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Three-Dimensionally Arranged Windmill and Grid Porphyrin Arrays by

Ag'-Promoted meso—meso Block Oligomerization

Aiko Nakano,? Tomoko Yamazaki,” Yoshinobu Nishimura,'®!
Iwao Yamazaki,” and Atsuhiro Osuka*[?!

Abstract: The syntheses of soluble
windmill and grid porphyrin arrays
through the Ag'-promoted coupling re-
action of 1,4-phenylene-bridged linear
porphyrin arrays, which are comprised
of a central Zn" S-free porphyrin and
flanking peripheral Ni" S-octaalkylpor-
phyrins, are described. The coupling
reaction is advantageous in light of its
high regioselectivity occurring only at
the meso-position of the Zn! pB-free
porphyrin as well as its easy extension
to large porphyrin arrays. The windmill

the linear porphyrin trimer) was also
coupled to afford grid porphyrins (24-
mer, 36-mer, and 48-mer). These por-
phyrin arrays were isolated in a discrete
form by repetitive GPC/HPLC (GPC =
gel-permiation chromatography). Com-
petitive experiments with three linear
porphyrin trimers bearing different pe-
ripheral metalloporphyrins (Zn", Ni',
and Cu'l), and the trapping experiment
of the radical cation at the peripheral
porphyrin with AgNO,, suggested that
an initial one-electron oxidation of the

easily oxidizable peripheral Zn" f-oc-
taalkylporphyrin with an Ag! ion and a
subsequent endothermic hole transfer
assist the generation of the radical
cation at the central Zn"" S-free porphy-
rin. In all Zn"-metallated windmill por-
phyrin arrays, the energy level of the S,
state of the meso—meso-linked dipor-
phyrin core is lower than that of the
peripheral porphyrins, thereby allowing
an energy flow from the peripheral
porphyrins to the central diporphyrin
core; this has been confirmed by meas-

porphyrin arrays in turn serve as an
effective substrate for further coupling
reactions, to give three-dimensionally
arranged grid porphyrin arrays. Further
the grid porphyrin 12-mer (a tetramer of

rinoids -

Introduction

The design and construction of novel porphyrin architectures
with well-defined geometries is an area of increasing current
interest.l!l These porphyrin assemblies are of fundamental
importance as attractive building blocks for the modular
construction of electronics, optical devices, sensors, and solar
energy conversion.>>4 A number of covalently linked or
noncovalently assembled porphyrin arrays have been devel-
oped with the aim of reproducing and understanding light-
harvesting and charge-separation phenomena in photosyn-
thetic organisms.[>¢ In view of higher stability and better
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urements of fluorescence lifetimes and
picosecond time-resolved fluorescence
spectra. The excitation energy transfer
in the arrays encourages their potential
use as an light-harvesting antenna.

porphy-

tunability of electronic interactions between an energy donor
and an energy acceptor, the covalent-linkage strategy has
offered far more promise for the construction of a robust
molecular system and for probing the effects of molecular
organization on electronic interactions necessary for energy
transfer processes; this has greatly contributed to our under-
standing of the natural light-harvesting processes at a
molecular level. As a result, a variety of covalently linked
porphyrin arrays have been developed; these include line-
ar,l» 781 cyclic,l” 1% dendritic,!'Yl stacked,'?! starburst,*l ban-
danna,™ fused,!™ and other fascinating three-dimensional
arrangements.'® 17181 A drawback in the covalent-linkage
strategy lies in their time-consuming multi-step syntheses,
which become increasingly serious for the synthesis of higher
order arrays of porphyrin chromophores; this has stimulated a
continuing demand for an effective yet simple synthetic
method that can afford large porphyrin arrays with a well-
defined arrangement.

Here we report synthesis of three-dimensionally arranged
windmill- and grid-like porphyrin arrays. This is an extension
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Scheme 1. meso —meso-Coupling reaction of Zn'' 5,15-diarylporphyrin.

of our recent synthesis of meso—meso-linked porphyrin
oligomers from a Zn" 5,15-diarylporphyrin with an Ag' ion
in CHCI;.['"7 As shown in Scheme 1, the treatment of Zn!!
5,15-diarylporphyrin 1 with an Ag' ion led to formation of
meso —meso-linked oligomers 2-6. This reaction can be
accounted for in terms of initial one-electron oxidation of
the Zn" porphyrin with the Ag'ion, followed by nucleophilic
attack of a neutral Zn" porphyrin. This mechanism is
supported by the synthesis of the same porphyrin oligomers
by anodic electrochemical oxidation.l'’¢dl If this Ag'-promot-
ed meso—meso-coupling reaction can be applied to 14-
phenylene-bridged linear porphyrin arrays with similar high
regioselectivity, it would constitute an efficient synthetic entry
into a new class of large, three-dimensionally arranged
porphyrin arrays. To test this idea we examined the Ag!-
promoted reaction of 1,4-phenylene-bridged linear porphyrin
arrays that have a reactive Zn! 5,15-diaryl-substituted S-free
porphyrin flanked by Ni" 8-octaalkylporphyrins. As described
below, the meso—meso-coupling reaction of the linear por-
phyrin arrays proceeded easily, and resulted in an efficient
construction of windmill-like porphyrin arrays.'”] Further we
found that the similar coupling reaction of the windmill-like
porphyrin arrays led to higher
order arrays with three-dimen-
sional grid-like architectures.
This synthetic approach is out-
lined in Scheme 2. Here we call
meso—meso-linked dimer of
linear porphyrin array as a
“windmill porphyrin array”,
and its meso—meso-coupled
higher oligomer as a “grid por-
phyrin array”. Three-dimen-
sional grid-like arrangements
of metals have attracted con-
siderable interests from a view-
point of construction of infor-
mation storage devices.?”) We
also report efficient intramolec-
ular singlet—singlet energy
transfer from the peripheral
porphyrins to the meso —meso-
linked diporphyrin core in all
Zn"-metallated windmill por-
phyrin arrays; this is also of

Linear array
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Ar:
‘ 3; 3-mer, n=1
4; 4-mer, n=2
5; 6-mer, n=4
Ar 6; 8-mer,n=6
tBu OCgHy7
a; Ar= AQ b; Ar =
tBu OCgHy7

interest with a view to the construction of artificial light-
harvesting antenna.

Results and Discussion

Synthesis of windmill porphyrin arrays: For the first step, we
examined the Ag'-promoted coupling reaction of the 1,4-
phenylene-bridged hybrid porphyrin dimer 10-Ni, which was
prepared by condensation of formyl-substituted porphyrin 7-
Ni?!l and 3,5-di-tert-butylbenzaldehyde 92 with 2,2'-dipyrryl-
methane 8 using Lindsey conditions® 2! in 12% yield.
(Scheme 3). Treatment of 10-Ni with 1.2 equivalents of AgPF,
at room temperature in CHCl; followed by separation by gel-
permeation chromatography (GPC) gave porphyrin tetramer
11-Ni in 51 % yield, along with recovery of 10-Ni (33 % ). The
MALDI-TOF MS spectrum of 11-Ni displayed a parent ion
peak at m/z 3243 (caled for CyyqHyNNi,O4Zn,: 3242); the
'"H NMR spectrum displayed a singlet due to the meso protons
of Zn!" S-free porphyrin at 6 =10.53 and broad signals for the
meso protons of Nil! 5-octaalkylporphyrin at 6 =9.53 and 9.37,

H
H
Semi-grid array
H

)
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Scheme 2. Synthetic scheme of windmill and grid porphyrin arrays.
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Scheme 3. Synthesis of porphyrin tetramers 11-Ni and 11-Zn; a) TFA, CH,Cl,; p-chloranil; Zn(OAc),.

b) AgPF,, CHCL,.

as well as for the eight § protons of the Zn" -free porphyrin
at =9.71,9.59, 9.53, 9.26, 9.10, 8.83, 8.39, and 8.26, which are
characteristic of the meso—meso-linked porphyrin dimer.['”!
Similar reaction of 10-Zn led to formation of 11-Zn only in
5% yield along with 40% recovery. The one-electron
oxidation potentials of 1a, 7-Zn, and 7-Ni in CHCl;, measured
by cyclic voltammetry, were found to be 0.30, 0.17, and 0.32 'V,
respectively, versus a ferrocene/ferrocenium ion couple. Since
the oxidation reactions of the Ni"! S-octaalkylporphyrin and
the Zn" fS-free porphyrin by an Ag! ion have similar
endothermicity, the radical cation of Zn!! S-free porphyrin in
10-Ni may be generated, in addition to direct oxidation of the
Zn" S-free porphyrin by an Ag'ion, through an indirect route
that involves initial oxidation of the Ni" S-octaalkylporphyrin
with the Ag'ion, followed by hole transfer. The observed low
yield of 11-Zn suggested undesirable side reactions of the
peripheral Zn" -octaalkylporphyrin radical cation. Based on
these results, we employed Ni! S-octaalkylporphyrin as a
peripheral-protecting unit.

As the next step, we examined the Ag!-promoted coupling
reaction of 14-phenylene-bridged linear porphyrin arrays
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such as trimer 14-Ni, pentamer
15-Ni, and heptamer 16-Ni.
Synthesis of 1,4-phenylene-
Bu bridged linear porphyrin ar-
rays have been previously re-
ported by usl*l and Sess-
ler.Uedl Thus, the target linear
porphyrin arrays 14-Ni, 15-Ni,
and 16-Ni were prepared by a
similar route with replacement
of a B-alkyl-substituted dipyr-
rylmethane by S-unsubstituted
dipyrrylmethane 8. Symmetric
linear porphyrin trimer 14-Ni
(51% yield), pentamer 15-Ni
(68 % yield), and heptamer 16-
Ni (80 % yield) were prepared
from corresponding Ni' form-
yl-substituted porphyrin mono-
mer 7-Ni, dimer 12-Ni and
trimer 13-Ni, respectively
(TFA, CH,Cl,; p-chloranil).
High yields of these 1,4-phen-
ylene-bridged linear porphy-
rin arrays are worthy to note.

The reaction of the trimer
14-Ni with two equivalents of
AgPF¢ produced porphyrin
hexamer 17-Ni along with por-
phyrin nonamer 18 as moni-
tored by analytical GPC/

reaction was stopped after
OMe 22 h and 17-Ni and 18 were
isolated by recycling prepara-
tive GPC/HPLC in 50% and
2% vyields (Figure 1c and 1d,
left), respectively, along with
the recovery of 14-Ni (47%) (Scheme 4). The molecular
weights of these porphyrin arrays were determined
by MALDI-TOF MS: 17-Ni m/z 4985 (caled for
Ci6H35sN,yNi,OgZn,: 4985) and 18 m/z 7476 (caled for
C,74Hs36N3NigO,Zn;: 7478). The 500 MHz 'H NMR spectra
of 14-Ni, 17-Ni, and 18 shown in Figure 2 display well-resolved
and relatively simple patterns in spite of their large molecular
sizes. Orthogonal architecture of these arrays, which prevents
7 -7t stacking may lead to the well-resolved 'H NMR spectra,
and their symmetric structures are consistent with the simple
"H NMR spectra. Singlet signals for the meso protons in the
central meso —meso-linked porphyrins (H?, indicated by open
arrows in Figure 2) of both 17-Ni and 18 appeared at nearly
the same chemical shift as that of 14-Ni, and the chemical
shifts of the S-protons are analogous to those of 1, 2, and 3,['"]
and appear at d =9.68 (H®) and 9.53 (HY) in 14-Ni, at 6 =9.79
(H°), 9.60 (HY), 9.18 (H®), and 8.52 (H') in 17-Ni, and at 6 =
9.82 (H), 9.64 (HY), 9.34 (H®), 9.26 (H"), 8.76 (H'), and 8.65
(H®) in 18. By using the ROESY 'H NMR technique, all the
signals in the aromatic region of 17-Ni and 18 were fully
assigned as shown in Figure 2 (designations are given in
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Scheme 4). An interesting feature is that the two meso
protons and the S-methyl protons at the peripheral (-
octaalkylporphyrin were observed separately in the 'H NMR
spectra of both 17-Ni and 18; the meso protons H® and H” in
the peripheral porphyrins appeared at 6 =9.53 and 9.36, and
the peripheral f-methyl protons appeared at 6 =2.96 (12H),
2.58 (12H), and 2.23 (24 H) ppm in 17-Ni. These observations
suggested restricted rotation around C—C bond between the
meso carbon at the central S-free porphyrin and the 1,4-
phenylene spacer. As shown in Figure 3, the 'H NMR
spectrum of 17-Ni was temperature dependent, and the meso
protons H® and H" appeared as two singlets at 6 =9.52 and
9.35 at —30°C and changed to a broad signal at § =9.46 at

Chem. Eur. J. 2000, 6, No. 17
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50°C in CDCl;. In the 'H NMR spectrum of 18, H®’ of the
peripheral Ni! f-octaalkylporphyrins in the inner array
appeared as a singlet at 6 =9.33 and H® and H" appeared as
two separate broad signals at d =9.56 and 9.41, similar to
those in 17-Ni (Figure 2c). On the basis of the variable
temperature 'H NMR measurements, the activation barrier of
the rotation of the peripheral porphyrin has been estimated to
be 15.5-16 kcalmol~! for 17-Ni.

