscopic characteris-
tics, these must be the desired D2h species.  The di-naphtho-
fused zinc and cobalt TAPs prepared in this way produced a
split Q band at ca. 800 and 640–650 nm and a broad Soret
band between 300 and 500 nm, and hence, these compounds
can be used as broad light absorbers.  Interestingly, the fluores-
cence quantum yields of both the D2h ZnPc and di-naphtho-
fused ZnTAP were much lower than that of normal ZnPc with
D4h symmetry, indicating that the lowering of symmetry reduc-
es the fluorescence intensity, probably through vibrational
mode coupling.  In voltammetry, the potential difference be-
tween the first oxidation and reduction was found to be smaller
than that in general Pcs, in accordance with the results inferred
from the position of the Q band.  These D2h type MPc species
exhibit different behavior even in electolyzed states.58  For ex-
ample, one-electron reduced MPcs with D4h symmetry gener-
ally exhibit two intense peaks between ca. 550 and 650 nm
which can be assigned to a π*–π* transition from the partially
occupied, Jahn-Teller split LUMO ∆ML = ±5 orbitals into the
empty symmetrically-split ∆ML = ±6 orbitals in the cyclic
polyene model of the electronic structure.59  In the case of the
one-electron reduced D2h type ZnPc, a weak and broad Q band
was observed between 600 and 700 nm, with a very broad
near-IR band extending to ca. 1000 nm.

d) Adjacent-Di-substituted Species.    Our first adjacent-
di-substituted Pc analogue was adjacently di-benzo-substituted
CuTAP.60  This compound was synthesized because it was
expected43 to have a Q absorption band at around 630–640 nm.
Indeed, when comparison was made between CuTAP, di-ben-
zo-substituted CuTAP, and a CuPc, the Q band shifted from
586 to 633 and 709 nm in this order, with concomitant increase
in intensity.  The Q band position of films of this species did
not differ practically from that in solution, which is useful in
manufacturing read/write compact discs for computers.  The
potential difference between the first oxidation and reduction
was about 1.89 V, which is smaller than that for CuTAP (2.07
V) but larger than for a CuPc (1.70 V).  Concerning the shift of
the Q band from TAP, to di-benzoTAP, and further to Pc, PPP
MO calculations suggested a large contribution from the desta-
bilized HOMOs.  One notable result from MO calculations on
these adjacently di-substituted compounds was that the energy
levels of the LUMO and second LUMO are very close.  It was
found that the thermal stability of the above adjacently di-ben-
zo-substituted CuTAP is approximately 95 degrees lower than
the corresponding CuPc having the same substituents.  The
second example of this series is a dinaphthophthalocyanine
with C2v symmetry, 24 (Fig. 17), which is a structural isomer
of Ncs in the sense that eight benzene units are fused to the
TAP skeleton.61  Linearly benzoannulated, so-called, 2,3-Nc,
25 (Fig. 17), and angularly benzoannulated 1,2-Nc, 26 (Fig.
17), had been known, but no other Nc isomers had been report-
ed until two years ago.  Our dinaphthophthalocyanine showed
Q and Soret bands at ca. 800 and 333 nm, respectively, similar-
ly to normal 2,3-Ncs, and a weak broad absorption at around
500 nm, which was assigned to local excitations on the an-
thracene ring.

As a unique example of an adjacently di-substituted Pc ana-



ACCOUNTS12 Bull. Chem. Soc. Jpn., 75, No. 1 (2002)

[BULLETIN 2001/12/17 12:02] A1316

logue, a C2v 1,2-Nc, 27 (Fig. 17), was prepared.62  In contrast
to 2,3-Nc, the absorption spectrum of 1,2-Nc is closer to that
of normal Pcs, although the Soret band appears generally at
longer wavelength than for the Pcs.  Although the Q state is not
degenerate in a strict sense, its Q band did not apparently split,
since the splitting was too small (estimated to be ca. 3 nm).

Finally, a series of adjacently di-substituted TAPs were pre-
pared recently.51  Their Q band shifts to longer wavelengths,
without splitting, with increasing molecular size (Fig. 19).  As
seen in this figure, it became possible to adjust the Q band po-
sition between ca. 600 and 750 nm using TAPs.

