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Abstract—The synthesis and photophysical properties of three-dimensionally arranged porphyrin arrays with through-space electronic com-
munication are reported. 1,3,5-Trioxamethylphenylene bridged Zn(II) porphyrin trimer 3 was coupled by Ag(I)-promoted oxidative coupling
reaction to give porphyrin cage 5 comprising three meso–meso linked diporphyrins, which was then transformed by oxidation with DDQ and
Sc(OTf)3 into porphyrin cage 7 comprising three fused diporphyrins. Intramolecular meso–meso coupling reaction was applied to porphyrin
pentamer 11 to provide porphyrin array 12 consisting of a porphyrin core flanked by two meso–meso linked diporphyrins. Further oxidation of
12 with DDQ and Sc(OTf)3 afforded triply stacked porphyrin array 13 that is comprised of a porphyrin core flanked by two porphyrin tapes.
UV–vis–NIR absorption and fluorescence spectra of 5, 7, 12, and 13 showed their distorted conformations and electronic interaction within the
stacked porphyrin arrays.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, a variety of covalently-linked porphyrin ar-
rays have been explored in light of their uses as biomimetic
models of photosynthetic systems, conductive organic mate-
rials, near-infrared dyes, nonlinear optical (NLO) materials,
molecular wires, and functional molecular devices.1 Among
these, we reported the Ag(I)-promoted coupling reaction of
a 5,15-diaryl Zn(II) porphyrin as a versatile method that
enables the synthesis of very long yet discrete meso–meso
linked porphyrin arrays.2 They are attractive as a molecular
wire owing to the linear shape, the small HOMO–LUMO
gap of a constitutional porphyrin, and the large electronic
interaction between the neighboring porphyrin subunits aris-
ing from the direct linkage.2 This method is also applicable
for intramolecular coupling.3–5 Intramolecular cyclization
reaction of m-phenylene bridged porphyrin arrays has been
shown very effective to construct medium and large porphy-
rin rings, in which efficient excitation energy hopping is
realized along the wheel.4,5

We also developed the fusion reaction of meso–meso linked
diporphyrins to meso–meso, b–b, b–b linked diporphyrins
(porphyrin tapes) by oxidation with DDQ and Sc(OTf)3.6

Porphyrin tapes have been demonstrated to have great prom-
ise for a variety of photonic applications, exhibiting the lowest
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absorption bands that reach the infrared region.7 Specifi-
cally, this feature is of great advantage of NLO properties,
and fused porphyrin dimers actually have the highest class
of two-photon absorption (TPA) cross-section value (d) of
w15,000 GM.7 Porphyrin tapes are also the current focus
of intensive researches, because they have been used for
the construction of functional conjugates with fullerenes
due to specific supramolecular interactions.8,9 However,
incorporation of the porphyrin tape unit into more sophisti-
cated molecular systems has been rather limited. An interest-
ing example is a cyclic porphyrin tape developed by Tashiro
et al.8 They showed a positive heterotropic host–guest sys-
tem, where the guests with complementary electronic effects
on the binding properties of porphyrin tapes are allowed to
communicate with one another through the p-electronic
conjugation. Another example is the surface modification
patterned by a porphyrin tape that can arrange C60 in the
solid state.9

Here we report the Ag(I)-promoted coupling reaction of
1,3,5-trioxamethylphenylene-bridged Zn(II) triporphyrin 3
as a prototype of spacer-directed synthesis of porphyrin
cage. This type of coupling reaction makes it feasible that
the overall molecular shape and the magnitude of the elec-
tronic interaction of porphyrin arrays can be dictated by
the design of an appropriate spacer, thus enhancing the
synthetic potential of this coupling reaction.10 In next step,
this strategy has been extended to porphyrin pentamer 11,
in which the central Zn(II) porphyrin core bears four
meso-free Zn(II) porphyrins.
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2. Results and discussion

2.1. Synthesis and photophysical properties of concur-
rently stacked porphyrin hexamers

1,3,5-Tris[40-(tosyloxy)-20-oxa-10-butyl]benzene (2) was
prepared according to the published procedure.11 The pen-
dant porphyrin 1 was prepared from the corresponding
methoxy compound with BBr3 in 89% yield. Compounds
1 and 2 were coupled under the standard ether synthetic con-
ditions (NaOH and DMF) and subsequent separation over
GPC followed by zinc metallation afforded the trimer 3 in
71% yield (Scheme 1). The structure of 3 was confirmed
by 1H NMR spectroscopy and MALDI-TOF-MS.