The coupling reaction of the linear porphyrin pentamer 15-
Ni was similarly performed with three equivalents of AgPF;.
Monitoring by analytical GPC/HPLC (Figure 1b, middle)
revealed the appearance of new bands eluting at 18.9 and
18.1 min; these were assigned to porphyrin decamer 19-Ni and

0947-6539/00/0617-3257 $ 17.50+.50/0 3257
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Figure 1. GPC/HPLC chromatograms of the Ag!-promoted coupling reaction detected at 420 nm. Each chromatogram is normalized to the maximum
intensity. Left: the reaction of 14-Ni: a) 14-Ni, b) after 12 h, c) purified 17-Ni, and d) purified 18. Middle: the reaction of 15-Ni: a) 15-Ni, b) after 12 h,

¢) purified 19-Ni, and d) purified 20. Right: the reaction of 16-Ni: a) 16-Ni, b) after 16 h, and c) purified 21-Ni.

R

AP

Scheme 4. Synthesis of windmill hexamer.

porphyrin 15-mer 20, respectively. The reaction was stopped
after 25 h and the separation by recycling preparative GPC/
HPLC gave porphyrin decamer 19-Ni (35 % isolated yield,
MALDI-TOF MS: m/z 8321; calcd for Cs;HgssNygNigOgZn,:
8320, Figure 1c middle). The decamer 19-Ni displayed a well-
resolved '"H NMR spectrum, which was fully consistent with

3258
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the assigned windmill structure. Further the reaction of the
porphyrin heptamer 16-Ni with three equivalents of AgPF;
also provided porphyrin 14-mer 21-Ni (MALDI-TOF MS:
miz 11640; caled for CjusHgsNsNi;,OgZn,: 11656) with a
14 % isolated yield (Figure 1, right). The yields are summar-
ized in Table 1.

0947-6539/00/0617-3258 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 17
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Figure 2. '"H NMR spectra a)14-Ni, b)17-Ni, and c¢)18 in CDCl;.
Designation of the protons is given in Scheme 4.

Synthesis of grid porphyrin arrays: As indicated above, the
coupling reaction of the linear porphyrin arrays often led to
production of higher oligomerized porphyrin arrays such as
the nonamer 18 and the 15-mer 20. These results suggested
that windmill porphyrins themselves could serve as an
effective building block for the Ag!-promoted coupling
reaction. Therefore, we examined Ag'-promoted coupling
reaction of the windmill porphyrin arrays. In these attempts,
we employed substrates 24-Ni (porphyrin trimer) and 32
(porphyrin pentamer) bearing 3,5-dioctyloxyphenyl substitu-
ents as starting linear porphyrin arrays in order to improve
solubilities of higher oligomeric porphyrin products. The

Table 1. Results of Ag'-promoted coupling reaction of porphyrin arrays.?
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Figure 3. '"H NMR spectra of 17-Ni at variable temperature: a) at —30°C,
b) room temperature, and c) at 50°C in CDCl;.

trimer 24-Ni and the pentamer 32 were prepared by a similar
route used for preparation of 14-Ni and 15-Ni.

Windmill porphyrin hexamer 25-Ni (MALDI-TOF MS, m/z
5400; caled for CiyHuuN,uNi,OgZn,: 5411) and windmill
decamer 33 (MALDI-TOF MS, m/z 8741; caled for
Cse0H7,6N4NigOgZn,: 8746) were prepared from 24-Ni and
32in 22 % and 28 % yields, respectively. The reaction of 25-Ni
with two equivalents AgPF¢ for 9h gave a mixture that
contained porphyrin 12-mer 27, 18-mer 28, and 24-mer 29 as
monitored by the analytical GPC/HPLC (Figure 4a, left);
these were separated by recycling preparative GPC/HPLC to
give the 12-mer 27 (25 %) (Figure 4b, left) and small amounts
of the 18-mer 28 and the 24-mer 29 along with the recovery of
25-Ni (35%). The MALDI-TOF MS measurements revealed
that the molecular weights of porphyrin arrays 27 (m/z 10822;
caled for CyggHgogNysNigOyZn,: 10820), 28 (m/z 16211; caled

for Cio32H133N7.Nip O, Zng:
16229), and 29 (m/z 21466;

caled for CizreHi775No6Ni;cO3-
: 21638) are in excellent
agreement with the assigned

Starting Conditions Results 7n
compound! AgPF; [equiv] reaction time [h] recovery [% ]! product distribution!! 8
10-Ni (2) 12 11 33 11-Ni (51%)

14-Ni (3) 2.0 215 47 17-Ni (50%), 18 (ca. 2%)

15-Ni (5) 3.1 25 15 19-Ni (35%), 20 (trace)

16-Ni (7) 3.0 16 - 21-Ni (14%)

24-Ni (3) 2.0 24 62 25-Ni (22%), 26-Ni (trace)

25-Ni (6) 2.0 9 35 27 (25%), 28 (trace), 29 (trace)

32(5) 3.0 6 1 33 (28%), 34 (%), 35 (trace)

24-Zn (3) 2.0 24 ) 25-Zn (48%), 26-Zn (ca. 3%)

24-Cu (3) 2.0 20 k) 25-Cu (46% ), 26-Cu (3%)

structures. The windmill 10-
mer 33 was treated under the
similar conditions (Figure 4c,
right), and the porphyrin
oligomers were separated by
recycling preparative GPC/
HPLC. The molecular weight

[a] Reactions were carried out in CHCI; at room temperature. See the Experimental Section for details.
[b] Number in the parentheses indicates the number of the porphyrins in the array. [c] Isolated yield of the
recovered starting compound after preparative GPC/HPLC. [d] Isolated yield of the products after preparative

GPC/HPLC.

Chem. Eur. J. 2000, 6, No. 17
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of the product that eluted at
174 min (Figure 4d, right) was
determined by MALDI-TOF
MS to be m/z 17426, and this

0947-6539/00/0617-3259 $ 17.50+.50/0 3259
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product was assigned as grid porphyrin 20-mer 35 (calcd for
Ci120H1450NgoNiO16Zn,: 17491). We also isolated a larger
molecule that eluted at 16.9 min (Figure 4e, right); this was
tentatively assigned as grid porphyrin 30-mer 36, although its
molecular weight could not be determined. Further the grid
porphyrin 12-mer 27 was coupled with 2.8 equivalents of
AgPF, under the similar conditions to give higher oligomers
(Figure 4c, left). Formation of distinct large molecules eluting
at 17.3, 16.5, and 15.9 min, assignable to 24-mer, 36-mer, and
48-mer, respectively, was evident. The coupling reaction was
stopped after 16 h, and all these products were separated in a
pure form by recycling preparative GPC/HPLC. The molec-
ular weights were determined by MALDI-TOF MS to be m/z

3260

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

21466, 32276, and 43321, all in line with the expected grid
porphyrin 24-mer 29, 36-mer 30 (calcd for C,peH,e66N144-
Niy,Ou5Zny,: 32456), and 48-mer 31 (caled for C,r5,Hs554N9p-
Ni;,O4iZn,: 43274), respectively. The structure of the por-
phyrin 48-mer 31, the largest grid array prepared in this paper,
is shown below. As described above, the MALDI-TOF MS
measurement has been particularly effective in detecting
molecular weights of these large porphyrin arrays (Table 2).
'"H NMR spectra should provide stronger evidence for their
structure, including the coupling regiochemistry, but in most
cases these large porphyrin arrays have rather broadened
spectra with exceptions of the nonamer 26 and the 12-mer 27
(see, Experimental Section).

0947-6539/00/0617-3260 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 17
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Figure 4. GPC/HPLC chromatograms of the Ag!-promoted coupling
reaction detected at 420 nm. Each chromatogram is normalized to the
maximum intensity. Left: trimer series: a)the reaction of 25-Ni with
2 equivalents of AgPF for 9 h, b) purified 12-mer 27, c) the reaction of 27
with 2.8 equivalents of AgPF¢ for 16h, d) purified 24-mer 29, and
e) purified 36-mer 30. Right: pentamer series: a) the reaction of 32 with
3.0 equivalents of AgPF; for 6 h, b) purified 10-mer 33, ¢) the reaction of 33
with 3.1 equivalents of AgPF, for 16 h, d) purified 20-mer 35, and
e) purified 30-mer 36.

The preparative GPC/HPLC is an essential technique for
separation of these large porphyrin arrays and has been
usually performed in a recycling manner, allowing the
isolation of each porphyrin array in a pure state as indicated
by a single peak (for example, Figure 4b, 4d and 4e, left and
right). The relationship of the molecular weights of these
porphyrin arrays versus the retention time in our GPC/HPLC
set-up are summarized in Table2 and Figure 5. Although
these data contain the retention times of porphyrin arrays
with different substituents and different molecular shape,
inspection of these data has revealed that the retention time is
roughly dependent upon the molecular weight of the por-
phyrin arrays; this results in a good linear relationship.
However, the retention time also depends on the molecular
shape, and the linear heptamer 16-Ni and the windmill 14-mer
21-Ni with longer wings elute slightly faster than the retention
time expected on the basis of the above linear relationship,
suggesting their larger hydrodynamic volume.

In addition to the elution behavior in the GPC/HPLC and
the MALDI-TOF MS spectra, the UV-visible absorption
spectra provided strong support for the homogeneity of the
porphyrin arrays isolated. The absorption spectra of these
porphyrin arrays and references are given in Figure 6 and
Table 3. meso—meso-Linked linear porphyrin arrays, 2b
(dimer), 3b (trimer), 4b (tetramer), 5b (hexamer), and 6b
(octamer) were synthesized and fully characterized.['’ The
absorption spectra of these arrays exhibit characteristic split
Soret bands (Table 3), of which the Soret band of the higher
energy portion is observed nearly at the same wavelength (ca.

Chem. Eur. J. 2000, 6, No. 17
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Table 2. Data of porphyrin arrays synthesized.

is interesting to note that the

Compound®  shapel®  molecular calculated observed retention coupling reactions of 1,4-phen-
formula molecular weight — molecular weight!!  time [min]l  ylene-bridged porphyrin tri-
14-Ni (3) L CissH5NpNiLO,Zn 2493 2494 21.0 mers proceeded at similar rate
17-Ni (6) W Cy1¢H355N,,Ni,O4Zn, 4985 4985 19.9 to or even faster than that of the
18 (9) G Ca74H53N36NicO01,Zns 7478 7476 19.3 parent porphyrin monomer.
15-Ni (5) L CassHizN2Ni,O,Zn 4161 4160 20.1 Therefore it may be suggested
19-Ni (10) W CapHgNyNigOsZn, 8320 8321 18.9 hat th - heral Nill
20 (15) G CrosHosgNeoNiy,OpZns 12481 el 18.1 that the peripheral Ni% f-oc-
16-Ni (7) L Ca7sHg0N2sNigO,Zn 5829 5829 187 taalkylporphyrins act as a me-
21-Ni (14) w C,45Hg1sN5eNi ,05Zn, 11656 11640 17.6 diator for the oxidation of the
24-Ni (3) L CinHyNiNi;O,Zn 2706 2707 20.4 central Zn" f-free porphyrin by
25-Ni (6) w CyusH6N,Ni,OZn, 5411 5400 193 the Ag! ion. This mechanism is
26-Ni (9) G Cs1eHesN3oNig 01,71, 8115 8131 18.8 g lon.
27 (12) G CessHiooNsNisO,Zn, 10820 10822 18.4 supported by the fact that the
28 (18) G C032H133:N7.Ni1,0,,Zng 16229 16211 17.8 first one-electron oxidation of
29 (24) G Cia76Hi7gNogNi1eOZng - 21638 21466 17.3 Zn" B-free porphyrin (0.30 V)
30 (36) G CangiHageeN14aNi OuZny, 32456 32276 16.5 is similar to that of Ni' f-
31 (48) G CprssHis5N1oNipyOgZnyg 43274 43321 159 vl v 032V
32(5) L CogoHae:NyNi;0,Zn 4374 4365 19.3 octaalkylporp yrn (. )
33 (10) w CigoHy26N4NigOgZn, 8746 8741 183 and that the Ni" S-octaalkyl-
34 (15) G CayoHi0ssNeoNiy,01,Zn; 13119 13038 17.8 porphyrins spatially surround
35 (20) G C]12(,H1450N8(,Ni160162n4 17491 17426 174 the Zn! B-free porphyrin and
36 (30) G CiasoHo17aN1oNip 00 Zng 26236 e 16.9

thus are more accessible to the

[a] Number in the parentheses indicates the number of the porphyrins in the array. [b] L =linear, W = windmill,
G =grid. [c] Determined by MALDI-TOF MS. [d] Retention time on analytical GPC/HPLC. For details, see

Experimental Section. [e] Not detected.