5.   Dimers and Oligomers of Phthalocyanines and Phthalo-
cyanine Analogues

Our objective was to synthesize Pc dimers and oligomers in
which the mutual positions of the constituting macrocycles
were fixed as far as possible, in order to facilitate the elucida-
tion of interactions.  In this sense, cation-induced MCRPc
dimers were exemplary as a cofacial eclipsed dimer.  As planar
homodimers, M2PcPcs, 28 (Fig. 20), were first prepared and
their properties examined.63–65  Concerning this type of com-
pound, there was a debate that a common benzene ring con-
necting two Pc unit might be reduced.64b  Indeed Simon’s
group pointed out the possibility of the existence of two iso-
meric structures in a study of liquid crystals.64c  One isomer
was found to form liquid crystals much more easily than the
other, and the spectra of this isomer was later found to be con-
sistent with those estimated by MO calculations.64a  In any

case, both the first oxidation and reduction and the second re-
duction couples seen in the corresponding monomer split into
two couples in 28, suggesting that the two constituting units
are interacting through dipole–dipole type coupling.  Such be-
ing the case, we have succeeded in recording the spectra of
mixed valence species and in obtaining the comproportion-
ation constants for each redox couple.  Analysis suggested that
the planarity changes when electrons are added or removed
from the system.  In order to interpret the electronic absorption
spectra of these dinuclear species, MO calculations have been
performed within the framework of the PPP approximation,
and the absorption and MCD spectra analyzed using a band de-
convolution technique (Fig. 21).  As inferred from the redox
data, all MOs in the corresponding D4h monomer split into two
MOs in the dimer; accordingly, these dimer orbitals could be
expressed as a linear combination of monomer orbitals (a few
frontier orbitals are seen in Fig. 22).  In addition, the results
obtained by the MO calculations and band deconvolution anal-
ysis of the experimental data were in accord with respect to the
band position and intensity, strongly suggesting that the inter-
action in the dimer can be explained by dipole–dipole coupling
in each Pc unit (Fig. 21C).  Metal-free and zinc derivatives of
the dimer showed both S1 and S2 fluorescence emission.  The
S1 quantum yields of the dimers were roughly an order of
magnitude smaller than those of the corresponding monomers,
while interestingly the S2 quantum yields of the dimer were al-
ways larger than those of the monomer.  A reasonable interpre-
tation for the latter phenomenon has not yet been made.  In
monolayers spread on water, the metal-free complex appeared
to have a slipped-stack conformation, tilted from the air-water
interface normal plane.  In Langmuir–Blodgett films, it may
form a slipped-stack molecular arrangement with the stacking
axis parallel to the substrate and/or flat-lying conformation on
the substrate surface.

In a similar manner, a planar SubPc dimer, 29 (Fig. 20)66

and tetrabenzoporphyrin (TBP) dimers, 30 (Fig. 20)67 were
synthesized.  The Q band of the SubPc dimer split into two
peaks (separation = 1840 cm−1) and the absorption coefficient
decreased.  The TBP dimer showed a broadened and slightly
red-shifted Q band.  Consistent with this, the splitting of the
1st and 2nd oxidation couples of the copper complex were
only 110–120 mV.

The first Pc-based dimer assembled via pyridine–Pd–pyri-
dine bridges, 31 (Fig. 20) was prepared recently.68  In this case,
a tribenzotetraazaporphyrin having two pyridyl groups from
the adjacent β pyrrole positions was synthesized first, then this
was reacted with a Pd complex having large ligand groups,
namely the bistriflate salt of [1,3-bis(diphenylphosphino)pro-
pane]palladium.  We were not able to use other Pd complexes,
because Pd complexes with normal-sized ligands attack not
only the pyridyl nitrogens but also the meso-nitrogens.  Ac-
cording to force field calculations, the two macrocyclic planes
are nearly planar, and therefore the use of optically active bi-
naphthyl-substituted Pd complexes produced exciton coupled
CD spectra in the Q band region.68b  The split Q absorption
peaks in the starting monomer split further and shift to slightly
longer wavelengths in the dimer.