Then, we attempted the Ag(I)-promoted coupling reaction of
the porphyrin 3. Under the standard conditions (3 0.38 mM,
AgPF6 0.63 mM, CHCl3, 50 min, room temperature),2 hex-
americ porphyrin 4 was obtained in 27% yield along with
recovery of 3 (67%) (Scheme 2). Next, intramolecular
coupling reaction of 4 was carried out with 2.0 equiv of
AgPF6 under high dilution (1.8�10�6 M) for 36 h at room
temperature. Progress of the reaction was monitored by an-
alytical GPC–HPLC, which revealed the formation of a dis-
crete product that eluted as a shoulder at 21.7 min, later than
4 (20.8 min) (Fig. 1). This product was isolated by repeated
separations using preparative GPC–HPLC in 38% yield, and
was assigned to be hexameric porphyrin cage 5, on the basis
of the following facts. (1) The product exhibits the parent ion
peak at m/z¼5533 in MALDI-TOF mass spectrum, indicat-
ing its hexameric porphyrin constitution. (2) Despite almost
the same molecular weight, a distinct difference in the reten-
tion time on the GPC–HPLC from 4 indicates a substantial
difference in the hydrodynamic volume, which could arise
from an overall drastic change in molecular shape. Finally,
(3) the 1H NMR spectrum of 5 is quite simple, featuring
only single set of a porphyrin subunit, indicating its high mo-
lecular symmetry. Importantly, the outer and inner porphyr-
inic b-protons are all distinguished owing to restricted
rotation. All the signals were assigned by experimentally
observed coupling connectivity. The spectrum shows good
accordance with the C3-symmetric structure, in which the
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Scheme 1. Synthesis of bridged porphyrin trimer 3.
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characteristic signals are observed at �0.5 and +0.5 ppm,
which are assigned to the tert-butyl protons. Such a large
high field shift suggests considerable proximity of the tert-
butyl protons to the neighboring porphyrin ring.

The optimized molecular structure by the AM1 calculation
indicates a folded C3-conformation with close contact
between six porphyrins as shown in Figure 2.

Figure 3 shows the UV–vis absorption and fluorescence
spectra of 5 taken in CHCl3. For comparison, the spectra
of meso–meso linked Zn(II) diporphyrin 6 are shown to-
gether. Similar to the reference diporphyrin 6, the hexamer
5 shows the split Soret band (lmax¼423 and 453 nm) and
the Q band at 555 nm. Interestingly, the low-energy Soret
band of 5 is smaller and blue-shifted as compared to that
of 6, whereas the high-energy Soret band and the Q-bands
of 5 are similar to those of 6. The fluorescence spectrum
of 5 taken for excitation at 420 nm displays a band at
653 nm with a shoulder peak around 610 nm, which is sim-
ilar to that of 6 with respect to observed position but different
with respect to spectral shape. In addition, the relative fluo-
rescence quantum yield of 5 is 0.025, being less than half of
6 (FF¼0.052).12
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The characteristic split Soret band of meso–meso linked
Zn(II) diporphyrins can be accounted in terms of exciton