. E"“"*
4.5 [}
2404
240
_8’ J
] P m
| 0 e
3.5+
- o [ ]
-llllIIlll||lllllllll|l|ll‘||||||||l’l]
15 16 17 18 19 20 21 22

tr/ min

Figure 5. Relationship of the retention time versus log MW. Filled square:
14-Ni, 17-Ni, 18; filled circle: 15-Ni, 19-Ni, 20; filled triangle: 16-Ni, 21-Ni;
open square: 24-31; open circle: 32-36.

414 nm), while the Soret band of the lower energy portion
undergoes a systematic red-shift with increasing number of
porphyrins (450 nm in 2b to 500 nm in 6b). Such red-shifted
split Soret bands were clearly visible in the absorption spectra
of the windmill and grid porphyrin arrays (Figure 6, desig-
nated by arrows in each spectrum) at the same wavelength as
those of the reference meso—meso-linked porphyrin arrays
2b-6b (Table 3).

Mechanistic studies on formation of windmill hexamers: As
described above, the Agl-promoted coupling reaction of 1,4-
phenylene-bridged linear porphyrin arrays proceeded effi-
ciently, giving the corresponding windmill porphyrin arrays
with good yields and excellent meso —meso regioselectivity. It
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Ag' ion. Namely, the initial
oxidation of the peripheral Ni!
porphyrin by an Ag! ion fol-
lowed by a hole transfer to the
central Zn"' fS-free porphyrin
may assist generation of the radical cation of the central Zn"
p-free porphyrin. In order to examine this possibility, we
prepared three linear trimers 24-Zn, 24-Ni, and 24-Cu and
compared the relative rates of the meso—meso-coupling
reactions.

The coupling reactions of 24-Zn, 24-Ni, and 24-Cu were
performed with two equivalents of AgPF¢ at room temper-
ature in CHCI; for 5—10 h to give the corresponding windmill
porphyrin hexamers 25-Zn, 25-Ni, and 25-Cu and correspond-
ing trimeric nonamers. After usual workup and separation by
preparative GPC/HPLC, the windmill hexamers 25-Zn, 25-Ni,
and 25-Cu were obtained in 30—48 % yields. Progress of the
reactions of 24-Zn, 24-Ni, 24-Cu, and 1a was monitored by the
analytical GPC/HPLC (Figure 7). The coupling reactions of
the trimers, 24-Zn, 24-Ni, and 24-Cu, were faster than that of
the parent 1a (Figure 7, at the reaction time of 6 h). The initial
reaction of 24-Zn was distinctly faster than 24-Ni and 24-Cu;
this suggests a superior coupling—accelerating role of the
peripheral Zn" pf-octaalkylporphyrins over those of the
corresponding Ni" and Cu" $-octaalkylporphyrins. Since it
was rather difficult to determine the one electron oxidation
potentials of each subunit in the porphyrin trimers 24-Zn, 24-
Ni, and 24-Cu, we used the oxidation potentials of the
reference monomers (22-Zn, 0.16 V; 22-Ni, 0.27 V; 22-Cu,
0.30 'V, in CHCI; vs. a ferrocene/ferrocenium ion couple) in
the following discussion. A plausible mechanism is outlined in
Scheme 5 in which trimer was indicated as Z2-7Z1-72, where
Z1 and Z2 represent a Zn" -free porphyrin and a metallated
p-octaalkylporphyrin, respectively. We would like to propose
here, in addition to direct oxidation of Z1 by an Ag'ion, the
presence of indirect oxidation pathway through the initial
oxidation of Z2 with an Ag'ion followed by hole transfer from
Z2 to Z1 for the generation of Z1". Indirect routes have

0947-6539/00/0617-3262 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 17
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Figure 6. Absorption spectra in CH,Cl,. Left: trimer series. Right: pentamer series. Absorbances are normalized at the maximum intensity. Arrows indicate

the red-shifted Soret band of the meso —meso-linked porphyrin oligomers.

Table 3. Absorption spectra of grid porphyrin arrays and meso —meso-linked porphyrin arrays.

Number of ~ Compound®  Absorption datal*) ~ Compound®  Absorption datal’l Compound®  Absorption datald]

the unit [ [nm] [nm] [nm]

1 1b (1) 413, 538 24-Ni (3) 405, 422, 535, 563 32 (5) 405, 427, 534, 567

2 2b (2) 417, 450, 556 25-Ni (6) 411, 421, 451 (sh), 532,560 33 (10) 408 (sh), 427, 533, 56611

3 3b(3) 414, 474, 566 26-Ni (9) 412, 471,533, 563 34 (15) 405 (sh), 428, 480 (sh), 534, 567
4 4b (4) 414, 486, 573 27 (12) 413, 483, 532, 566 35 (20) 407 (sh), 426, 484, 534, 568

6 5b (6) 414, 495, 579 28 (18) 412, 494, 531, 567 36 (30) 422, 496, 533, 568

8 6b (8) 414, 500, 582 29 (24) 412, 500, 567

[a] Number of the meso—meso-linked porphyrin cores in each array. [b] Number in the parentheses indicates the number of the porphyrins in the array.
[c] Ref. [17f]. [d] Peaks of the red-shifted Soret band of meso—meso-linked porphyrin cores are underlined. [e] The red-shifted Soret band is hidden.

25 —

amounts of dimerization product / %

reaction time /h

Figure 7. Progress of the reactions of 1a, 24-Zn, 24-Ni, and 24-Cu. Product
distribution was determined from GPC/HPLC analysis.

several advantages; the initial oxidation reaction of Z2 is less
endothermic compared with the direct oxidation of Z1 and it
is entropically favorable, since the available oxidation sites
are twofold. In addition, the second hole transfer from Z2 to

Chem. Eur. J. 2000, 6, No. 17
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2—71—72

ﬁtr\;ﬂsr

o+ coupling

727172 \

NO, -trapping hexamer
72—71—72
meso-nitrated trimers

Scheme 5. Proposed mechanism of the Ag'-promoted oxidative coupling
reaction of porphyrin trimer Z2-Z1-Z2.

Z1 is an intramolecular process and is also entropically
favored. The initial oxidation step must be most favorable in
24-Zn, since it has the least activation energy. It is also notable
that the material balance of the reaction of 24-Zn was
excellent without serious side reactions in contrast to the
reaction of 10-Zn; this suggests that a minor structural change
at the peripheral Zn!"" -octaalkylporphyrin subunit can lead
to suppression of the undesirable side reactions of its radical
cation under these conditions.
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In order to gain a further support for this mechanism, we
attempted to trap the radical cation intermediate of the
peripheral porphyrins by using a small electrophile that is
known to react with the radical cation of Zn!! 5-octaalkylpor-
phyrin. We chose the reaction with AgNO,, since it has been
demonstrated that radical cation of Zn" S-octaalkylporphyrin
can be trapped by AgNO, to give a meso-nitrated porphyrin
through nucleophilic attack by NO, .1l However, reaction of
24-Zn with AgNO, did not give any nitration products. After
several unsuccessful trapping trials, we thought that the
nucleophilic trapping might be hampered owing to steric
hindrance of the flanking bulky S-hexyl groups. We thus
examined the reaction of trimeric porphyrin 37, which bears
small fS-ethyl substituents instead of S-hexyl substituents.
Under the normal coupling conditions (2.1 equiv AgPFy,
CHCl;, room temperature, 4 h), the trimer 37 was converted
into the corresponding hexamer 38. We then examined the
reaction of 37 with 2.1 equivalents of AgNO,. After 6 h, the
MALDI-TOF MS analysis of the reaction mixture indicated
the formation of trimers with molecular weights of m/z 2318
and 2362, as well as a peak at m/z 2271 due to the starting
trimer 37 These new molecular peaks are consistent with
mononitrated porphyrin 39 (caled for C,H;5N30¢Zn;:
2316) and dinitrated porphyrin 40 (calcd for C 4 H;ssN4-
O¢Zn;: 2361). Interestingly, the formation of the windmill
porphyrin array 38 was not detected at all in this reaction.
These products were separated by silica gel chromatography
to 37, 39, and 40 in 16 %, 30 %, and 21 % yields, respectively.
The 'H NMR spectrum of 39 showed three signals for the
meso protons in a ratio of 2:2:1 at 6 =10.56 (H?), 10.35 (H"),
and 10.14 (H°) and six signals for the S-methyl group protons
in a ratio of 6:3:3:6:3:3, indicating the nitration at the meso-
position of the peripheral porphyrin. The 'H NMR spectrum
of 40 indicated two different meso protons in a ratio of 1:1 at
0=10.57 (H*) and 10.14 (H°), and four different S-methyl

group protons (6 H x 4), revealing that the each peripheral
porphyrin is mononitrated at the meso-position. In summary,
the Agl-promoted oxidation reaction of 37 gives the meso —
meso-coupled hexamer 38 in the absence of a small nucleo-
phile, but leads to formation of the nitration products 39 and
40 in the present of NO,™. The results are consistent with the
proposed mechanism in Scheme 5. Probably, the reaction of
37 with AgPF begins with oxidation of the more electron-rich
peripheral Zn" p-octaalkylporphyrins, and the resulting
radical cation of Zn" -free porphyrin is effectively trapped
by NO, ™ before the endothermic intramolecular hole transfer.
The absence of 38 in the reaction of 37 with AgNO, indicated
that the trapping by NO,™ is faster than the hole transfer. This
hole-hopping behavior, which involves the peripheral por-
phyrins as a mediator, is interesting in that the coupling
reaction is significantly accelerated but does not lose the high
regio-selectivity.

Intramolecular singlet excitation energy transfer in all zinc(t1)
windmill porphyrin arrays: Structurally well-defined archi-
tectures of these windmill and grid porphyrin arrays may be
attractive for use in a variety of fields such as nanoscale
optical and electrochemical molecular devices. Here we
report intramolecular energy transfer in the all Zn"-metal-
lated windmill porphyrin arrays 11-Zn, 14-Zn, and 15-Zn.