As planar heterodimers, we have reported two types: a Pc-
pyrazinoporphyrazine (PyZ), 32, type69 and a Pc-Nc type, 33

Fig. 19.   Electronic absorption spectra of CoTAP and its ad-
jacently di-benzene-, -naphthalene-, and -anthracene-fused
derivatives (from top to bottom) in CHCl3.
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(Fig. 20).70  In the preparation of Pc-PyZ and Pc-Nc, an ortho-
dinitrile-containing Pc was first synthesized from 5,6-dicyano-
1,3-isoindolediimine and substituted 1,3-isoindolediimine by
mixed condensation, and this was then condensed with an
isoindolediimine derivative prepared from a pyrazine and am-
monia (Pc-PyZ) or with an isoindolediimine derivative pre-
pared from 2,3-dicyanonaphthalene and ammonia (Pc-Nc).
Both compounds displayed a broad Q band ranging from ca.
600 to 900 nm.  No fluorescence was detected from Pc-PyZ,
plausibly because of intensive intramolecular quenching due to
charge-transfer from Pc to PyZ moieties (in the case of Pc-Nc,
S1 fluorescence with a quantum yield about two orders of
magnitude smaller than that of the constituting monomer was
detected).  Because of instability in solution, the redox couples
at positive potentials were not clear compared with those of the
above homo Pc dimers, but the shape of the reduction couples
suggested a strong intramolecular dipole–dipole interaction, as
seen for the Pc homodimer.  The zero field splitting parameter
of Pc-PyZ in the lowest excited triplet state, obtained by time-
resolved EPR, showed a contribution from a charge-transfer
configuration.71

Lanthanoid sandwich dimers have also been prepared.  For a
series of Pc complexes,72 the first and second oxidation poten-
tials decreased linearly with decreasing ionic radii of the cen-
tral metals, while the reduction potentials showed no observ-
able change.  Lu(PyZ)2 dimer showed well-split Q band and
Faraday A terms, clearly indicating that the two split Q bands

can both be ascribed to transitions to the degenerated excited
state.73  Due to the electron-withdrawing property of the pyra-
zine rings, all redox couples of Lu(PyZ)2 were shifted to anod-
ic potentials by ca. 0.4–0.7 V, suggesting that Lu(PyZ)2 can act
as a π acceptor.  Electrochemistry was performed on two types
of EuNc2, and results were compared with that of the corre-
sponding EuPc2.74  Due to having a larger π system than Pcs,
which generally show four redox couples, they exhibited seven
ring-based redox couples.  Assignment of the bands was at-
tempted using the results of spectroelectrochemistry and si-
multaneous band deconvolution analysis of the electronic ab-
sorption and MCD spectra.

Cofacial Pc dimers linked by 1,8-naphthalene- or -an-
thracene bridges, 34 (Fig. 20) have been prepared, and their
spectroscopic and electrochemical properties examined.75–77

These compounds were mixtures of syn and anti isomers,
which was reflected in the electronic absorption and MCD
spectra and electrochemistry.  The Q bands were broad as a re-
sult of exciton coupling interaction.  The ligand oxidation cou-
ples split by ca. 150–200 mV, while the Co(Ⅱ/Ⅰ) couples split
occasionally by 390–480 mV, so that comproportionation con-
stants were calculated and the spectra of mixed-valence spe-
cies were recorded.  It was found that, when one Co is divalent
while the other Co is monovalent, the extra Co electron delo-
calizes over the two Pc rings.76  In addition, comparison of re-
sults of this study with those of the 1,8-anthracene-pillared
diporphyrin78 suggested strongly that the interaction of the two

Fig. 20.   Structures of planar dimers and a few oligomers of Pc derivatives.
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rings depends not only on distance but also on the extent of
overlap of the electron clouds, since the redox couples of these
diporphyrins did not split.

