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Introduction

Mutual interplays of sophisticated chromophore stacks play
crucial roles in photophysical processes, such as exciton cou-
pling,[1] charge-resonance (intervalence) properties,[2,3]

charge-transfer (CT) interactions,[3–5] and nonlinear optical

characteristics.[6] Of particular interest, pivotal functions of
natural photosynthesis are operated by spatially arranged
slipped-cofacial stacks of chlorophyll pigments in a “special
pair” at the reaction center and in light-harvesting antenna
complexes of purple bacteria.[7] Mimetically, an imidazolyl
substitution at the meso position of zinc porphyrin or the b

position of zinc phthalocyanine (Zn ACHTUNGTRENNUNG(ImPor) or ZnACHTUNGTRENNUNG(ImPc),[8,9]

respectively) can organize the corresponding dimer into a
slipped-cofacial configuration by imidazolyl-to-zinc comple-
mentary coordination. The slipped-cofacial dimers are
formed with extremely large stability constants (1011–
1012m

�1) in noncoordinating solvents.[8,9] The ZnACHTUNGTRENNUNG(ImPor) unit
can thus provide a powerful tool for further tailoring succes-
sive arrays in linear and cyclic arrangements.[10] Further-
more, the ZnACHTUNGTRENNUNG(ImPor) cofacial dimer serves as a good
charge-separation unit,[11] as a photosensitizer for photocur-
rent generation,[12] and in nonlinear optical materials.[13] A
cofacially stacked configuration enhances electronic commu-
nication through proximal p-electron contact between donor
and acceptor aromatic systems; this may be used for the aim
of fabricating a novel p-electron system.[3–5] Employing the
complementary coordination protocol, we herein report a
novel straightforward approach to organize cofacial donor–
acceptor stacks.
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The combination of a porphyrin–phthalocyanine (Por–Pc)
pair as an energy donor–acceptor dyad is intriguing due to
the intense absorption by the Soret band of Por in the visi-
ble region and by the Q band of Pc in the near-IR region. In
addition, the ideal overlap of emission of Por and the Q
band of Pc ensures efficient funneling of photoexcitation
energy into the Pc subunit.[14–16] Previously, we reported effi-
cient energy transfer and succeeding electron-transfer reac-
tions in the directly connected Zn ACHTUNGTRENNUNG(ImPor)–Zn(Pc) couple,
one of the closest covalent systems in the orthogonal config-
uration, wherein the slipped-cofacial dimer stabilized a radi-
cal ion pair to contribute to a prolonged charge-separation
state.[16b] Alternatively, a stacked electron donor–acceptor
pair forming a CT complex is an attractive candidate for
producing a charge-separated state[5] and potential further
elaborate molecular systems.[17] Indeed, an intradimer CT
system couples the efficient electron-transfer reaction in nat-
ural photosynthesis.[18] Among these systems, stacked arrays
of metallophthalocyanines receive great attention in current
research.[19] The cofacially stacked configuration with a van
der Waals contact should be the closest structure to arrange
two donor and acceptor units. The increase in p-electron
communication will offer novel photoelectronic applications.
When ethynyl-conjugated porphyrin intervenes between the
imidazolyl terminal and phthalocyaninatozinc, Zn(Pc), com-
plementary coordination of the imidazolyl group to the cen-
tral zinc atom of a Pc subunit is envisaged to organize heter-
ogeneous slipped-cofacial stacks of Por and Pc planes based
on their coplanar configuration (Scheme 1). Such Por–Pc
couples will emerge as a promising class of material for not
only one-photon light harvesting but also two-photon ab-
sorption.[13,20–22]

Results and Discussion

Coordination properties : The basic principle for the organi-
zation of the heterogeneous cofacial stacks employes the
complementary coordination protocol, which has been es-
tablished for the slipped-cofacial dimer formation of Zn-
ACHTUNGTRENNUNG(ImPor) and ZnACHTUNGTRENNUNG(ImPc).[8,9] First, we examined the coordina-
tion properties.
The molecular weight was estimated by means of analyti-

cal size-exclusion chromatography (SEC). SEC showed a
single peak corresponding to the molecular size of the coor-

dination tetrad. The retention time, monitored at multiple
wavelengths (450, 685, 690, and 750 nm), was compared to
that of a polystyrene standard. Each stacked tetrad coinci-
dently showed a single peak at each monitored wavelength
(Figure 1). The H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) dyad was proved to exist
as the converged species. The molecular weights were esti-
mated as 2100 and 2700 for H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) and H2-
ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc), respectively, from the retention
times (Figure 1c). These values are smaller than the calculat-
ed ones (2656 and 3192 for the tetrads of H2ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(tBu3Pc) and H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc), respectively). Such
deviations are normally considered to be due to geometrical

Scheme 1. Dyad–tetrad equilibrium of H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc).