In order to examine the photochemical properties of the
windmill porphyrin arrays, the arrays containing Ni' (10-Ni,
11-Ni, 14-Ni, 15-Ni, 17-Ni, and 19-Ni) were all transformed
into the corresponding all Zn"-metallated porphyrin arrays,
10-Zn, 11-Zn, 14-Zn, 15-Zn, 17-Zn, and 19-Zn by demetalla-
tion with TFA and 10 % H,SO, in refluxing toluene followed
by Zn" ion insertion with Zn(OAc),. The absorption and
fluorescence spectra of 2a and 23 as component of the
windmill porphyrin arrays are shown in Figure 8. The
peripheral porphyrin 23 has a sharp Soret band at 410 nm

OCgH7

R = CyHs A =
OCgH,7
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Figure 8. A) Absorption and B) fluorescence spectra of 2a (solid lines)
and 23 (dotted lines). Fluorescence spectra were taken for excitation at
540 nm at which the absorbance was adjusted at 0.05.

and Q-bands at 538 and 574 nm and exhibits the fluorescence
emission with two bands at 579 and 632 nm, while 2a displays
split Soret bands at 414 and 447 nm and broader and red-
shifted fluorescence at 651 nm. The fluorescence quantum
yields of 2a and 23, determined relative to the reported value
(0.03 for Zn" TPP in benzene),?! are 0.033 and 0.024,
respectively. The absorption spectrum of the windmill por-
phyrin tetramer 11-Zn shows a broad Soret band at 414 nm
and a shoulder at 447 nm (Figure 9A, curve a). A broad or
split Soret band is characteristic for a 1,4-phenylene-bridged
Zn"-diporphyrin unit as reported previously.?" 27 The should-
er can be assigned as a low-energy portion of split Soret bands
as observed in the meso —meso-linked porphyrin dimer 2a.['7]
As with 11-Zn, the absorption spectrum of the hexamer 17-Zn
exhibits a shoulder at about 450 nm due to the lower energy
portion of split Soret bands, but such a band is almost hidden
in the absorption spectrum of 19-Zn. The steady-state
fluorescence spectra of 11-Zn, 17-Zn and 19-Zn are all quite
similar in shape to that of 2a, indicating that most of the
emission is coming from the meso —meso-linked diporphyrin
core. The fluorescence quantum yields of the arrays are 0.023,
0.012, and 0.0050, respectively. Closer examination revealed
that the fluorescence is composed of dual emissions from the
peripheral porphyrins (4., =579 and 632 nm) and from the
meso —meso-linked diporphyrin core (4,,,=651nm) (Fig-
ure 9B). The fluorescence intensity of the peripheral porphy-
rins is reduced and that of the meso —meso-linked diporphyrin

Chem. Eur. J. 2000, 6, No. 17
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Figure 9. A) Absorption and B) fluorescence spectra of windmill porphy-
rin arrays in CH,Cl,: a) 11-Zn, b) 17-Zn, and c) 19-Zn. Absorbances are
normalized at the maximum intensity, and fluorescence spectra were taken
for excitation at 540 nm at which the absorbance was adjusted at 0.05.

core is enhanced; this indicates the singlet—singlet energy
transfer from the peripheral porphyrins to the diporphyrin
core. This energy transfer can be rationalized in terms of the
lower energy level of the S, state of the diporphyrin subunit
(2.07 eV) relative to that of the Zn' peripheral porphyrin
(2.13 eV). The time-resolved picosecond fluorescence spec-
tra®l of 11-Zn (not shown)['”) and 17-Zn (Figure 10) provided
more support for the energy transfer, since the emission from
the S, state of the peripheral porphyrins that predominated at
an early stage decayed rapidly, and the broad emission from
the S, state of the meso—-meso-linked diporphyrin core
increased gradually following the energy transfer.

The fluorescence decay at 585 nm of 11-Zn, which was due
mainly to the emission from the energy donor peripheral
porphyrins, can be fit with a biexponential function with time
constants of 34 ps (64 %) and 1.56 ns (36 % ), and that of 17-Zn
can be fit with a biexponential function with time constants of
56ps (73%) and 1.62ns (27%). The observed biphasic
fluorescence decay behaviors and a small energy difference
(0.06 eV) between the donor and the acceptor led us to
suggest the reaction shown in Scheme 6, in which a rapid
equilibrium between the excited states, 'P*-C and P-'C* is
achieved. Here P and C represent a peripheral porphyrin
monomer and a central meso—meso-linked diporphyrin core
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Figure 10. Time-resolved fluorescence spectra of 17-Zn in CH,Cl, at room
temperature for the excitation at 532 nm.

px—C—P ki

P—C—P
Scheme 6. Energy transfer of windmill porphyrin arrays.

in the windmill porphyrin arrays, respectively. Such an
equilibrium may be plausible, since the energy levels of the
two excited states are close to each other. According to this
scheme, the fluorescence decay behavior of 'P* can be
expressed by Equation (1).

[1P* — C] = C e~ + Cyo )
a= [k kst ks 4 k) 4 (k= + ks — Ky + dkiky] )
B=[(k + kot kst k) [k ks + ko — K+ ARk @)

The rate constants of the intramolecular energy transfer, k,
and k,, were calculated by the well-established procedure
[Egs. (2) and (3)], in which ki, k,, k3, and k, are defined in
Scheme 6, n is the number of the donor porphyrins in the
array (two for the tetramer 11-Zn, four for the hexamer 17-
Zn), and o and f§ are the experimental values that, ideally, can
be determined from the fluorescence decay analysis. With
values of k;=8.2 x 108 s 'and k,=5.9 x 108 s}, k, and k, were
calculated; k; =2.8 x 109571, k,=4.8 x 107 s~! for 11-Zn and
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ki=17x10"s"! k,=83x10%s™! for 17-Zn. Therefore, it
turns out that the effects of back energy transfer are very
actually small. Time-resolved fluorescence spectra of 19-Zn
(not shown) are also similar to those of 11-Zn; this indicates
the efficient excitation energy transfer from the peripheral
porphyrins to the diporphyrin core similarly even in larger
porphyrin arrays. The fluorescence decay at 585 nm of 19-Zn
was also analyzed as a biexponential function with lifetimes of
85 ps (90%) and 1.28 ns (10 % ). However, the photoexcited
dynamics of 19-Zn must be more complicated because of the
degenerate and seemingly reversible energy hopping between
the same two peripheral porphyrins; therefore, further
analysis has not carried out. In summary, the windmill arrays
11-Zn, 17-Zn, and 19-Zn have light-energy-funneling func-
tions from the peripheral porphyrins to the diporphyrin core,
but the efficiency is not quantitative mostly owing to an
insufficient energy gap between the energy donor and accept-
or.

Conclusion

The Ag'-promoted block oligomerization of the 1,4-phenyl-
ene-bridged linear porphyrin arrays and the windmill por-
phyrin arrays led to an efficient construction of three-dimen-
sionally arranged windmill and grid porphyrin arrays. The
coupling proceeded regioselectively only at the meso-position
of Zn' B-free porphyrin. These multiporphyrin arrays are
characterized by 1) good solubility in various organic solvents
in spite of large molecular size and extended aggregation
tendency of multiporphyrin arrays, 2) easy extension to higher
arrays with well-defined geometries, 3) easy separation over
the recycling preparative GPC/HPLC, 4) controlled interpor-
phyrin distances and angles and thus controlled interporphy-
rin electronic interactions, and 5) the efficient singlet energy
transfer from the peripheral porphyrins to the central
diporphyrin core in the all Zn'-metallated complexes. Further
elaboration of these arrays toward photosynthetic functions is
an attractive future target and is actively pursued in our
laboratory.

Experimental Section

General: All reagents and solvents were of the commercial reagent grade
and were used without further purification except where noted. Dry
CH,Cl,, CHCl;, and acetonitrile were obtained by heating under reflux and
distillation over CaH,. Solvents used for spectroscopic measurements were
all spectroscopic grade. Preparative separations were performed by silica-
gel gravity-flow column chromatography (Wako wakogel C-200), silica-gel
flash column chromatography (Merck Kieselgel 60H Art. 7736), and gel-
permeation chromatography (GPC; Bio-Rad Bio-Beads S-X1, packed with
toluene). Separations of the large porphyrin arrays were performed by
recycling preparative HPLC (Japan Analytical Industry, LC-908 with
JAIGEL 2.5H, 3H, and 4H columns in series) with CHCI; as an eluent.
Analytical HPLC was performed on JAIGEL-2.5H-AF, 3H-AF, and 4H-
AF columns in series (eluent, CHCl;; flow rate, 1.2 mL min~'; detected at
400-700 nm) with a JASCO HPLC apparatus with a multi-wavelength
detector MD-915. Product distributions were determined on the basis of
the HPLC chart after appropriate calibration. 'H NMR spectra were
recorded in a CDCl; solution on a JEOL ALPHA-500 spectrometer
(operating at 500 MHz), and chemical shifts were represented as d values in
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ppm relative to the internal standard of CHCl; (0 =7.260). FAB mass
spectra were recorded on a JEOL HX-110 spectrometer with the positive-
FAB ionization method (accelerating voltage: 10 kV; primary ion sources:
Xe) and 3-nitrobenzylalcohol matrix, and MALDI-TOF mass spectra were
recorded on a KRATOS PC-KOMPACT SHIMADZU MALDI 4
spectrometer using positive-MALDI-TOF method with/without sinapinic
acid matrix. UV/Vis absorption spectra were recorded on a Shimadzu UV-
2400PC spectrometer. Steady-state fluorescence emission spectra were
recorded on a Shimadzu RF-5300PC spectrofluorometer. Redox potentials
were measured by the cyclic voltammetry method and differential pulse
voltammetry method on a ALS electrochemical analyzer model 660.
Fluorescence decay curves and time-resolved fluorescence spectra were
measured by using a picosecond time-correlated single-photon-counting
apparatus.®!

General procedure for porphyrin metallation: For the metallation with
Zn", a saturated solution of Zn(OAc), in MeOH was adde to a solution of
free base porphyrin in CH,Cl,, and the resulting mixture was stirred for 1 -
2h. After the complete metallation was confirmed by TLC and UV
analyses, the mixture was poured into water, and the porphyrin products
were extracted with CH,Cl,. The organic layer was separated and the
combined extracts were washed with water and brine, and dried over
anhydrous Na,SO,. Further purification was carried out by silica gel
column chromatography to give the Zn" porphyrin. For the metallation
with Ni', we used toluene as a solvent and Ni(acac), as a metal salt. The
metallation was performed by heating the reaction mixture under reflux for
5-6h in the dark. For the metallation with Cu", we used CH,Cl, as a
solvent and a saturated solution of Cu(OAc), in MeOH as a metallating
reagent. The metallation was performed by heating the reaction mixture
under reflux for 1-2 h in the dark.

1,4-Phenylene-bridged Zn"-Ni" porphyrin dimer 10-Ni: Formyl-substitut-
ed porphyrin 7-Ni (84.5 mg, 0.0775 mmol), 3,5-di-tert-butylbenzaldehyde 9
(34 mg, 0.158 mmol), and 2,2'-dipyrrylmethane 8 (34 mg, 0.234 mmol) were
dissolved in dry CH,Cl, (30 mL). After addition of trifluoroacetic acid
(0.050 mL), the solution was stirred for 11 h at room temperature under N,
in the dark. Then p-chloranil (0.273 mmol) was added to the solution, and
the mixture was stirred for an additional 5.5 h. After addition of triethyl-
amine (0.5 mL), the reaction mixture was poured into water, and the
porphyrin products were extracted with CH,Cl,. The combined organic
extract was successively washed with water, HCI (1N), aqueous NaHCO;,
and brine, and dried over anhydrous Na,SO,. After the zinc metallation,
separation over silica gel column chromatography (eluent: CH,Cl,) gave
the desired diporphyrin 10-Ni (30.5 mg, 0.0188 mmol, 12%). 'H NMR: 6 =
10.40 (s, 2H; meso), 9.57 (m, 4H; meso, -H), 9.51 (d, 2H; p-H), 9.45 (d,
2H; -H), 9.27 (d, 2H; -H), 8.52 (d, J=8.0 Hz, 2H; Ar), 8.32 (d, /=
8.0 Hz, 2H; Ar), 8.21 (d, J=2.0 Hz, 2H; Ar), 7.90 (s, 1H; Ar), 7.81 (d, /=
75Hz, 2H; Ar), 748 (d, /=75 Hz, 2H; Ar), 6.89 (d, J=8.5 Hz, 1 H; Ar),
6.87 (d,/=3.0 Hz, 1H; Ar), 6.81 (dd, J=8.5,3.0 Hz, 1 H; Ar), 4.24 (s, 2H;
Ar-CH,-Ar), 3.86 (s, 3H; OMe), 3.82 (s, 3H; OMe), 3.86 (t,/ =75 Hz, 4H;
hexyl), 3.72 (t, /=75 Hz, 4H; hexyl), 2.94 (s, 6H; Me), 2.33 (s, 6H; Me),
2.20 (m, 4H; hexyl), 2.07 (m, 4 H; hexyl), 1.42 (s, 18 H; tBu), 1.79-1.39 (m,
24 H; hexyl), 0.99-0.93 (m, 12H; hexyl); MS (FAB): found 1621; calcd for
CisH11sNsgNiO,Zn: 1621; UV/Vis (benzene): Ay, =420.5 (Soret), 5370,
564.5 nm.