Figure 1. GPC chromatograms of the coupling reaction of porphyrin hex-
amer 4 (JAIGEL 2.5H-AF, 3H-AF, and 4H-AF, flow rate¼1.2 mL min�1,
35 �C eluted with THF).
coupling as shown in Scheme 3.13 The Soret band of
a Zn(II) porphyrin has two perpendicular components Bx

and BY. In a simple monomer (Scheme 3a) they are degener-
ate, but in a meso–meso linked diporphyrin (Scheme 3b),
they couple differently. In the case of dimer, Bx transition
dipole moments along the meso–meso linkage are excito-
nically coupled to generate an allowed lower energy
transition (Bx+Bx0), while the mutual Coulombic interac-
tions of BY and BZ transition dipole moments do not interact
due to their orthogonal conformation. Consequently, Soret
band of meso–meso linked linear porphyrin arrays are split
into a red-shifted band and an unperturbed band (Scheme
3). The similar interactions can be considered for Q-bands,
but the spectral changes of Q-bands are quite small due to
the much smaller oscillator strength of Q-bands than those
of B-band. The absorption and fluorescence spectra of 5 can-
not be explained by decreased dihedral angle of the meso–
meso linkage, since such diporphyrins show different spec-
tral characteristics, gradual changes into four Soret bands,
and fluorescence red shifts upon the extent of decrease in
the dihedral angle (Scheme 3d).14 We, therefore, consider
the bending of meso–meso linked diporphyrins along their
long molecular axis (Scheme 3c), which may be caused by
clipping three meso–meso linked diporphyrins at the two

Figure 2. Optimized structure of porphyrin hexamer 5; top: side view, bot-
tom: top view. Bridging units in the top view are omitted for clarity.
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sites in solution. Such a kink structure has been often pro-
posed for energy sink that disrupts excitation energy hop-
ping along the meso–meso linked Zn(II) porphyrin arrays15

and is likely consistent with the observed decreased fluores-
cence quantum yield of 5 as compared with that of 6.

In next step, the porphyrin hexamer 5 was oxidized with
Sc(OTf)3–DDQ to perform fusion reaction of meso–meso
linked diporphyrins to the corresponding meso–meso, b–b,
b–b triply fused diporphyrins. In toluene, 5 was treated
with 15 equiv of DDQ and Sc(OTf)3 at 60 �C for 12 h fol-
lowed by separation over a short alumina column to provide
7 as black solids in 48% yield (Scheme 4). The structure was
characterized by 1H NMR, MALDI-TOF-MS, and UV–vis–
NIR absorption spectra. The optimized molecular structure
of 7 by the AM1 calculation also indicates a folded C3-con-
formation with close contact between six porphyrins as
shown in Figure 4.
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Figure 3. (a) UV–vis absorption spectra of 5 and 6 taken in CHCl3. The ab-
sorbances at ca. 420 nm were normalized. (b) Fluorescence spectra of 5 and
6 taken upon excitation at 420 nm with the absorbance adjusted at 0.10.
The absorption spectrum of 7 is slightly blue-shifted com-
pared to that of fused diporphyrin 8 probably because of
its parallel arrangement, thus indicating weak but distinct
through-space electronic interaction between fused dipor-
phyrins (Fig. 5). This result is interesting from a viewpoint
that the fusion reaction is possible even for this sort of steri-
cally constrained system.
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2.2. Synthesis and photophysical properties of triply
stacked porphyrin pentamers

Next we tried to make more effectively through-space inter-
active porphyrin oligomers, for which we designed a new
precursor that has alkyl chains of precise length for intramo-
lecular coupling.

Synthesis of pentamer 11 is shown in Scheme 5. Alkylation
of 3-hydroxybenzaldehyde was performed by a Williamson
type reaction to give 3-(30-bromopropyloxy)benzaldehyde
(9). The porphyrin 10 was prepared from 9 and pyrrole
in 10% yield under the standard Lindsey conditions. Penta-
porphyrin 11 was obtained as follows. A mixture of 1
(257 mg, 0.330 mmol), 10 (47.9 mg, 0.0412 mmol), and
K2CO3 (336 mg, 2.44 mmol) in dry acetone (50 mL) was
refluxed for 4 days. After removal of the solvent, the residue
was purified with silica gel column chromatography. Final
separation over recycling preparative GPC–HPLC gave
free-base pentaporphyrin. After metallation with Zn(OAc)2,
zinc porphyrin pentamer 11 (87 mg, 54%) was obtained.