Figure 1. Size-exclusion chromatographic traces of a) H2ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(tBu3Pc) and b) H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) eluted with CHCl3. c) Loga-
rithmic plot of molecular weight with reference to polystyrene as a stan-
dard.
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differences with the polystyrene standard.[23] It was thus in-
ferred that the H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) dyad was converged into
the coordination tetrad structure in a noncoordinating sol-
vent. Tetrad formation was also suggested by MALDI-TOF
mass spectrometry. A clear peak assignable to the tetrad
structure was observed, in addition to the dissociated dyad
under the ionization conditions (Figure 2). Details of the as-
sembling properties are described below.

The coordination behaviors of the stacked H2 ACHTUNGTRENNUNG(ImPor)–
Zn(Pc) tetrads were elucidated by spectral titration. Dissoci-
ation of the tetrad upon addition of 1-methylimidazole as a
competitive axial ligand was shown as a spectral change
through isosbestic points (Figure 3a). The spectral evolution
evidenced that the organized structures were directed by
imidazolyl-to-zinc complementary coordination.
From this titration, the association constant K1, for the

equilibrium between the dissociated dyad and the stacked
tetrad [Eq. (1)] can be described according to Equation (2).

2�H2ðImPorÞ�ZnðPcÞ Ð fH2ðImPorÞ�ZnðPcÞg2 ð1Þ

K1 ¼ ½fH2ðImPorÞ�ZnðPcÞg2
=½H2ðImPorÞ�ZnðPcÞ
2 ð2Þ

The dissociated dyad was not observed without addition of
an axial ligand. The association constant K1 can then be de-
termined by using the association constants K2 and K3

[Eq. (3) and (4)].

K2 ¼ ½H2ðImPorÞ�ZnðPcÞ � Im
2=
½fH2ðImPorÞ�ZnðPcÞg2
½Im
2

ð3Þ

K3 ¼ ½ZnðPcÞ � Im
=½ZnðPcÞ
½Im
 ð4Þ

The value of K2 can be experimentally estimated for the

equilibrium in Equation (5).

fH2ðImPorÞ�ZnðPcÞg2þ2� ImÐ
2�H2ðImPorÞ�ZnðPcÞ � Im

ð5Þ

Thus, the K2 values for H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) and H2-
ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) were determined as 3.1N10�4 and
4.9N10�4m

�1, respectively. The binding constant K3 was pre-
viously determined by the Scatchard method for the equilib-
rium in Equation (6), wherein Zn(Pc) denotes the reference
compounds tetrakis(tert-butyl)phthalocyaninatozinc, Zn-
ACHTUNGTRENNUNG(tBu4Pc), or octa ACHTUNGTRENNUNG(n-butoxy)phthalocyaninatozinc, Zn-
ACHTUNGTRENNUNG(nBuO8Pc).

ZnðPcÞþImÐ ZnðPcÞ � Im ð6Þ

The K3 values were 3.4N10
5 and 2.8N105m

�1 for Zn ACHTUNGTRENNUNG(tBu4Pc)
and ZnACHTUNGTRENNUNG(nBuO8Pc), respectively.

[9] Through combination of
the K2 and K3 values, the desired K1 value is defined accord-
ing to Equation (7).