1,4-Phenylene-bridged Ni"-Zn"-Ni"" porphyrin trimer 14-Ni: Formyl-sub-
stituted porphyrin 7-Ni (204 mg, 0.187 mmol), and 2,2'-dipyrrylmethane 8
(34 mg, 0.234 mmol) were dissolved in dry CH,Cl, (40 mL). After addition
of trifluoroacetic acid (0.040 mL), the solution was stirred for 2 h at room
temperature under N, in the dark. Then p-chloranil (0.285 mmol) was
added to the solution, and the mixture was stirred for an additional 1 h.
After addition of triethylamine, the reaction mixture was poured into
water, and the porphyrin products were extracted with CH,Cl,. The
combined organic extract was successively washed with water, HCI solution
(1N), aqueous NaHCO;, and brine, and dried over anhydrous Na,SO,.
After the zinc metallation, separation over silica gel column chromatog-
raphy (eluent: CH,Cl,) gave the desired triporphyrin 14-Ni (118.4 mg,
0.0475 mmol, 51%). '"H NMR: 6 =10.55 (s, 2H; meso), 9.68 (d, ] =4.0 Hz,
4H; -H), 9.57 (s, 4H; meso), 9.53 (d, J=4.5Hz, 4H; -H), 8.59 (d, J=
8.0 Hz, 4H; Ar), 8.35 (d, /=8.0 Hz, 4H; Ar), 7.80 (d, J=7.0 Hz, 4H; Ar),
749 (d,/=70Hz,4H; Ar), 6.92 (d,/=8.5 Hz,2H; Ar), 6.89 (d,/ =4.0 Hz,
2H; Ar), 6.84 (dd, /=8.5, 3.5 Hz, 2H; Ar), 4.26 (s, 4H; Ar-CH,-Ar), 3.90
(s,6 H; OMe), 3.84 (s, 6 H; OMe), 3.86 (t,/ =7.5 Hz, 8 H; hexyl), 3.72 (t,J =
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7.5 Hz, 8H; hexyl), 2.96 (s, 12H; Me), 2.32 (s, 12H; Me), 2.18 (m, 8H;
hexyl), 2.08 (m, 8 H; hexyl), 1.78 (m, 8 H; hexyl), 1.68 (m, 8 H; hexyl), 1.54 -
1.39 (m, 32H; hexyl), 0.99-0.94 (m, 24 H; hexyl); MS (FAB): found 2494;
caled for C 5sHgN;,Ni,O,Zn: 2493; UV/Vis (benzene): A, =408.0
(Soret), 424.5 (Soret), 534.0, 563.5 nm.

1,4-Phenylene-bridged Ni'-Ni"-Zn"-Ni"-Ni"' porphyrin pentamer 15-Ni:
This porphyrin pentamer was prepared from formyl-substituted diporphy-
rin 12-Ni (193.9 mg, 0.101 mmol) and 8 (21.7 mg, 0.148 mmol) by the
procedure used for the preparation of 14-Ni. Yield of 15-Ni was 68 %
(141.8 mg, 0.0341 mmol). 'H NMR: 6 =10.55 (s, 2H; meso), 9.69 (d, J=
4.5 Hz, 4H; -H), 9.60 (s, 4H; meso), 9.55 (d,J=4.5 Hz, 4H; -H), 9.46 (s,
4H;meso),8.61 (d,/=7.5Hz,4H; Ar), 8.38 (d,/=7.5 Hz,4H; Ar), 8.20 (s,
8H; Ar), 7.77 (d, J=8.0 Hz, 4H; Ar), 747 (d, J=8.0 Hz, 4H; Ar), 6.92 (d,
J=8.5Hz, 2H; Ar), 6.88 (d, J=3.0 Hz, 2H; Ar), 6.83 (dd, /=8.5, 3.0 Hz,
2H; Ar), 425 (s, 4H; Ar-CH,-Ar), 3.89 (s, 6H; OMe), 3.83 (s, 6H; OMe),
3.89-3.67 (m, 32H; hexyl), 2.98 (s, 12H; Me), 2.84 (s, 12H; Me), 2.81 (s,
12H; Me), 2.36 (s, 12H; Me), 2.25-2.02 (m, 32H; hexyl), 1.83-1.26 (m,
96 H; hexyl), 1.00-0.92 (m, 48 H; hexyl); MS(TOF): found 4160; calcd for
CoesH320N»N1,O,Zn: 4161; UV/Vis (benzene): A, =409.5 (Soret), 429.5
(Soret), 537.0, 567.5 nm.

1,4-Phenylene-bridged Ni"-Ni"-Ni"-Zn"-Ni"-Ni"-Ni"' porphyrin heptamer
16-Ni: This porphyrin heptamer was prepared from formyl-substituted
triporphyrin 13-Ni (48.2 mg, 0.0175 mmol) and 8 (8.1 mg, 0.056 mmol) by
the procedure used for the preparation of 14-Ni. Yield of 16-Ni was 80 %
(41.2 mg, 0.0071 mmol). '"H NMR: 6 =10.56 (s, 2H; meso), 9.70 (d, /=
4.0 Hz, 4H; 5-H), 9.62 (s, 4H; meso), 9.55 (d, J=3.5 Hz, 4H; -H), 9.50 (s,
4H; meso), 9.46 (s, 4H; meso), 8.62 (d, J=75Hz, 4H; Ar), 838 (d, /=
7.5 Hz, 4H; Ar), 8.23 (s, 8H; Ar), 8.18 (s, 8H; Ar), 7.77 (d, /=75 Hz, 4H;
Ar), 747 (d, J=75Hz, 4H; Ar), 6.92 (d, /=9.0 Hz, 2H; Ar), 6.88 (d, /=
3.0 Hz, 2H; Ar), 6.83 (dd, /=9.0, 3.0 Hz, 2H; Ar), 4.25 (s, 4H; Ar-CH,-
Ar), 3.89 (s, 6 H; OMe), 3.84 (s, 6 H; OMe), 3.76 —3.67 (m, 48 H; hexyl), 2.98
(s, 12H; Me), 2.85 (s, 12H; Me), 2.83 (s, 12H; Me), 2.80 (s, 12H; Me), 2.79
(s, 12H; Me), 2.28 (s, 12H; Me), 2.10-2.02 (m, 48 H; hexyl), 1.72 - 1.40 (m,
144H; hexyl), 1.03-0.92 (m, 72 H; hexyl); MS (TOF): found 5829; calcd for
Cy7,H,60N5sNigO4Zn: 5829; UV/Vis (benzene): A, =410.0 (Soret), 431.0
(Soret), 535.5, 569.0 nm.

Procedure of AgPF¢-promoted coupling reaction of 1,4-phenylene-bridged
porphyrin arrays: As a typical example, the synthetic procedure of the
tetramer 11-Ni is described. The 1,4-phenylene-bridged Ni'-Zn" porphyrin
dimer 10-Ni (12.3 mg, 0.0076 mmol) was dissolved in dry CHCl; (5.0 mL)
and the reaction vessel was covered with foil. A solution of AgPFg
(0.0090 mmol, 1.18 equiv) in acetonitrile was added all at once. The
progress of the reaction was monitored by the analytical GPC/HPLC. After
stirring for 11 h, the mixture was diluted with water, and the porphyrin
products were extracted with CHCl;. The combined organic extract was
washed with water and dried over anhydrous Na,SO,. After the zinc
metallation, gel-permeation chromatography (Bio-Rad Bio-Beads S-X1,
eluent: toluene) afforded two major fractions that eluted in the following
order: the tetramer 11-Ni (6.3 mg, 0.0019 mmol, 51 %) and the recovered
10-Ni (4.0 mg, 0.0025 mmol, 33%). '"H NMR: 6 =10.53 (s, 2H; meso), 9.71
(d, J=5.0 Hz, 2H; -H), 9.59 (d, J=4.5 Hz, 2H; -H), 9.53 (d, J=4.5 Hz,
2H; -H), 9.53 (br, 2H; meso), 9.37 (br, 2H; meso), 9.26 (d,J =5.0 Hz, 2H;
p-H), 9.10 (d, J=5.0 Hz, 2H; -H), 8.83 (d, J=5.0 Hz, 2H; -H), 8.57 (t,
J=8.5Hz, 8H; Ar), 8.39 (d,/=5.0 Hz, 2H; -H), 8.26 (d,/=5.0 Hz, 2H;
p-H), 821 (d,/=8.5Hz,2H; Ar), 8.16 (s,2H; Ar), 7.74 (s, 2H; Ar), 7.73 (d,
J=8.0Hz, 4H; Ar), 743 (d, J=8.0 Hz, 4H; Ar), 6.88 (d, / =8.5 Hz, 2H;
Ar), 6.85 (d,/=3.0 Hz, 2H; Ar), 6.80 (dd, J=8.5,3.0 Hz, 2H; Ar), 4.21 (s,
4H; Ar-CH,-Ar), 3.86 (s, 6H; OMe), 3.80 (s, 6H; OMe), 3.85-3.50 (m,
16 H; hexyl), 2.93 (br, 6 H; Me), 2.53 (br, 6H; Me), 2.18 (br, 12H; Me), 1.49
(s,36H;Bu), 2.24-0.65 (m, 88 H; hexyl) ; MS (TOF): found 3243; calcd for
Coo6Hp30N16Ni,0,Zn,: 3242; UV/Vis (benzene): A,,,, =417.0 (Soret), 451.0,
535.5,417.0 nm.

The amounts of AgPF¢ and the reaction time used for the coupling
reactions of the other 14-phenylene-bridged porphyrin arrays and the
windmill porphyrin arrays are summarized in Table 1.

Windmill porphyrin hexamer 17-Ni and nonamer 18: This compound was
prepared from the trimer 14-Ni (39.1 mg, 0.0157 mmol). Separation by the
recycling preparative GPC/HPLC (JAI-GEL, eluent: CHCL;) gave three
major fractions in the following order: a trace amount of nonamer 18 (ca.
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2%), hexamer 17-Ni (19.4 mg, 0.0039 mmol, 50%), and the recovered
trimer 14-Ni (18.5 mg, 0.0074 mmol, 47 %).

Hexamer: 'H NMR: 6 =10.67 (s, 2H; meso), 9.79 (d, J =4.0 Hz, 4H; -H),
9.60 (d,/=4.0 Hz, 4H; $-H), 9.53 (br, 4H; meso), 9.36 (br, 4H; meso), 9.18
(d, J=5.0 Hz, 4H; p-H), 8.61 (d, J=8.0 Hz, 8H; Ar), 8.52 (d, /] =4.0 Hz,
4H; f-H), 8.24 (d,J = 8.0 Hz, 8H; Ar), 7.72 (d, J = 8.0 Hz, §H; Ar), 742 (d,
J=8.0Hz, 8H; Ar), 6.88 (d, /=9.0 Hz, 4H; Ar), 6.84 (d, /=3.0 Hz, 4H;
Ar), 679 (dd, J=9.0, 3.0 Hz, 4H; Ar), 421 (s, $H; Ar-CH,-Ar), 3.86 (s,
12H; OMe), 3.80 (s, 12H; OMe), 3.87-3.51 (m, 32 H; hexyl), 2.96 (br, 12H;
Me), 2.58 (br, 12H; Me), 2.23 (br, 24H; Me), 1.93-0.63 (m, 176 H; hexyl);
MS (TOF): found 4985; calcd for CjsHsssN,4NiyOgZn,: 4985; UV/Vis
(benzene): A, =414.5 (Soret), 529.5, 565.0 nm.

Nonamer 18: 'H NMR: 6 =10.71 (s, 2H; meso), 9.82 (d, J=4.5 Hz, 4H; -
H), 9.64 (d,J=4.5Hz, 4H; -H), 9.56 (br, 4H; meso), 9.41 (br, 4H; meso),
9.34 (d,J=4.5Hz,4H; 5-H), 9.33 (s, 4H; meso), 9.26 (d,J =4.5 Hz, 4H; -
H),8.76 (d,J=4.5 Hz, 4H; -H), 8.69 (d,/ = 8.5 Hz, 8 H; Ar), 8.65 (m, 8H;;
B-H, Ar), 8.32 (d,/=8.5Hz, 8H; Ar), 8.16 (d, /=8.0 Hz, 4H; Ar), 7.75 (d,
J=8.5Hz, 8H; Ar), 765 (d, J=8.5 Hz, 4H; Ar), 744 (d, J=8.5 Hz, 8H;
Ar), 736 (d,/=8.5Hz, 4H; Ar), 6.90-6.76 (m, 18 H; Ar), 4.23 (s, 8H; Ar-
CH,-Ar), 4.15 (s, 4H; Ar-CH,-Ar), 3.87 (s, 12H; OMe), 3.87-3.46 (m,
48H; hexyl), 3.81 (s, 12H; OMe), 3.75 (s, 6H; OMe), 3.46 (s, 6H; OMe),
3.00, 2.68, 2.58, 2.56 (2br, 2s, 72H; Me), 2.36-0.62 (m, 264 H; hexyl); MS
(TOF): found 7476; caled for C,7,Hs3N3NigO,Zn;: 7478; UV/Vis (ben-
zene): Apa =418.5 (Soret), 474.5, 533.0, 564.5 nm.