A meso–meso coupled porphyrin oligomer 12 was prepared
through the one-step reaction by the Ag(I)-promoted oxida-
tive coupling in high dilution conditions to form intramolec-
ular coupling compound (Scheme 6). The reaction of 11
(20 mg, 4.7 mmol) with AgPF6 (0.065 mmol) at room tem-
perature in CHCl3 (800 mL) for 15 h followed by prepara-
tive GPC–HPLC gave 12 (36%) and a small amount of
intermolecular coupling products along with the recovery
of 11. The structural characterization of compound 12 was
performed by 1H NMR, MALDI-TOF-MS, GPC–HPLC,
and UV–vis absorption spectrum. The symmetric structure
has been indicated by its simple 1H NMR spectrum at
60 �C, although that at room temperature exhibited compli-
cated peaks probably due to rotational restriction of phenyl
rings. Nine b-protons are differentiated in these porphyrin
rings and their assignments have been accomplished by
comprehensive ROESY measurements. High field shifted
chemical shift for b-protons (6.39 ppm) can be accounted
for in terms of shielding effect of the central porphyrin ring.

Next, porphyrin pentamer 12 was oxidized with Sc(OTf)3–
DDQ to perform fusion reaction of meso–meso linked
diporphyrins into the corresponding meso–meso, b–b, b–b
triply fused diporphyrins. In toluene, 12 was treated with

7919on 63 (2007) 7916–7925
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Scheme 3. Schematic energy diagrams of Zn(II) porphyrin monomer and various meso–meso linked Zn(II) porphyrin dimers.
10 equiv of DDQ and Sc(OTf)3 at 60 �C for 36 h followed by
separation over a short alumina column and GPC–HPLC to
provide 13 as black solids in 10% yield (Scheme 6). The
structure was characterized by 1H NMR, MALDI-TOF-
MS, GPC–HPLC, and UV–vis absorption spectrum. The
optimized molecular structure of 13 by the AM1 calculation
is shown in Figure 6.

UV–vis absorption and fluorescence spectra of 12 were
shown in Figure 7. The absorption spectrum of 12 shows
a split Soret band caused by strong exciton coupling in the
meso–meso linked diporphyrins. Compared to the spectrum
of a mixture of 14 and 6, the spectrum of 12 showed broad
absorption bands. This feature is explained on the basis of
decreasing dihedral angle of the meso–meso linkage, which
makes Soret bands broad toward both blue and red side
(Scheme 3d).14 The steady-state fluorescence spectrum of
12 exhibited an emission with a peak at 651 nm, which is
quite different from either that of meso–meso linked
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diporphyrin 6 or that of 1:2 mixture of 14 and 6, also indicat-
ing dihedral angle decreasing.
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UV–vis–NIR absorption spectrum of 13 exhibited the lowest
absorption bands that reach the infrared region (Fig. 8). This
is quite similar to that of a mixture of monomer 14 and dimer
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Figure 5. UV–vis–NIR absorption spectra of 7 and 8 taken in CHCl3. The
absorbances at ca. 420 nm were normalized.
8. However, the mixture of 14 and 8 exhibited strong emis-
sions at 600 and 648 nm from porphyrin monomer, while the
fluorescence spectrum of 13 exhibited strong quenching in
the range of 550–750 nm, indicating energy and/or electron
transfer from the monomeric porphyrin to the meso–meso
linked diporphyrin fragments. Here it is noteworthy that al-
though a great number of face-to-face porphyrin dimers have
been prepared so far, the synthesis of face-to-face trimers is
limited to only a few examples.16

3. Conclusions

In summary, novel porphyrin oligomers have been prepared,
where the use of 1,3,5-trioxamethylbenzene spacer led to the
formation of the porphyrin cage 5 from 4 via double meso–
meso coupling and the fusion reaction gave 7 from 5 both
in acceptable yields. Inside space would be useful for guest
molecules inclusion. Further work is underway to reveal
the detailed photophysical properties including two-photon
absorption cross-sections and to explore their host–guest
chemistry. We also reported effective synthesis and photo-
physical properties of triply stacked porphyrin arrays by
using the same strategy. In view of promises of the directly
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fused diporphyrin motif in various fields of material science,
one of approaches to obtain higher TPA cross-section (d)
is a quasi linear donor-p-donor structure.17 Alternatively,
intramolecular face-to-face p-conjugated systems can be ex-
pected to have a large d value due to the cofacial p-electron
systems.18 It is noteworthy that the stacked porphyrin 13
meets demands for both approaches of donor-p-donor and
face-to-face structure.