K1 ¼ K3
2=K2 ð7Þ

Figure 2. MALDI-TOF mass spectrum of H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc) ob-
served in the positive mode with dithranol as the matrix. The calculated
values for the dyad and tetrad are 1328.48 and 2656.96, respectively. Figure 3. a) Spectral titration of H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) with 1-methylimi-

dazole in toluene at 25 8C and b) the corresponding titration curve ([H2-
ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc)]=1.0N10

�6
m). c) Fluorescence spectra normalized

at the excitation wavelength (455 nm).
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Thus, the self-association constants for H2ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(tBu3Pc) and H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) were estimated to
be 3.7N1014 and 1.6N1014m

�1, respectively, in toluene. Coor-
dination assisted by a larger p-electron framework and
strong CT interactions may have resulted in such high
values compared to the value in the order of 1012m

�1 for the
directly imidazolyl-substituted ZnACHTUNGTRENNUNG(ImPc) cofacial dimer.[9]

Complementary coordination methodology is thus feasible
for the organization of discrete cofacial donor–acceptor
stacks with extremely large stability constants.

Cofacially stacked structure : The detailed coordination
structure of H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) was elucidated by
NMR spectroscopy in CDCl3 (Figure 4). Complementary co-

ordination should place the cofacial Por and Pc planes in
the proximal positions. The interplanar distance of stacked
Por and Pc planes is assumed to be as close as 3.23 O, as de-
termined by X-ray crystallography for the cofacial dimer of
ZnACHTUNGTRENNUNG(ImPor).[8c] Strong shielding by the cofacial Por or Pc
plane should then result in the upfield shift of the corre-
sponding signals.
Structural dissymmetry arising from substitution at the b

position of the Pc ring provides two possible structural iso-
mers for the coordination tetrad, represented as “parallel”
and “oblique” geometries (Figure 5). The existence of a re-
gioisomer due to the structural dissymmetry was elucidated
previously in the slipped-cofacial dimer of b-imidazolyl
Zn(Pc), ZnACHTUNGTRENNUNG(ImPc).[9] In a similar manner, the b-imidazolyl
Zn(Pc) intervened with ethynylporphyrin, H2ACHTUNGTRENNUNG(ImPor)–
Zn(Pc), should form complementary coordination with two
geometrical isomers. All the protons, therefore, should show
duplicate signals. Moreover, dissymmetric orientation dis-

rupts the structural symmetry of the Por and Pc planes to
distribute all of the protons into individual signals in each
regioisomer. Therefore, in principle, all of the a protons of
the Pc plane and the b-pyrrole group of the Por plane
should show individual peaks (16 peaks for one regioisomer;
therefore, a total of 32 peaks) due to the heterogeneous
shielding. The signals were partially assigned by COSY,
ROESY, HMQC, and HMBC NMR spectral observations
(see the Supporting Information), although complete assign-
ment was difficult because there were too many signals.
The peaks of the b-pyrrole and imidazolyl residues on the

H2 ACHTUNGTRENNUNG(ImPor) subunit showed upfield shifts, thereby indicating
a location close to the Pc plane. In the same manner, shield-
ing by the Por plane leads to upfield shifts and splitting of
the signals for the a protons of the Zn(Pc) subunit. These
protons showed no significant change upon elevation of the
temperature in [D8]toluene (data not shown). Temperature
independence of the NMR spectra suggests that the coordi-
nation tetrad is stable, as observed by spectral titration.
The protons of the imidazolyl residue showed simple du-

plication arising from the structural geometries. The charac-
teristic signals of the imidazolyl residue are most suitable

Figure 4. 1H NMR spectra of H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) in CDCl3 at room
temperature (600 MHz). The stacked tetrad (upper spectrum) was disso-
ciated by addition of 10% trifluoroacetic acid (TFA; lower spectrum).
“a”, “b”, and “*” denote the protons in the a position of the Pc ring, of
the b-pyrrole group of the Por subunit, and in an impurity, respectively.
The inset shows the temperature dependence of the inner NH protons in
[D8]toluene with an aliquot of CDCl3.