Windmill porphyrin array 19-Ni: This compound was prepared from the
trimer 15-Ni (33.5 mg, 0.0081 mmol). Separation by the recycling prepar-
ative GPC/HPLC (JAI-GEL, eluent: CHCl;) gave three major fractions in
the following order: a trace amount of 15-mer 20, decamer 19-Ni (11.8 mg,
0.00141 mmol, 35%), and the recovered pentamer 15-Ni (5.0 mg,
0.0012 mmol, 15%). Decamer 19-Ni: 'H NMR: 6 =10.69 (s, 2H; meso),
9.81 (d, J=4.0 Hz, 4H; p-H), 9.62 (d, /=4.5 Hz, 4H; -H), 9.56 (br, 8H;
meso), 9.42 (br, 8H; meso), 922 (d, J=4.5Hz, 4H; p-H), 8.65 (d, J=
8.0 Hz, 8H; Ar), 8.55 (d,/ =4.5 Hz,4H; -H), 8.29 (d,/=8.0 Hz, 8H; Ar),
8.12 (s, 16 H; Ar), 774 (d, /=8.0 Hz, 8H; Ar), 745 (d, / = 8.0 Hz, 8H; Ar),
6.90 (d,/J=9.0Hz, 4H; Ar), 6.86 (d, /=3.0 Hz, 4H; Ar), 6.81 (dd, J=9.0,
3.0 Hz, 4H; Ar), 4.23 (s, 8H; Ar-CH,-Ar), 3.88 (s, 12H; OMe), 3.81 (s,
12H; OMe), 3.88-3.50 (m, 64 H; hexyl), 2.96 (br, 24 H; Me), 2.74 (br, 24 H;
Me), 2.60 (br, 24 H; Me), 2.25 (br, 24 H; Me), 2.20—0.65 (m, 352 H; hexyl);
MS (TOF): found 8321; calcd for Cs;HgsNyNigOgZn,: 8320; UV/Vis
(benzene): A, =410.0 (Soret), 430.0 (Soret), 534.0, 567.0 nm.

Windmill porphyrin array 21-Ni: This compound was prepared from the
heptamer 16-Ni (21.7 mg, 0.00372 mmol). Separation by the recycling
preparative GPC/HPLC (JAI-GEL, eluent: CHCl;) gave three major
fractions in the following order: trace amount of 21-mer, 14-mer 21-Ni
(3.0 mg, 0.00206 mmol, 14 %), and the recovered heptamer 16-Ni. 14-mer
21-Ni: 'THNMR: 6 =10.69 (s, 2H; meso), 9.81 (d, J=4.0 Hz, 4H; 5-H), 9.62
(d,J=4.0Hz, 4H; -H), 9.56, 9.46, 9.44 (br, 2, 24H; meso), 9.22 (br, 4H;
p-H), 8.67 (d, J=8.0 Hz, 8H; Ar), 8.54 (br, 4H; -H), 8.30 (d, J=8.0 Hz,
8H; Ar), 8.15 (s, 16 H; Ar), 8.14 (s, 16 H; Ar), 7.76 (d, /=75 Hz, 8H; Ar),
746 (d,/=75Hz,8H; Ar), 6.91 (d,/=8.5 Hz,4H; Ar), 6.87 (d,/ =2.5 Hz,
4H; Ar), 6.82 (dd, /=8.5, 2.5 Hz, 4H; Ar), 423 (s, 8H; Ar-CH,-Ar), 3.88
(s, 12H; OMe), 3.82 (s, 12H; OMe), 3.73, 3.66 (2br, 96 H; hexyl), 2.99 (br,
12H; Me), 2.62 (br, 12H; Me), 2.76, 2.27 (2s, 120H; Me), 2.20-2.08 (br,
96 H; hexyl), 2.00—1.26 (br, 288 H; hexyl), 1.20-0.85 (br, 144 H; hexyl); MS
(TOF): found 11640; caled for C,5HgsNsgNij,OsZn,: 11656; UV/Vis
(benzene): A, =412.0 (Soret), 434.0 (Soret), 535.5, 568 nm.

General procedure for the transformation of partially Ni'-metallated
porphyrin arrays into all Zn"-metallated porphyrin arrays: Ni'' porphyrin
was dissolved in a mixture of toluene, TFA, and 10 % H,SO,. After heating
under reflux for 2-3h, the mixture was poured into water and the
porphyrin products were extracted with toluene. The combined organic
extracts were washed with water, NaHCO; (aq), and brine, and dried over
Na,SO,. A saturated solution of Zn"' acetate in MeOH was added to this
solution, and the mixture was refluxed for 1 h. The reaction mixture was
poured into water and the porphyrin products were extracted with CH,Cl,.
The combined organic extracts were washed with water and brine, and
dried over Na,SO,. Separation by silica gel chromatography gave the
corresponding all Zn" porphyrins in a pure state. Some of 'H NMR spectra
of all Zn"-metallated were very broad and, therefore, are not reported
here.
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Dimer 10-Zn: '"H NMR: 6 =10.48 (s, 2H; meso), 10.32 (s, 2H; meso), 9.69
(d, 2H; g-H), 9.64 (d, 2 H; g-H), 9.54 (d, 2 H; -H), 9.27 (d, 2 H; -H), 8.68
(d,J=8.0 Hz, 2H; Ar), 8.56 (d, /=8.0 Hz, 2H; Ar), 8.19 (d, 2H; Ar), 8.02
(d,J =70 Hz, 2H; Ar), 7.88 (s, 1 H; Ar), 7.66 (d,J = 7.0 Hz, 2H; Ar), 7.00 (d,
J =3.0Hz, 1H; Ar), 6.96 (d, J=8.5Hz, 1H; Ar), 6.88 (dd, J=8.5, 3.0 Hz,
1H; Ar), 4.35 (s, 2H; Ar-CH,-Ar), 3.96 (s, 3H; OMe), 3.90 (s, 3H; OMe),
4.19 (t, J=75 Hz, 4H; hexyl), 4.04 (t, /=75 Hz, 4H; hexyl), 3.20 (s, 6 H;
Me), 2.55 (s, 6H; Me), 2.37 (m, 4H; hexyl), 2.25 (m, 4H; hexyl), 1.90 (m,
4H; hexyl), 1.80 (m, 4H; hexyl) 1.53 (s, 18H; tBu), 1.60-1.42 (m, 16H;
hexyl), 1.00-0.90 (m, 12H; hexyl); MS (FAB): found 1629; caled for
Ci03H116NsO,Zn,: 1629; UV/Vis (CH,CL): Ana=409.0 (Soret), 419.5
(Soret), 538, 572.0 nm; fluorescence (CH,CL,): An,,=579.4, 629.0 nm
(excitation at 540 nm).

Tetramer 11-Zn: 'H NMR: 6 =10.58 (s, 2H; meso), 10.28 (s, 2H; meso),
10.11 (s, 2H; meso), 9.78 (d, J =4.5 Hz, 2H; -H), 9.69 (d, J=5.0 Hz, 2H;
p-H), 9.61 (d, J=5.0 Hz, 2H; -H), 9.28 (d, /=4.5 Hz, 2H; 8-H), 9.26 (d,
J=45Hz,2H; -H), 8.86 (d,J=4.5 Hz,2H; -H), 8.70 (d,/=7.5 Hz, 4 H;
Ar), 8.48 (d,J=4.0 Hz, 2H; -H), 845 (m, 4H; Ar-H), 8.31 (d, J=4.5 Hz,
2H; -H), 8.20 (d, /=75 Hz,4H; Ar), 7.95 (m, 4H; Ar), 7.76 (m, 2H; Ar),
754 (d,/=8.0 Hz,4H; Ar), 6.95 (d,/ =3.0 Hz,2H; Ar), 6.92 (d,/ = 9.0 Hz,
2H; Ar), 6.85 (dd, J=9.0, 3.0 Hz, 2H; Ar), 431 (s, 4H; Ar-CH,-Ar), 4.17
(m, 4H; hexyl), 4.00 (m, 4H; hexyl), 3.91 (s, 6H; OMe), 3.86 (m, 4H;
hexyl), 3.85 (s, 6H; OMe), 3.79 (m, 4H; hexyl), 3.20 (s, 6H; Me), 2.80 (s,
6H; Me), 2.50 (s, 6H; Me), 2.46 (s, 6H; Me), 2.35 (m, 4H; hexyl), 2.21 (m,
4H; hexyl), 2.09 (m, 4 H; hexyl), 2.00 (m, 4 H; hexyl), 1.90 (m, 4H; hexyl),
1.77 (m, 4 H; hexyl), 1.65-1.35 (m, 28 H; hexyl), 1.55 (s, 36 H; tBu), 1.26 (m,
8H; hexyl), 1.09 (m, 4H; hexyl), 0.98 (m, 6 H; hexyl), 0.94 (m, 6 H; hexyl),
0.80 (m, 6 H; hexyl), 0.62 (m, 6 H; hexyl); MS (FAB): found 3254; calcd for
Coo6H30N160,Zn,: 3255; UV/Vis (CH,CL): A,.=413.5 (Soret), 4470,
546.5, 571.5 nm; fluorescence(CH,CL,): A, =579, 596, 651.2 nm (excita-
tion at 540 nm).

Linear trimer 14-Zn: MS (TOF): found 2506; calcd for C;5gH;3)N;,04Zn;:
2507; UV/Vis (CH,Cly): 4. = 406.5 (Soret), 424.0 (Soret), 539.0, 573.0 nm;
fluorescence (CH,CL,): Apq =579, 631 nm (excitation at 540 nm).

Windmill hexamer 17-Zn: '"H NMR: 6 =10.77 (s, 2H; meso), 10.29 (s, 4H;
meso), 10.10 (s, 4H; meso), 991 (d, J=4.0Hz, 4H; p-H), 9.79 (d, J=
4.0 Hz, 4H; -H), 9.40 (d, J = 4.0 Hz, 4H; p-H), 8.77 (m, 8H; Ar), 8.68 (d,
J=4.0 Hz, 4H; 8-H), 8.50 (m, 8H; Ar), 7.94 (d, J = 8.5 Hz, 8H; Ar), 7.53 (d,
J=8.5Hz, 8H; Ar), 6.94 (d, J=3.0 Hz, 4H; Ar), 6.92 (d, /=8.0 Hz, 4H;
Ar), 6.83 (dd, J=8.0, 3.0 Hz, 4H; Ar), 430 (s, 8H; Ar-CH,-Ar), 4.20 (m,
8H; hexyl), 4.01 (m, 8H; hexyl), 3.91 (s, 12H; OMe), 3.84 (s, 12H; OMe),
3.90-3.80 (m, 16 H; hexyl), 3.25 (s, 12H; Me), 2.85 (s, 12H; Me), 2.50 (s,
12H; Me), 2.44 (s, 12H; Me), 2.38-0.58 (m, 128H; hexyl), 1.01 (t, /=
75 Hz, 12H; hexyl), 0.94 (t, J=7.0 Hz, 12H; hexyl), 0.77 (t, J=7.0 Hz,
12H; hexyl), 0.59 (t,J =75 Hz, 12H; hexyl); MS (FAB): found 5018; calcd
for C;16H355N2405Zn: 50125 UV/Vis (CH,CL,): . =410.5 (Soret), 423.5
(Soret), 541.5, 573.0 nm; fluorescence (CH,CL): Ay =580, 596, 650 nm
(excitation at 540 nm).

Linear pentamer 15-Zn: MS (TOF): found 4180; caled for
CoesH320N2004Zn5: 4188; UV/Vis (CH,CL): Ay =409.5 (Soret), 427.5
(Soret), 539.5, 571.0 nm; fluorescence (CH,CL): Ay =579, 632 nm (ex-
citation at 540 nm).

Windmill decamer 19-Zn: MS (TOF): found 8385; caled for
Cs3Hg3sNyOsZny: 8375; UV/Vis (CH,CL): Ay, =412.5 (Soret), 429.0
(Soret), 545.5, 575.0 nm; Fluorescence (CH,CL): A, =582.4, 645.8,
701 nm (excitation at 540 nm).