Pcs are prone to aggregation cofacially, but other three-di-
mensional arrangements are difficult to achieve.  We have suc-
ceeded in constructing a Pc pentamer consisting of mutually
orthogonal Pc units, 35 (Fig. 20), by a one-step reaction using
TiOPc and octahydroxy H2Pc, utilizing the reactivity of the

axial oxygen of TiOPc.79  This pentamer showed a broad Q
band, and our calculations on the basis of excitonic theory pre-

Fig. 21.   Band deconvolution analysis of Cu2PcPc in (A) the
Soret and (B) Q band regions.  Both the absorption and
MCD spectra were fitted with the same band center and
bandwidth parameters.  (C) is the comparison between the
results of the band analysis with those of the PPP MO cal-
culations.  Note the good coincidence between the experi-
ments and calculations both in intensity and positions of
bands.

Fig. 22.   Eight frontier orbitals of PcPc and four frontier or-
bitals of Pc.  Note that the egx and egy orbitals are degener-
ate.  The parentheses under each MO of PcPc indicate the
expression of MO using the notation in D4h symmetry
which is used for Pc.
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dicted four Q-band transitions at 657, 689, 699, and 707 nm,
supporting the experimental observations.  Linear, carp pen-
nant type Pc oligomers, 36 (Fig. 20) have been prepared re-
cently.80  Porphyrins cannot take this type of conformation.
The electronic absorption spectra of these suggested that the
conjugation between the neighboring Pc units is not large. 

Near-planar heteroleptic oligmers consisting of a Pc unit
and four porphyrins were prepared in order to show that it is
possible to obtain a single isomer of a tetrasubstituted Pc.81,82

In general, tetra-substituted Pcs are mixtures of at least four
positional isomers.  By reacting amino derivatives of a porphy-
rin with the tetraanhydride of 2,3,9,10,16,17,23,24-octacar-
boxy Pc, tetra-substituted Pc with D4h symmetry was obtained.

6.   Electronic State of Iron Phthalocyanines

Under aerobic conditions, the oxidation state of iron in iron
porphyrins is generally +3, while that in iron Pcs is +2.83

However, we found a few examples of Fe(Ⅲ)Pcs and examined
their properties.  In particular, these compounds have been
used as deodorants over the last 20 years.  The Fe(Ⅲ) state was
achieved by simply introducing four or eight electron-with-
drawing carboxyl groups onto the periphery of FePcs.84  Since
these compounds aggregate in aqueous solution, the carboxyl
group was esterified by alkyl chains, and their properties were
examined in organic solvents.  Tetracarboxy-esterified FePc re-
vealed electronic absorption and MCD spectra characteristic of
Fe(Ⅲ) porphyrins, together with EPR data supporting an
Fe(Ⅲ) high-spin state.85  One notable characteristic appeared
in the complex formation constants between nitrogeneous
bases.  Namely, the first complex formation constant to form a
five-coordinate complex was much larger than that which
forms a six-coordinate complex86 (in good contrast, Fe(Ⅲ)
high-spin porphyrins show completely opposite behaviour).  In
addition, interestingly, the mono-imidazole adduct was low-
spin Fe(Ⅲ) while the di-imidazole adduct was a low-spin Fe(Ⅱ)
complex.  This is also different from normal Fe(Ⅲ) porphyrin-
ic systems.  That is, mono-base adducts and di-base adducts
are generally Fe(Ⅲ) high-spin and Fe(Ⅲ) low-spin complexes,
respectively.  The facile spin-state transition was observed for
octacarboxy-esterified Fe(Ⅲ) high-spin Pc on addition of elec-
trolytes such as tetrabutylammonium chloride and bromide.87

This was a phenomenon not seen in porphyrinic systems.
Such being the case, we examined the oxidation and spin state
of tetrabenzoporphyrinatoiron, which is an intermediary com-
pound between normal porphyrin and Pc.88  Indeed, it showed
intermediary characteristics in the spin- and oxidation states of
mono- and bis-base adducts (both were Fe(Ⅲ) low-spin) and in
the magnitude of the complex formation constant with bases.
In particular, in a Fe(Ⅲ) high-spin state, the extent of the disso-
ciation of the axial ligand was much larger than in normal
Fe(Ⅲ) high-spin porphyrins.  Thus, in the Fe(Ⅲ) high-spin
FePc, the dissociation of the axial ligand is considered to be
very large, so that the ligation of bases or bad odors becomes
easier.