Figure 5. Parallel and oblique geometric isomers of the stacked tetrad.
The molecular structures were drawn by the AM1 method with the Win-
MOPAC V. 3.9 software (Fujitsu), with the aliphatic side chains omitted
for visual clarity. The arrows represent the transition dipoles along the
long axis of Zn(Pc) arranged in a) parallel and b) oblique configurations.
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for evaluation of the stacked structure. Addition of TFA
protonated the imidazolyl residue and dissociated the coor-
dination tetrad into the dyad. The duplicated signals con-
verged to unified peaks in the downfield area (Figure 4,
bottom), since the structural diversity due to regioisomer
formation did not exist in the dissociated dyad. Coincidently,
the split signals of the a protons of the Pc plane and the b-
pyrrole group of the Por plane were simplified by dissocia-
tion. Such NMR spectroscopic behavior proved the stacked
structure of the Por and Pc planes, in the same manner as in
the case of the ZnACHTUNGTRENNUNG(ImPc) dimer.[9]

Splitting of the signals for the inner NH protons suggests
that the heterogeneous environment discriminated two pos-
sible tautomers for the diagonal NH protons of the Por sub-
unit. Free-base porphyrin is in equilibrium between two tau-
tomers, which are not discriminated under normal condi-
tions. The inner NH protons of free-base porphyrin are not
equivalent due to the dissymmetric geometry in the vicinity
of the phthalocyanine plane (Figure 5). Therefore, the dis-
symmetric environment in the coordination tetrad may dis-
criminate the NH protons of the tautomers. Actually, upon
elevation of the temperature in [D8]toluene, the multiplet
signals of the NH protons coalesced at around 50 8C and
then converged to the asymmetric relatively sharp signal,
which probably represents the two species attributed to the
regioisomers (Figure 4, inset), even though the signals of the
aromatic protons were not affected by temperature varia-
tion. The downfield shift of the NH protons at higher tem-
perature will stem from the effect of water contained in the
system. The dissymmetric broad peak at 80 8C may involve
two broad peaks attributed to the regioisomers. This is coin-
cident with no significant shift of the aromatic proton sig-
nals. It is assumed that the peaks of the inner NH protons
of the porphyrin subunit are the sum of eight signals. Heter-
ogeneous stacking significantly disrupted the structural sym-
metry of the porphyrin and phthalocyanine planes, which
was relevant to the spectral properties of the electronic
structures (see below). 1H NMR spectroscopy elucidates the
tautomerism of the inner NH protons and robustness of the
coordination-stacked tetrad structure.

Unique electronic structures : The slipped-cofacial stack of
Por and Pc planes should ensure strong p-electron overlap.
The stacked H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) tetrad showed large
bathochromic shifts for both the Q band of the Pc ring and
the Soret band of the Por ring (Figure 3a). In addition,
tetrad formation restricts the free rotation around the ethyn-
yl bond to enhance the electronic communication between
the coplanar Por and Pc subunits. The bathochromic shift
may be interpreted in terms of KashaSs molecular exciton
theory for the extended p conjugation through the ethynyl
linkage and closely faced Por and Pc planes (Figure 6a).[1,20b]

Strong p conjugation through the ethynyl linkage disrupted
degeneration of the Q band of the Zn(Pc) subunit. The
longer absorption maximum of the Q band is assignable to
the transition dipole along the long axis of the Zn(Pc) subu-
nit. The shorter one originates from the dipole orthogonal

to the above transition dipole of the Zn(Pc) ring. Batho-
chromism of the coordination tetrad is remarkably larger
than that of the orthogonal ZnACHTUNGTRENNUNG(ImPor)–Zn(Pc) tetrad,
which showed a small broadening of the Q band by cofacial
dimer formation of the ZnACHTUNGTRENNUNG(ImPor) unit.[16] The spectral
properties evidenced significant improvement of p-electron
communication through the considerable p-electron overlap
between the Por and Pc planes.
Besides this, the observed spectral broadening of both the

Soret and Q bands may involve CT properties (Figure 6b),
since the broadened Q band is reminiscent of the CT prop-
erties in Coulombic stacks of Por and Pc.[24a] Furthermore,
the spectral shape in the Q band region became broader as
the dielectric constant of the solvent became larger
(Figure 7). Such spectral properties are in line with the gen-
eral trend in CT properties. Thus, solvent polarity is the pre-
dominant factor in modulation of the properties in the ab-
sorption spectra.