1,4-Phenylene-bridged Ni'-Zn"-Ni" porphyrin trimer 24-Ni: This com-
pound was prepared from the reaction of Ni' formyl-substituted porphyrin
(0.474 mmol) and 2,2'-dipyrrylmethane 8 by the procedure used for the
preparation of 14-Ni. Yield was 30% (192 mg, 0.0708 mmol). 'H NMR:
0=10.45 (s, 2H; meso), 9.62 (d, J=4.5Hz, 4H; p-H), 9.59 (s, 4H; meso),
9.49 (d, J=4.0Hz, 4H; -H), 8.58 (d, /J=75Hz, 4H; Ar), 836 (d, /=
7.0 Hz, 4H; Ar), 712 (s, 4H; Ar), 6.86 (s, 2H; Ar), 4.09 (t, /=70 Hz, 8H;
octyl), 3.89 (m, 8H; hexyl), 3.77 (m, 8 H; hexyl), 2.98 (s, 12H; Me), 2.52 (s,
12H; Me), 2.22 (m, 8H; hexyl), 2.13 (m, 8 H; hexyl), 1.87, 1.81, 1.72 (3m,
3 x 8H; hexyl, octyl), 1.59-1.32 (m, 72 H; hexyl, octyl), 1.01 (t, J=7.5 Hz,
12H; hexyl), 0.99 (t,J =7.0 Hz, 12H; hexyl), 0.91 (t,/ =7.5 Hz, 12H; octyl);
MS (TOF): found 2707; caled for C,,H,,N;,Ni,O,Zn: 2706; UV/Vis
(CH,CL,): Ay =405, 422, 535, 563 nm.
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Windmill porphyrin array 25-Ni and grid porphyrin array 26-Ni: These
compounds were prepared from the trimer 24-Ni (0.050 mmol). Separation
by the recycling preparative GPC/HPLC (JAI-GEL, eluent: CHCl;) gave
three major fractions in the following order: a small amount of nonamer 26-
Ni, hexamer 25-Ni (30.5 mg, 22 %), and the recovered trimer 24-Ni (83 mg,
62%).

Hexamer 25-Ni: 'H NMR: 6 =10.63 (s, 2H; meso), 9.77 (d,J =4.5 Hz, 4H;
p-H), 9.59 (d, J=4.0 Hz, 4H; -H), 9.56 (br, 4H; meso), 9.41 (br, 4H;
meso), 9.18 (d, J=5.0 Hz, 4H; 5-H), 8.64 (d, J=8.0 Hz, 8H; Ar), 8.50 (d,
J=5.0Hz, 4H; p-H), 8.27 (d, J=8.0 Hz, 8H; Ar), 7.03 (d, /=2.5 Hz, 8H;
Ar), 6.80 (s, 4H; Ar), 4.02 (t,/ =7.0 Hz, 16 H; octyl), 3.89 (br, 8H; hexyl),
3.73 (br, 8H; hexyl), 3.62 (br, 8H; hexyl), 3.54 (br, 8H; hexyl), 2.99 (br,
12H; Me), 2.61 (br, 12H; Me), 2.45 (br, 12H; Me), 2.42 (br, 12H; Me), 2.21
(m, 8H; hexyl), 2.07 (m, 8H; hexyl), 1.97 (m, 8H; hexyl), 1.85 (m, 8H;
hexyl), 1.81 (m, 16 H; octyl), 1.78 — 0.85 (m, 248 H; hexyl, octyl); MS (TOF):
found 5400; calcd for CsuH 46N,y Ni,OgZn,: 5411; UV/Vis (CH,CL,): Ayex =
411, 421, 532, 560 nm.

Nonamer 26-Ni: 'H NMR: 6 =10.67 (s, 2H; meso), 9.80 (d,/=4.5 Hz, 4H;
p-H), 9.62 (d, J=4.0 Hz, 4H; -H), 9.56 (br, 4H; meso), 9.43 (br, 4H;
meso), 9.34 (s, d, J =5.0 Hz, 8H; meso, f-H), 9.25 (d, J=4.5 Hz, 4H; -H),
8.75 (d, J=4.5Hz, 4H; -H), 8.69 (d, J=8.5 Hz, 8H; Ar), 8.64 (m, 8H;; -
H, Ar), 8.32 (d, J=8.0 Hz, 8H; Ar), 8.16 (d, J=8.0 Hz, 4H; Ar), 7.02 (d,
J=25Hz,8H; Ar), 6.92 (d,/=2.5Hz, 4H; Ar), 6.79 (s, 4H; Ar), 6.71 (s,
2H; Ar), 4.01 (t, J=6.5Hz, 16H; octyl), 3.93 (t, J=7.0 Hz, 8H; octyl),
3.91-3.44 (m, 48 H; hexyl), 3.06 (br, 12H; Me), 2.69 (br, 12H; Me), 2.58 (s,
12H; Me), 2.50 (br, 24H; Me), 2.35, (s, 12H; Me), 2.21-0.62 (m, 444H;
hexyl, octyl); MS (TOF): found 8131; caled for Cs;6Hgs5N36NigO;,Zn;: 8115;
UV/Vis (CH,CL): Ayl =412, 471, 533, 563 nm.

Grid porphyrin arrays 27, 28, 29, 30, and 31: The grid porphyrin arrays 27,
28, and 29 were prepared from the windmill hexamer 25-Ni (27 mg,
0.0050 mmol). Separation by the recycling preparative GPC/HPLC (JAI-
GEL, eluent: CHCl;) gave four major fractions in the following order: a
small amount of 24-mer 29, 18-mer 28, 12-mer 27 (6.7 mg, 25 %), and the
recovered hexamer 25-Ni (9.4 mg, 35 % ). The grid porphyrin 12-mer 27 was
subjected to the same coupling conditions and the subsequent separation
by the recycling preparative GPC/HPLC (JAI-GEL, eluent: CHCL;) gave
the 24-mer 29, 36-mer 30, and 48-mer 31. The yields were not determined,
but these large porphyrin arrays could be characterized by MALDI-TOF
MS, UV/Vis absorption spectra (Figure 6), and GPC/HPLC retention times
(Table 2 and Figure 5).

12-mer 27: '"H NMR: 6 =10.68 (s, 2H; meso),9.82 (d,J =4.5 Hz, 4H; -H),
9.64 (d,J=4.0 Hz, 4H; -H), 9.59 (br, 4H; meso), 9.46 (br, 4H; meso), 9.41
(d,J=4.5Hz,4H; -H), 9.39 (m, 8H; meso), 9.36 (d,/ =4.5 Hz, 4H; f-H),
9.28 (d, J=4.0Hz, 4H; -H), 8.86 (d, J=4.0 Hz, 4H; -H), 8.78 (d, /=
4.0 Hz,4H; -H), 8.73 (m, 16 H; Ar), 8.65 (d,/=5.0 Hz, 4H; 5-H), 8.34 (d,
J=8.0Hz, 8H; Ar), 8.24 (d, J=8.0 Hz, 8H; Ar), 7.04 (d, /=2.5Hz, 8H;
Ar), 6.96 (d, /=2.5Hz, 8H; Ar), 6.80 (s, 4H; Ar), 6.74 (s, 4H; Ar), 4.03 (t,
J=170Hz, 16H; octyl), 3.97 (t, J=6.5 Hz, 16 H; octyl), 4.04-3.50, 3.03 -
1.21, 1.03-0.69 (m, 704 H; Me, hexyl, octyl), 0.85 (t,/ =7.0 Hz, 24 H; octyl),
0.80 (t, /J=70Hz, 24H; octyl); MS (TOF): found 10822; calcd for
CegsHgooNysNigO6Zn,: 10820; UV/Vis (CH,CL): A, =413, 483, 532,
566 nm.

18-mer 28: Mass (TOF): found 16211; caled for C,g3,H;334N7,Ni;,0,4Zng:
16229; UV/Vis (CH,CL): Ay, =412, 494, 531, 567 nm.

24-mer 29: Mass (TOF): found 21466; calcd for C374H;77sNgsNi;s03,Zng:
21638; UV/Vis (CH,CL): A, =412, 500, 567 nm.

36-mer 30: Mass (TOF): found 32276; calcd for CyeqHogs6N144Ni4O4sZn 5
32456.

48-mer 31: Mass (TOF): found 43321; calcd for C,;5,Hz3554N19,Niz,0g4Zn ¢
43274.

1,4-Phenylene-bridged Ni"-Ni"-Zn"-Ni"-Ni" porphyrin pentamer 32: This
compound was prepared from the reaction of Ni' formyl-substituted
diporphyrin (0.148 mmol) and 2,2’-dipyrrylmethane 8 by the procedure
used for the preparation of 14-Ni. Yield was 24 % (76.3 mg, 0.0174 mmol).
'"H NMR: 6 =10.56 (s, 2H; meso), 9.70 (d, J=4.5 Hz, 4H; -H), 9.60 (s,
4H; meso), 9.55 (d, J=4.5Hz, 4H; -H), 9.47 (s, 4H; meso), 8.62 (d, J=
70 Hz,4H; Ar), 8.38 (d,/=7.5Hz, 4H; Ar), 8.20 (m, 8H; Ar), 7.05 (d, /=
2.5Hz, 4H; Ar), 6.81 (s, 2H; Ar), 4.04 (t, J=6.5 Hz, 8H; octyl), 3.90 (br,
8H; hexyl), 3.82 (br, 8H; hexyl), 3.76 (br, 8H; hexyl), 3.69 (br, 8 H; hexyl),
2.98 (br, 12H; Me), 2.84 (br, 12H; Me), 2.81 (br, 12H; Me), 2.45 (br, 12H;
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Me), 2.24-2.04 (m, 32H; hexyl), 1.85-1.26 (m, 144 H; hexyl, octyl), 1.01 -
0.88 (m, 48H; hexyl), 0.87 (t, J=6.5 Hz, 12H; octyl); MS (TOF): found
4365; caled for C,g0Hze4N,Ni,O,Zn: 4374; UV/Vis (CH,CL,): A, =405,
427, 534, 567 nm.

Windmill porphyrin array 33 and grid porphyrin arrays 34, 35, and 36:
These compounds were prepared from the pentamer 32 (44 mg,
0.010 mmol). Separation by the recycling preparative GPC/HPLC (JAI-
GEL, eluent: CHCl;) gave four major fractions in the following order: a
small amount of 20-mer 35, 15-mer 34 (3.2 mg, 7% ), decamer 33 (12.1 mg,
28 %), and the recovered pentamer 32 (5.0 mg, 11 %). The grid porphyrin
30-mer 36 was also prepared by the coupling of 10-mer 33.

Decamer 33: 'H NMR: 6 =10.65 (s, 2H; meso), 9.79 (d, J=4.5 Hz, 4H; p-
H), 9.61 (d, J=4.0 Hz, 4H; 5-H), 9.59 (br, 4H; meso), 9.46 (s, 8H; meso),
9.44 (br, 4H; meso), 9.20 (d, J=4.5 Hz, 4H; -H), 8.68 (d, J=7.5 Hz, 8H;
Ar), 8.53 (d, J=4.5 Hz, 4H; -H), 831 (d, /=75 Hz, 8H; Ar), 8.15 (m,
16H; Ar), 7.05 (d, /=2.5 Hz, 8H; Ar), 6.82 (s, 4H; Ar), 4.05 (t, /= 6.5 Hz,
16 H; octyl), 4.03-2.06, 1.85-1.20, 1.10-0.68 (m, 608 H; Me, hexyl, octyl),
0.88 (t, J=70Hz, 24H; octyl); MS (TOF): found 8741; calcd for
CseoHrgNgNigOgZn,: 87463 UV/Vis (CH,CL): Ao =408 (sh), 427, 533,
566 nm.

15-mer 34: Mass (TOF): found 13038; calcd for CgyH,0ssNgoNi,01,Zn;:
13119; UV/Vis (CH,CL): A0, =405 (sh), 428, 534, 567 nm.

20-mer 35: Mass (TOF): found 17426; calcd for C,;50H450NgNi;6O16Zny:
17491; UV/Vis (CH,CL)): Ay =407 (sh), 426, 484, 534, 568 nm.

30-mer 36: Mass: not detected; calcd for C,sg0H,;74N;0Ni»,O,,Zn4: 26236,
UV/Vis (CH,CL,): Apa =422, 496, 533, 568 nm.