4. Experimental section

4.1. General procedures

All reagents and solvents were of the commercial reagent
grade and were used without further purification except
where noted. Dry toluene was obtained by distillation over

Figure 6. Optimized structure of porphyrin pentamer 13.
300 350 400 450 500 550 600 650

12

14 + 6 x 2

Ab
so

rb
an

ce

Wavelength / nm

(a)

500 550 600 650 700 750 800

12

14 + 6 x 2
6

In
te

ns
ity

Wavelength / nm

(b)

Figure 7. (a) UV–vis absorption spectra of 12 and the mixture of 14 and 6
(1:2) taken in CHCl3. The absorbances at ca. 420 nm were normalized. (b)
Fluorescence spectra of 12, 6, and the mixture of 14 and 6 (1:2) in CHCl3
taken upon excitation at 420 nm with the absorbance adjusted at 0.15.
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CaH2. 1H NMR spectra were recorded on a JEOL ECA-
delta-600 spectrometer, and chemical shifts were reported
as the delta scale in parts per million relative to CHCl3
(d¼7.26 ppm). Preparative separations were performed by
silica gel gravity column chromatography (Wako gel
C-300). Recycling preparative GPC–HPLC was carried out
on a JAI LC-908 using preparative JAIGEL-2.5H, 3H, and
4H columns (chloroform eluant; flow rate 3.8 mL min�1).
The spectroscopic grade CHCl3 was used as solvents for
all spectroscopic studies. Steady-state UV–vis–NIR ab-
sorption spectra were recorded on a Shimadzu UV-3150
spectrometer. Mass spectra were recorded on a Shimadzu/
KRATOS KOMPACT MALDI 4 spectrometer, using
positive-MALDI ionization method.

4.1.1. 1,3,5-Trioxamethylbenzene-bridged zinc(II) por-
phyrin trimer 3. A mixture of 1 (62.3 mg, 0.08 mmol),
NaOH (32 mg, 0.08 mmol), and 1,3,5-tris[40-(tosyloxy)-20-
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Figure 8. (a) UV–vis–NIR absorption spectra of 13 and the mixture of 14
and 8 (1:2) taken in CHCl3. The absorbances at ca. 420 nm were normalized.
(b) Fluorescence spectra of 13 and the mixture of 14 and 8 (1:2) in CHCl3
taken upon excitation at 420 nm with the absorbance adjusted at 0.75.
oxa-10-butyl]benzene 2 (15 mg, 0.020 mmol) in dry DMF
(5 mL) was stirred for 36 h at 80 �C. H2O was added
and the mixture was extracted with CH2Cl2. The combined
organic layer was dried with Na2SO4 and evaporated under
reduced pressure. Separation over recycling preparative
GPC gave the free-base trimer. The free-base trimer was
dissolved in CHCl3 with Zn(OAc)2 and the solution was
refluxed for 3 h. After cooling, the solution was washed
with water, dried with Na2SO4, and evaporated. After passed
through a short silica gel column and evaporated the solvent,
the residue was recrystallized from CH2Cl2/MeOH to give
Zn(II) porphyrin trimer 3 (36 mg, 0.014 mmol, 71%). 1H
NMR (CDCl3, 600 MHz): d¼1.50 (s, 108H, tBu), 2.75 (t,
6H, J¼4.4 Hz, CH2), 3.13 (t, 6H, J¼4.4 Hz, CH2), 3.55 (s,
6H, CH2), 6.21 (s, 3H, Ar-H), 6.58 (dd, 3H, J¼1.8, 7.7 Hz,
Ar-H), 7.30–7.34 (m, 6H, spacer-H, Ar-H), 7.61 (d,
J¼4.6 Hz, 3H, Ar-H), 7.70 (s, 6H, Ar-H), 8.05 (d,
J¼11.0 Hz, 12H, Ar-H), 8.83 (d, 6H, J¼4.6 Hz, b-H), 8.96
(d, 6H, J¼4.6 Hz, b-H), 9.10 (d, 6H, J¼4.6 Hz, b-H), 9.32
(d, 6H, J¼4.6 Hz, b-H), and 10.17 (s, 3H, meso-H);
MALDI-TOF-MS calcd for C177H186N12O6Zn3: 2767.25,
found: 2767.25; UV–vis (CHCl3): lmax¼418, 547, and
586 nm.