Figure 6. Schematic diagrams of the H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) coordination
tetrad: a) splitting band levels by exciton coupling, wherein the arrows
denote the transition dipoles; b) charge-transfer interactions.
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Further investigation was made by modulating the Pc
donor ability through periphery substitution at the b posi-
tion of the Pc subunit.[25] The stronger electron-donating
effect of six n-butoxy groups results in a higher degree of
CT interaction in the stacked H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc)
tetrad, as shown by a broader Q band compared to that of
the stacked H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) tetrad in all solvent sys-

tems (Figure 7 and the Supporting Information). Also, the
n-butoxy groups slightly enhanced the exciton coupling. The
effect of the electron-donating substituents supports the
above interpretation for the electronic spectra.
H2ACHTUNGTRENNUNG(ImPor)–Zn(Pc) fluoresces dominantly in the 700–

800 nm region, ascribed to Pc-subunit emission, regardless
of the coordinated or dissociated species, even if the Soret
band of the Por subunit is excited. The efficient energy
transfer from H2ACHTUNGTRENNUNG(ImPor) to the Zn(Pc) subunit is due to the
ideal overlap of the emission band of Por and the Q band of
Pc. The coordination tetrad exhibited no emission at around
680 nm from the Por subunit (Figure 3c and 7), which sug-
gests extremely fast quenching of the excited singlet state.
Instead of emission from the Por subunit, fluorescence from
the Pc subunit at around 750 nm was observed for both the
coordinated and dissociated species (Figure 3c). In particu-
lar, the coordination tetrad showed no emission attributed
to the Por subunit, whereas the dissociated dyad showed
weak fluorescence at around 680 nm. A large spectral shift
pronounced the strong exciton coupling. Photoexcitation at
the Soret band may, therefore, have relaxed to the exciton
state, that is, the resonant molecular orbital composed of
Por and Pc subunits (Figure 6a). This assumption accounts
well for the complete quenching of fluorescence of the por-
phyrin in the coordination tetrad.
Weak fluorescence was observed as a distinct characteris-

tic of the coordination tetrad. The emission intensity was
significantly decreased as the solvent polarity increased; it
also decreased with the introduction of donating peripheral
substituents on the Zn(Pc) subunit, coincidently with a simi-
lar trend in the CT characteristics in the absorption spectra
(Figure 7). The redox potential of the Zn phthalocyanine is
susceptible to solvent polarity; thereby, a significant anodic
shift of the redox potential is observed upon an increase in
solvent polarity.[26] The solvent dependence of the redox po-
tential of Zn(Pc) is much larger that of porphyrin. A polar
solvent will, therefore, provide a larger potential gap be-
tween the Por and Pc subunits to magnify the CT interaction
and to quench the fluorescence from the Pc subunit. Inter-
estingly, the fluorescence maximum of the coordination
tetrad was shifted to a shorter wavelength than the corre-
sponding absorption maximum of the longer Q band, except
for H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) in toluene (Figure 7). The sub-
stantial fluorescence quenching may indicate that the lowest
excited singlet state at the longer Q band of the Pc subunit
is deactivated by a CT interaction with the cofacial Por sub-
unit. Moreover, in the solvents that induced significant fluo-
rescence quenching (H2ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) in CH2Cl2 and
H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc) in THF and CH2Cl2), the longer
Q band was accompanied by a shoulder at around 760–
780 nm, which may be assignable to the CT band. Upon ad-
dition of 1-methylimidazole as a ligand competing with
tetrad formation, the fluorescence intensity gradually in-
creased (Figure 3c). The emission of the dissociated H2-
ACHTUNGTRENNUNG(ImPor)–Zn(Pc) dyads was observed from the longer Q
band, which indicates photoenergy funneling from the Por
to Pc subunits. Although the precise electronic properties of

Figure 7. Effect of the solvent and peripheral substituents of the coordi-
nation tetrad for a) H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc) and b) H2 ACHTUNGTRENNUNG(ImPor)–Zn-
ACHTUNGTRENNUNG(nBuO6Pc) at 25 8C. The insets represent the fluorescence spectra excited
at 455 nm. c, a, and c represent results recorded in toluene,
THF, and CH2Cl2, respectively. Both absorption and fluorescence spectra
are represented over the same wavelength range.
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the coordination tetrad have not been elucidated at the
present stage, the photophysical properties show a sharp
contrast between the coordination tetrad and the dissociated
dyad.