7.   Electrocatalytic Reduction of Oxygen Using Water-Sol-
uble Iron and Cobalt Porphyrins and Phthalocyanines

The electroreduction of oxygen in the presence of porphy-
rins and phthalocyanines has two important applications.  The

first is as a model reaction of cytochrome oxidase which reduc-
es oxygen to water at the end of the respiratory chain89 and the
second is as an attractive candidate for the cathode reaction of
fuel cells.  In particular, Jasinski’s discovery in 1964 that CoPc
catalyses oxygen reduction at a potential close to that at
platinum90 provoked a large amount of research in the latter
field.  However, the exact details of the reaction, such as mech-
anisms, rates, efficiency, and the structure of the active cata-
lysts, had not been elucidated when we began research in this
field.  Since the reaction had been carried out in water, we felt
that the use of water-soluble catalysts might help elucidate
these points.  Although several types of porphyrin91 and Pc92

were used, the structures of some representative catalysts are
shown in Fig. 23.  The most exemplary data were obtained for
what we call the tetramethylpyridylporphyrin iron complex, 37
(M = Fe) (Fig. 23).  The oxygen reduction occurred at the po-
tential where the iron was reduced from Fe(Ⅲ) to Fe(Ⅱ), and
the four-electron reduction of oxygen was attained when the
concentration of the catalyst was sufficiently large.  The reduc-
tion was explained by an electrochemical catalyst regeneration
mechanism via hydrogen peroxide, while the possibility of a
direct four-electron reduction path was very low, even by sim-
ulation of the cyclic voltammograms.91c,e  The active form of
the catalyst was determined to be the five-coordinate high-spin
iron(Ⅱ) complex using magnetic circular dichroism and EPR
spectroscopy.91e,92–94  In contrast, the reduction in the presence
of cobalt porphyrin, 37 (M = Co) (Fig. 23) was a two-electron
reduction to hydrogen peroxide, although the mechanism was
the same as with the iron catalyst.  When tetracarboxylated Fe-
and CoPc, 38 (Fig. 23) were used as catalysts, the reduction
was explained by the electrochemical catalyst regeneration
mechanism, but the active forms of the catalyst were Fe(Ⅱ)
low-spin and Co(Ⅰ) low-spin complexes.  The reduction prod-
ucts were water in the presence of FePc, and mainly hydrogen
peroxide in the presence of CoPc (Fig. 24).92a,b,d  The oxygen
reduction potentials were more negative than for the porphyrin

Fig. 23.   Structures of catalysts used for the electroreduction
of oxygen.
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systems, but the durability of the catalysts was better with Pcs.
The catalytic ability of the same catalyst was compared in
solution and at electrode surface.92b  Here, the oxygen reduc-
tion potential was more positive when the catalyst was ad-
sorbed on the electrode surface than when it was dissolved in
solution, and in the adsorbed case it also depended on the sol-
vent used in dissolving the catalysts.  When an octakis(alkyl-
imido)Pc cobalt complex, 39 (Fig. 23) was adsorbed onto the
surface of electrodes,92e the four-electron reduction of oxygen
was attained, which was a quite rare example for cobalt cata-
lysts, since it was commonly thought that oxygen reduction
proceeds only to hydrogen peroxide using mononuclear cobalt
complexes.  The high tendency of the catalyst to aggregate was
considered to be the reason for this high efficiency.  Oxygen
was reduced only to hydrogen peroxide in the presence of co-
balt tetrapyrazinoporphyrazine, 40 (Fig. 23).92f,i