4.1.2. Zn(II) porphyrin hexamer 4. Compound 3 (200 mg,
0.072 mmol) was dissolved in CHCl3 (190 mL) and the reac-
tion vessel was covered with foil. A solution of 0.1 M AgPF6

in CH3CN (0.120 mmol) was added all at once. After stirring
for 50 min at room temperature, the mixture was diluted with
water and extracted with CHCl3. The organic extract was
washed with water and dried over anhydrous Na2SO4. After
evaporation of solvent, the residue was dissolved with
Zn(OAc)2 in CHCl3 and the mixture was refluxed for 3 h.
The solution was washed with water, dried with Na2SO4,
and evaporated. After passed through a short silica gel
column and evaporated the solvent, separation by recycling
preparative GPC–HPLC gave 3 (139 mg, 0.050 mmol, 67%)
and 4 (28.1 mg, 0.0051 mmol, 27%). 1H NMR (CDCl3,
600 MHz): d¼1.46 (s, 72H, tBu), 1.49 (s, 144H, tBu), 2.80
(m, 4H, CH2), 3.01 (m, 8H, CH2), 3.13 (m, 4H, CH2), 3.53
(m, 8H, CH2), 3.55 (s, 4H, CH2), 3.74 (s, 8H, CH2), 6.39
(s, 4H, Ar-H), 6.41 (s, 2H, Ar-H), 6.65 (d, J¼8.2 Hz, 2H,
Ar-H), 6.72 (d, 4H, J¼8.2 Hz, Ar-H), 7.35–7.40 (m, 6H,
Ar-H), 7.63 (s, 2H, spacer-H), 7.65 (s, 4H, spacer-H),
7.72–7.80 (m, 18H, Ar-H), 8.04–8.11 (m, 24H, Ar-H),
8.14–8.18 (m, 4H, b-H), 8.67–8.72 (m, 4H, b-H), 8.87–
8.96 (m, 24H, b-H), 9.11 (d, 8H, J¼4.6 Hz, b-H), 9.34 (d,
8H, J¼4.6 Hz, b-H), and 10.16 (s, 4H, meso-H); MALDI-
TOF-MS calcd for C354H370N24O12Zn6: 5532.48, found:
5538.10; UV–vis (CHCl3): lmax¼418, 458, and 552 nm.

4.1.3. 1,3,5-Trioxamethylbenzene-bridged meso–meso
linked porphyrin triple dimer (hexamer) 5. Compound
4 (20 mg, 0.0036 mmol) was dissolved in CHCl3
(2000 mL) and the reaction vessel was covered with foil.
A solution of 0.1 M AgPF6 in CH3CN (0.0072 mmol) was
added and the mixture was stirred for 36 h at room temper-
ature under Ar atmosphere. The same work-up procedure for
4 gave 5 (7.6 mg, 38%). 1H NMR (CD2Cl2, 600 MHz):
d¼�0.47 to �0.34 (m, 54H, tBu), 0.42–0.54 (m, 54H,
tBu), 1.37–1.44 (m, 108H, tBu), 3.96–3.99 (m, 12H, CH2),
4.37 (m, 12H, CH2), 4.62–4.73 (m, 12H, CH2), 5.65 (s,
6H, Ar-H), 7.31 (s, 6H, Ar-H), 7.37–7.39 (m, 12H, Ar-H),
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7.57 (s, 6H, spacer-H), 7.68–7.74 (m, 18H, Ar-H), 7.75 (s,
6H, Ar-H), 7.90 (d, 6H, J¼4.4 Hz, b-H), 8.05 (s, 6H, Ar-
H), 8.10 (s, 6H, Ar-H), 8.18–8.23 (m, 12H, b-H), 8.54 (d,
6H, J¼4.6 Hz, b-H), 8.71 (d, 6H, J¼4.5 Hz, b-H), 8.83 (d,
6H, J¼4.5 Hz, b-H), 9.00 (d, 6H, J¼4.6 Hz, b-H), and
9.03 (d, 6H, J¼4.6 Hz, b-H); MALDI-TOF-MS calcd for
C354H366N24O12Zn6: 5528.45, found: 5533.46; UV–vis
(CHCl3): lmax¼423, 453, and 555 nm.