Conclusion

A complementary coordination protocol has provided a
novel straightforward methodology to tailor a discrete
donor–acceptor cofacial stack. Heterogeneous stacks of por-
phyrin and phthalocyanine were organized by self-comple-
mentary imidazolyl-to-zinc coordination. The association
constants for the coordination tetrads reached 1014m

�1,
which were much higher than those for the coordination ho-
modimers of Zn ACHTUNGTRENNUNG(ImPor) and ZnACHTUNGTRENNUNG(ImPc) (1011–1012m

�1). The
self-complementary protocol ensures organization of a dis-
crete donor–acceptor cofacial stack of metalloporphyrinoids
with a high stability constant. In the coordination tetrad, in-
terplanar proximity induced significant p-electron interac-
tions between the Por and Pc planes. Tuning of the CT
degree between the Por and Pc units is performed by modu-
lation of the donor ability of the Zn(Pc) subunit by the
changes in the solvent polarity and peripheral substituents.
The CT state in the coordination tetrad was extinguished by
addition of an axial ligand to switch to the energy-funneling
dyad. The complementary coordination protocol is a promis-
ing strategy for organizing discrete donor–acceptor stacks
with extremely large association constants.

Experimental Section

Synthetic procedures : 1H, 13C, 1H–1H COSY, 1H–1H ROESY,
1H–13C HMQC, and 1H-13C HMBC NMR spectra were recorded on a
JEOL ECP-600 spectrometer with tetramethylsilane as the internal stan-
dard in CDCl3. Temperature variation in

1H NMR spectroscopy was car-
ried out in [D8]toluene. MALDI-TOF mass spectrometry was carried out
with dithranol as the matrix on a Perseptive Biosystem Voyager DE-STR
instrument. THF was distilled over sodium/benzophenone ketyl. Triethyl-
amine (Et3N) was distilled over calcium hydride.

H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(nBuO6Pc): Both dyads of H2 ACHTUNGTRENNUNG(ImPor)–Zn(Pc) were pre-
pared by copper-free Sonogashira coupling (Scheme 2). A mixture of 2-
iodo-9,10,16,17,23,24-octa ACHTUNGTRENNUNG(n-butoxy)phthalocyaninatozinc (75 mg, 66N
10�6 mol)[27] and 5-ethynyl-10-imidazolylporphyrin (41 mg, 70N
10�6 mol)[28] in THF/Et3N (20/4 mL) was degassed by freeze–pump–thaw
cycles and flushed with argon gas in a Schlenk flask. The mixture, with
addition of palladium dibenzylideneacetone (16 mg, 15N10�6 mol) and

triphenylarsine (66 mg, 64N10�6 mol) was stirred at 40 8C for 20 h under
an argon atmosphere. The reaction mixture was washed with brine and
then underwent chromatographic separation. Elution from a silica-gel
column (eluent: petroleum ether/chloroform/pyridine 10:30:1) furnished
the title compound as a green solid (23 mg, 15N10�6 mol; 21%).
1H NMR (600 MHz, CDCl3): d=�3.15–2.08 (brm, 2H; inner pyrrole),
1.24–1.38 (m, 18H; Pc OCH2CH2CH2CH3), 1.87–2.08 (m, 12H; Pc
OCH2CH2CH2Me), 2.08–2.30 (m, 12H; Pc OCH2CH2), 2.40, 2.60 (2s,
3H; imidazolyl NCH3), 3.27, 3.32 (2s, 6H; COOCH3), 3.35, 5.38 (s, br s,
1H; 4-imidazolyl), 3.36–3.65 (m, 4H; Por CH2CH2COOMe), 4.19, 4.75,
4.81, 4.84 (3s, t, 12H; Pc OCH2), 5.62 (br s, 4H; Por CH2CH2COOMe),
5.92, 5.86 (2s, 1H; 5-imidazolyl), 5.96, 6.08, 8.31, 8.65, 8.77, 8.88, 9.31,
9.58, 10.00, 10.38 (10s, 8H; b positions of the Por ring), 6.31, 8.65, 8.88–
9.19 ppm (2s, m, 8H; a positions of the Pc ring), the b position of the Pc
ring was not assignable and may be a broad or multiplet signal; 13C NMR
(150 MHz, CDCl3): d=14.18, 14.26, 14.30, 14.34, 14.59, 19.65, 19.70,
19.74, 19.80, 20.05, 22.66, 30.34, 31.59, 31.73, 31.78, 31.91, 32.23, 41.52,
41.73, 51.89, 69.61, 98.10, 102.64, 106.19, 118.95, 119.57, 131.60, 132.16,
132.45, 132.66, 132.81, 132.98, 136.00, 136.57, 145.42, 149.93, 150.75,
151.19, 151.44, 151.60, 151.70, 152.16, 153.54, 153.92, 154.50, 172.96,
173.00, 173.06 ppm; MALDI-TOF MS: m/z : calcd: 1592.64; found:
1593.94.