8.   Concluding Remarks

For people working in national universities, most of the sal-
ary and research budget comes from taxes paid by general peo-
ple living in that country.  In this sense, I feel that the research
results should be returned to society as far as possible.  It was
fortunate for me to have been able to work in the field of Pcs,
since some results are relatively easily applicable to society.
Ferric high-spin Pcs with practical low Fe symmetry, for ex-
ample, have been utilized as deodorants and anti-bacterial
agents, and knowledge on the adjustment of the main band (Q

band) position of Pc has helped in preparing Pcs which are
used in the surface of read/write compact disks.  Through re-
search on oxygen reduction using Pcs and porphyrins as cata-
lysts, we were able to deduce to some extent the O2 reduction
mechanism in cytochrome oxidase.  This enzyme prevents the
accummulation of O2 in our body, but oxygen may be reduced
to water via hydrogen peroxide, the possibility of a direct four-
electron path to water being very small.  Unfortunately, how-
ever, we found simultaneously that Pcs and porphyrins are not
robust enough to use as catalysts in fuel cells.

As a researcher in the department of chemistry of a graduate
school of science, on the other hand, I had to fulfill the prefer-
ence of students to work in pure science.  Although my re-
search is closely related to society in that the results can be rel-
atively easily returned, what I have done is basic science.  For
example, the above O2 reduction is being introduced as a good
example of electrocatalysis in an inorganic chemistry textbook
used world-wide,95 and the analysis of the CD generation
mechanism on optically acitive Pcs has been thought to be one
of the most exemplary articles for learning CD spectroscopy.
Pcs are a very pertinent subject for learning the relationships
between the shape, size, and spectroscopic and electrochemi-
cal properties, since there are many variations in symmetry and
size.  In addition, the development of computer-assisted simu-
lation has enabled to reproduce some experimental data in a
short time.  The day has come that we can quickly realize what
we think.

There are always many capable students in universities.
One of our most important roles is to give aspirations to these
students through attractive research topics.  For countries like
Japan which has few natural resources, the only remaining way
is to produce a large number of talented people.  Hopefully, all
university people may feel the same way and do their best in
this direction.

The results introduced in this article have been performed
with many collaborators.  Reports on crown-ether-substituted
Pcs have been summarised with Profs. and Drs. Y. Nishiyama
and S. Yamauchi of Tohoku University, A. B. P. Lever and C.
C. Leznoff of York University, and M. J. Stillman of University
of Western Ontario.  Research on optically active Pcs were un-
dertaken with Prof. A. Ceulemans of University of Leuven, Dr.
W. A. Nevin of Kaneka Co. and Dr. Ishii in my group.  We
have enjoyed SubPc chemistry with Prof. H. Konami of Kyoto
Women’s University, while low symmetrical Pcs were pre-
pared by my students, and some analyses and calculations have
been carried out in collaboration with Dr. J. Mack of Universi-
ty of Western Ontario.  Professor T. Nyokong of Rhodes Uni-
versity has elucidated the electrochemical properties of some
sandwich complexes.  Mössbauer spectra were recorded by
Profs. T. Ohya and M. Sato of Teikyo University, while the
electronic states of Fe(Ⅲ)Pcs were examined in collaboration
with Prof. H. Shirai of Shinshu University.  1,2-Nc isomer was
studied with Prof. Inabe of Hokkaido University.  The results
of electrocatalytic reduction of oxygen in the presence of cata-
lysts were published together with Profs. T. Osa of Tohoku
University, T. Kuwana of Ohio State University, and Dr. P.
Janda of Heyrovsky Institute.  The author wishes to express his
hearty thanks to all of them for their kind collaborations.

Fig. 24.   Cyclic voltammograms for the reduction of O2 in
air-saturated pH 9 solution containing various concentra-
tions of tetracarboxylated (A) FePc or (B) CoPc (solid
lines are obtained in the absence of catalysts).  In both cas-
es, the reduction potential shifts anodically with increasing
catalyst concentration.  However, the reduction current in-
creases only in the presence of FePc.  (C) Ring-disk i-E
curves for the reduction of O2 in the presence of tetracar-
boxylated FePc (curves a and a′) or tetracarboxylated CoPc
(curves b and b′), and in the absence of catalysts (curves c
and c′).  The abscissa indicates disk potential and the ring
electrode set at +1.1 V detects H2O2 as an intermediate of
O2 reduction. 
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