4.1.4. 1,3,5-Trioxamethylbenzene-bridged meso–meso,
b–b, b–b linked porphyrin triple dimer (hexamer) 6.
Compound 5 (4.0 mg, 0.72 mmol) was oxidized with DDQ
(2.4 mg, 10.8 mmol) and Sc(OTf)3 (5.2 mg, 10.8 mmol) in
toluene (6 mL) at 60 �C for 12 h under N2 atmosphere.
THF was added and the mixture was stirred for additional
1 h. The mixture was directly passed through an alumina
column and the solvent was evaporated. The residue was
recrystallized from CH2Cl2/CH3CN. Compound 6 (2.4 mg,
0.43 mmol, 48%) was obtained. 1H NMR (CD2Cl2 with
n-BuNH2, 600 MHz): d¼1.37–1.44 (m, 216H, tBu), 3.53–
3.65 (m, 12H, CH2), 3.90–4.08 (m, 12H, CH2), 4.32–4.49
(m, 12H, CH2), 6.73–6.80 (m, 6H, Ar-H), 6.85–6.87 (m,
6H, Ar-H), 6.95–7.00 (m, 6H, spacer-H), 7.02–7.11 (m, 12H,
Ar-H), 7.16–7.22 (m, 12H, Ar-H), and 7.25–7.80 (m, 60H,
b-H, Ar-H), MALDI-TOF-MS calcd for C354H354

N12O12Zn6: 5516.36, found: 5520.35; UV–vis (CHCl3):
lmax¼418, 463, 558, 957, and 1185 nm.

4.1.5. Zn(II) porphyrin pentamer 11. A mixture of 1
(257 mg, 0.330 mmol), 10 (47.9 mg, 0.0412 mmol), and
K2CO3 (336 mg, 2.44 mmol) in dry acetone (50 mL) was
refluxed for 4 days. H2O was added and the mixture was
extracted with CH2Cl2. The combined organic layer was
dried with Na2SO4 and evaporated. The residue was purified
with silica gel column chromatography (Wako 300 mesh,
CH2Cl2/hexane). Separation over recycling preparative
GPC–HPLC gave the free-base pentamer. The free-base
pentamer was dissolved with CHCl3 and Zn(OAc)2 and re-
fluxed for 5 h. The solution was washed with water and
the organic layer was dried with Na2SO4 and evaporated.
After passed through a short silica gel column and evapo-
rated, the residue was recrystallized from CH2Cl2/MeOH
to give porphyrin pentamer 11 (87.3 mg, 0.0221 mmol,
54%). 1H NMR (CDCl3, 600 MHz): d¼1.42–1.45 (m,
144H, tBu), 2.08–2.32 (m, 8H, CH2), 4.01–4.32 (m, 16H,
CH2), 6.97–7.10 (m, 4H, Ar-H), 7.30–7.47 (m, 8H, Ar-H),
7.57–7.63 (m, 8H, Ar-H), 7.67–7.73 (m, 20H, Ar-H),
7.97–8.03 (m, 16H, Ar-H), 8.77–8.85 (m, 8H, b-H), 8.88–
8.97 (m, 16H, b-H), 9.03–9.08 (m, 8H, b-H), 9.26–9.36
(m, 8H, b-H), and 10.10–10.17 (m, 4H, meso-H), MALDI-
TOF-MS calcd for C272H268N20O8Zn5: 4261.76, found:
4265.80; UV–vis (CHCl3): lmax¼418, and 547 nm.