H2 ACHTUNGTRENNUNG(ImPor)–Zn ACHTUNGTRENNUNG(tBu3Pc): H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc) was synthesized from 2-
iodo-9(10),16(17),23(24)-tri(tert-butyl)-phthalocyaninatozinc (four struc-
tural isomers, 66 mg, 76N10�6 mol),[18a] 5-ethynyl-10-imidazolylporphyrin
(18 mg, 30N10�6 mol),[28] and [Pd2 ACHTUNGTRENNUNG(dba)3] (6.6 mg, 6N10

�6 mol), with
Ph3As (23 mg, 22N10

�6 mol) as the catalyst, in THF/Et3N (5:2 mL). The
coupling conditions and purification procedures were the same as those
for the synthesis of H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(nBuO6Pc). H2 ACHTUNGTRENNUNG(ImPor)–ZnACHTUNGTRENNUNG(tBu3Pc), as
a mixture of four structural isomers, was obtained as a green solid
(10 mg, 7N10�6 mol; 23%): 1H NMR (600 MHz, CDCl3): d=�3.06–2.18
(brm, 2H; inner pyrrole), 1.93–1.98 (m, 27H; tBu), 2.17, 2.19 (2s, 3H;
imidazolyl NCH3), 3.38, 3.44 (2br s, 1H; 4-imidazolyl), 3.58–3.92 (m, 6H;
COOCH3), 3.92–4.32 (brm, 4H; Por CH2CH2COOMe), 5.04–5.78 (brm,
4H; Por CH2CH2COOMe), 5.78–6.16, 9.20–9.78 (2brm; a positions of
the Pc ring), 8.00–10.36 ppm (brm; b positions of the Por ring), the peaks
for the a positions of the Pc ring and the b positions of the Por ring were
not clearly discriminated, because of complicated signals due to the pres-
ence of four structural isomers in the tri(tert-butyl)phthalocyanine subu-
nit; 13C NMR (150 MHz, CDCl3): d =14.125, 22.694, 29.364, 29.662,
31.928, 32.264, 32.622, 33.385, 36.102, 36.323, 41.886, 42.245, 51.974,
52.226, 52.302, 71.021, 98.027, 118.84, 119.32, 119.35, 119.50, 122.54,
126.76, 126.99, 127.18, 127.35, 127.49, 128.22, 128.34, 128.42, 128.87,
134.35, 136.85, 139.23, 145.50, 152.93, 153.76, 154.50, 172.90, 173.03,
173.46 ppm; MALDI-TOF MS (see Figure 2): m/z : calcd: 1328.48; found:
1329.55.

Measurements :

Size-exclusion chromatography : Analytical size-exclusion chromatograms
were recorded by elution with chloroform containing 0.5% ethanol as a
stabilizer on a Hewlett–Packard HP1100 series instrument equipped with
an analytical JAIGEL 3HA column (Japan Analytical Industry, 8N
500 mm, exclusion limit: 70000 Da).

Absorption and fluorescence spectroscopy : Spectral titration was under-
taken at a H2 ACHTUNGTRENNUNG(ImPor)–Zn(Pc) concentration of 1.0N10

�6
m in each solvent

at 25 8C. The absorption spectra were recorded on a Shimadzu UV-

Scheme 2. Synthetic scheme for the dyads. dba: trans,trans-dibenzylideneacetone.
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3100PC spectrophotometer. Emission spectra were observed with a Hita-
chi F-4500 spectrometer. Toluene was distilled over sodium. Dichlorome-
thane was dried by distillation over calcium hydride. THF was distilled
over sodium/benzophenone ketyl. 1-Methylimidazole was distilled over
calcium hydride under reduced pressure.
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