4.1.6. Zn(II) porphyrin pentamer 12. Compound 11
(20 mg, 0.00468 mmol) was dissolved in CHCl3 (800 mL),
and the reaction vessel was covered with foil. To the solu-
tion was added a solution of 0.1 M AgPF6 in CH3CN
(0.065 mmol) all at once and progress of reaction was mon-
itored by analytical GPC–HPLC. After stirring for 14.5 h at
room temperature, the mixture was diluted with water and
the porphyrin products were extracted with CHCl3. The
organic extract was washed with water and dried over
Na2SO4. After evaporation the residue was dissolved with
CHCl3 and metallated with Zn(OAc)2. The desired com-
pound was separated over a recycling preparative GPC–
HPLC to give 12 (7.2 mg, 36%). 1H NMR (CDCl3 at
60 �C, 600 MHz): d¼1.23–1.30 (m, 72H, tBu), 1.40–1.50
(m, 72H, tBu-H), 2.20–2.48 (m, 8H, CH2), 3.89–4.00
(m, 8H, CH2), 4.07–4.19 (m, 8H, CH2), 6.44–6.56 (m, 4H,
b-H), 6.75–6.83 (m, 4H, Ar-H), 6.88–6.91 (m, 4H, Ar-H),
6.92–7.00 (m, 8H, Ar-H), 7.06–7.28 (m, 84, Ar-H), 7.30–
7.36 (m, 8H, Ar-H), 7.53–7.63 (m, 4H, Ar-H), 7.71–7.76
(m, 4H, Ar-H), 7.77–7.82 (m, 8H, Ar-H), 7.83–7.93 (m,
4H, b-H), 8.01–8.06 (m, 4H, Ar-H), 8.15–8.23 (m, 4H, Ar-
H), 8.30–8.34 (m, 4H, Ar-H), 8.36–8.47 (m, 8H, b-H),
8.69–8.83 (m, 8H, b-H), 8.87–8.91 (m, 4H, b-H), 8.97–
9.04 (m, 4H, b-H), and 9.07–9.20 (m, 8H, b-H); MALDI-
TOF-MS calcd for C272H264N20O8Zn5: 4257.73, found:
4262.87; UV–vis (CHCl3): lmax¼423, 453, and 555 nm.

4.1.7. Zn(II) porphyrin pentamer 13. Compound 12
(24.8 mg, 5.8 mmol) was oxidized with DDQ (13.2 mg,
58 mmol) and Sc(OTf)3 (28.5 mg, 58 mmol) in toluene
(6 mL) at 60 �C and reaction progress was monitored by an-
alytical GPC–HPLC. The solution was stirred for 36 h under
N2. Then THF was added to the reaction mixture and the
solution was stirred for another 2 h. After evaporation of
solvent the residue was dissolved with THF and the solution
was directly passed through an alumina column and evapo-
rated. After short silica gel column, the residue was sepa-
rated over a recycling preparative GPC–HPLC to give 13
(2.5 mg, 10%). 1H NMR (CDCl3, 600 MHz): d¼1.20–1.28
(m, 72H, tBu), 1.30–1.37 (m, 72H, tBu), 1.95–2.01 (m, 8H,
CH2), 4.09–4.20 (m, 8H, CH2), 4.24–4.33 (m, 8H, CH2),
6.88 (s, 8H, b-H), 6.98–7.00 (m, 4H, Ar-H), 7.04–7.07 (m,
4H, Ar-H), 7.07–7.09 (m, 4H, Ar-H), 7.10–7.18 (m, 12H,
Ar-H), 7.34–7.41 (m, 16H, Ar-H), 7.42–7.65 (m, 32H, Ar-
H, b-H), and 8.37 (s, 8H, b-H); MALDI-TOF-MS calcd
for C272H256N20O8Zn5: 4249.67, found: 4254.32; UV–vis
(CHCl3): lmax¼420, 562, 585, and 1071 nm.
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