1,4-Phenylene-bridged Zn"-Zn"-Zn" porphyrin trimer 24-Zn: This com-
pound was prepared from the reaction of formyl-substituted porphyrin
(0.500 mmol) and 2,2-dipyrrylmethane 8 by the procedure used for the
preparation of 14-Ni. Yield was 37 % (252 mg, 0.0925 mmol). 'H NMR:
0=10.53 (s, 2H; meso), 10.30 (s, 4H; meso), 9.71 (d,/=4.0 Hz, 4H; -H),
9.64 (d, J=3.5Hz, 4H; p-H), 8.69 (d, /J=75Hz, 4H; Ar), 857 (d, /=
6.5Hz,4H; Ar), 731 (d,/=2.0 Hz, 4H; Ar), 6.96 (m, 2H; Ar), 4.14 (t,J =
7.5 Hz, 8H; octyl), 4.16 (br, 8 H; hexyl), 4.05 (br, 8H; hexyl), 3.22 (s, 12H;
Me), 2.73 (s, 12H; Me), 2.38 (br, 8 H; hexyl), 2.27 (br, 8H; hexyl), 1.94 - 1.26
(m, 96 H; hexyl, octyl), 0.99 (t, J=7.5 Hz, 12H; hexyl), 0.96 (t, J=7.5 Hz,
12H; hexyl), 0.88 (t, J=7.0 Hz, 12H; octyl); MS (TOF): found 2720; calcd
for Cy;,Hy»N,0,Zn;: 2720; UV/Vis (THF): 4., =410, 429, 547, 579 nm;
fluorescence (THF): A, =585, 540 nm (excitation at 540 nm).
1,4-Phenylene-bridged Cu"-Zn"-Cu" porphyrin trimer 24-Cu: This com-
pound was prepared from the reaction of Cu' formyl-substituted porphyrin
(0.470 mmol) and 2,2-dipyrrylmethane 8 by the procedure used for the
preparation of 14-Ni. Yield was 42 % (267 mg, 0.0981 mmol). Mass (FAB):
found 2716; calcd for C,,,H,,,Cu,N;,0,Zn: 2716; UV/Vis (THF): A=
400, 425, 537, 567 nm.

Windmill porphyrin array 25-Zn: This compound was prepared from the
trimer 24-Zn (202 mg, 0.0743 mmol). Separation by the recycling prepara-
tive GPC/HPLC (JAI-GEL, eluent: CHCI;) gave three major fractions in
the following order: nonamer 26-Zn (7.0 mg, 3%), hexamer 25-Zn
(96.1 mg, 0.0177 mmol, 48 %), and the recovered trimer 24-Zn (85.7 mg,
0.0315 mmol, 42 %).

Hexamer 25-Zn: 'H NMR: 6 =10.72 (s, 2H; meso), 10.30 (s, 4H; meso),
10.12 (s, 4H; meso), 9.88 (d, J =4.0 Hz, 4H; -H), 9.77 (d, J=4.5 Hz, 4H;
p-H), 9.37 (d, J=4.0 Hz, 4H; p-H), 8.77 (d, J=8.0 Hz, 8H; Ar), 8.66 (d,
J=5.0Hz, 4H; p-H), 8.50 (d, J=8.0 Hz, 8H; Ar), 723 (d, /=2.5 Hz, 8H;
Ar), 6.89 (s, 4H; Ar), 4.21 (br, 8H; hexyl), 4.07 (t, /=6.5 Hz, 16 H; octyl),
4.06 (br, 8H; hexyl), 3.90 (br, 8H; hexyl), 3.83 (br, 8H; hexyl), 3.27 (s, 12H;
Me), 2.87 (s, 12H; Me), 2.68 (s, 12H; Me), 2.63 (s, 12H; Me), 3.36 - 1.07 (m,
224 H; hexyl, octyl), 1.02 (t,/ =7.5 Hz, 12H; hexyl), 0.95 (t,/ =75 Hz, 12H;
hexyl), 0.81 (t,J=7.5 Hz, 24 H; octyl), 0.78 (t, J =75 Hz, 12H; hexyl), 0.60
(t, J=75Hz, 12H; hexyl); MS (TOF): found 5435; calcd for
Ci44H 46N,y O5Zng: 5438; UV/Vis (THF): A,,,, =416, 428, 548 nm; fluores-
cence (THF): 1,,,, = 644 nm (excitation at 540 nm).

Nonamer 26-Zn: '"H NMR: 6 =10.79 (s, 2H; meso), 10.35 (s, 4H; meso),
10.17 (s, 4H; meso), 10.09 (s, 4H; meso), 9.94 (d,/=4.5 Hz, 4H; -H), 9.84
(d, J=4.5Hz, 4H; -H), 9.57 (d, J=4.5 Hz, 4H; -H), 9.49 (d, J=5.0 Hz,
4H; p-H), 8.94 (d, /=4.0 Hz, 4H; 5-H), 8.87 (d, J=8.0 Hz, 8H; Ar), 8.85
(d, J=70Hz, 4H; Ar), 8.81 (d, J=4.0 Hz, 4H; -H), 8.61 (d, J=8.0 Hz,
8H; Ar), 845 (d,/=70Hz,4H; Ar), 718 (s,8H; Ar), 7.17 (s, 4H; Ar), 6.92
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(s, 4H; Ar), 6.83 (s, 2H; Ar), 4.11 (t, J=6.5 Hz, 16H; octyl), 4.01 (t, /=
6.5 Hz, 8H; octyl), 4.25-3.86 (br, 48H; hexyl), 3.32 (s, 12H; Me), 3.02 (s,
12H; Me), 2.91 (s, 12H; Me), 2.71 (s, 12H; Me), 2.65 (s, 12H; Me), 2.58 (s,
12H; Me), 2.80-1.16 (m, 336 H; hexyl, octyl), 1.14-0.61 (m, 108 H; hexyl,
octyl); MS (TOF): found 8145; calcd for Cs;sHgssN3c01,Zny: 8156; UV/Vis
(THF): Apax =417, 477, 548, 575 nm;; fluorescence (THF): 4,,,, =637, 671 nm
(excitation at 540 nm).

Windmill porphyrin array 25-Cu: This compound was prepared from the
trimer 24-Cu (222.3 mg, 0.0818 mmol). Separation by the recycling
preparative GPC/HPLC (JAI-GEL, eluent: CHCl;) gave three major
fractions in the following order: nonamer 26-Cu (18 mg, 8 % ), hexamer 25-
Cu (109.4 mg, 0.0201 mmol, 46%), and the recovered trimer 24-Cu
(74.8 mg, 0.0275 mmol, 32%).

Hexamer 25-Cu: MS (TOF): found 5436; caled for CsyHy46CuyN,O5Zn,:
5430; UV/Vis (THF): A, =410, 537, 565 nm.

Nonamer 26-Cu: MS (TOF): found 8154; calcd for Cs;sHgssCugN3c01,Zn;:
8145; UV/Vis (THF): 4, =409, 478, 534, 568 nm.

1,4-Phenylene-bridged porphyrin trimer 37: This compound was prepared
from the reaction of 4-formylphenyl-porphyrin (0.436 mmol) and 2,2'-
dipyrrylmethane by the procedure used for the preparation of 14-Ni. Yield
was 22 % (110 mg, 0.0482 mmol). 'H NMR: 6 =10.62 (s, 2H; meso), 10.36
(s, 4H; meso), 9.77 (d, J=4.5 Hz, 4H; -H), 9.70 (d, J=4.0 Hz, 4H; f-H),
8.73(d,/J=75Hz,4H; Ar), 8.60 (d,/=8.0Hz,4H; Ar), 732 (d,/ =2.5 Hz,
4H; Ar), 6.97 (m, 2H; Ar), 4.26 (m, 8H; ethyl), 4.15 (m, 16 H; octyl, ethyl),
3.26 (s, 12H; Me), 2.75 (s, 12H; Me), 1.99 (t, /=8.0 Hz, 12H; ethyl), 1.88
(m, 12H, 8 H; ethyl, octyl), 1.53 (m, 8 H; octyl), 1.40-1.20 (m, 32 H; octyl),
0.88 (t, J=75Hz, 12H; octyl); MS (FAB): found 2271; calcd for
Ci40H1N1,04Zn;: 2271,

Windmill porphyrin hexamer 38: This compound was prepared from the
trimer 37 (10.8 mg, 0.00476 mmol). Separation by the chromatography on a
silica gel column (eluent; CH,Cl,/n-hexane) gave 38 (0.9 mg, 8 %) and the
recovered trimer 37. 'H NMR: 6 = 10.77 (s, 2H; meso), 10.32 (s, 4 H; meso),
10.13 (s, 4H; meso), 9.90 (d, /=4.0 Hz, 4H; $-H), 9.80 (d, J=5.0 Hz, 4H;
p-H), 9.41 (d, J=4.5Hz, 4H; -H), 8.80 (d, /=8.5Hz, 8H; Ar), 8.68 (d,
J=3.5Hz,4H; -H), 8.52 (d,/=9.0 Hz, 8H; Ar), 7.36 (s, 8H; Ar), 6.90 (s,
4H; Ar), 4.27 (m, 8H; ethyl), 4.08 (t, /=6.5 Hz, 16 H; octyl), 4.09 (m, 8H;
ethyl), 3.95 (m, 8H; ethyl), 3.88 (m, 8 H; ethyl), 3.28 (s, 12H; Me), 2.89 (s,
12H; Me), 2.69 (s, 12H; Me), 2.64 (s, 12H; Me), 1.98 (t, J=8.0 Hz, 12H;
ethyl), 1.84 (m, 12H, 16 H; ethyl, octyl), 1.69 (t,J =7.5 Hz, 12 H; ethyl), 1.60
(t,J=8.0 Hz, 12H; ethyl), 1.55-1.25 (m, 80H; octyl), 0.98-0.75 (m, 24 H;
octyl); MS (TOF): found 4538; calcd for C,g0Hz35N,4O5Zng: 4540; UV/Vis
(THF): A =416, 428, 548 nm; fluorescence (THF): A, =644 nm (ex-
citation at 540 nm).

Nitration of the porphyrin trimer 37: The porphyrin trimer 37 (10.7 mg,
0.0047 mmol) was dissolved in dry CHCl; (5 mL), and the reaction vessel
was covered with foil. A solution of AgNO, (0.010 mmol) in acetonitrile
was added all at once. After stirring for 6 h, the mixture was diluted with
water, and the porphyrin products were extracted with CHCI;. The
combined extract was washed with water and dried over anhydrous
Na,SO,. After the zinc metallation, chromatography on a silica gel column
(eluent; CH,Cl,/n-hexane) gave mononitrated porphyrin 39 (3.2 mg,
0.0014 mmol, 30%) and dinitrated porphyrin 40 (2.3 mg, 0.98 umol,
21 %) with the recovery of 37 (1.7 mg, 0.77 umol, 16 %).

Mononitrated porphyrin 39: '"H NMR: 6 =10.56 (s, 2H; meso), 10.35 (s,
2H; meso), 10.14 (s, 1 H; meso), 9.74 (d, J=4.5 Hz, 2H; -H), 9.72 (d, J =
4.0 Hz, 2H; -H), 9.69 (d, J=4.0 Hz, 2H; -H), 9.62 (d, /=3.0 Hz, 2H; §-
H), 8.73 (dd, /=75 Hz, 4H; Ar), 8.60 (d, /] =8.0 Hz, 2H; Ar), 8.57 (d, J =
75 Hz, 2H; Ar), 733 (d, J=2.5Hz, 2H; Ar), 729 (t,/ =2.0 Hz, 2H; Ar),
6.97 (m, 1H; Ar), 6.95 (m, 1 H; Ar), 4.25 (m, 2H; ethyl), 4.17-4.11 (m, 2 x
8H; octyl, ethyl), 3.99 (m, 2H; ethyl), 3.74 (m, 2H; ethyl), 3.58 (m, 2H;
ethyl), 3.25 (s, 6H; Me), 3.08 (s, 3H; Me), 3.05 (s, 3H; Me), 2.76 (s, 6H;
Me), 2.60 (s, 3H; Me), 2.57 (s, 3H; Me), 1.98 (t, J=7.5 Hz, 8H; octyl),
1.92-1.86 (m, 12H, 6 H; octyl, ethyl), 1.77 (t, /= 7.5 Hz, 3H; ethyl) 1.63 (t,
J=170Hz, 3H; ethyl), 1.53-1.26 (m, 40H; octyl), 0.87 (m, 12 H; octyl); MS
(TOF): found 2318; caled for C40H;50N30¢Zn;: 2316.

Dinitrated porphyrin 40: '"H NMR: 6 =10.57 (s, 2H; meso), 10.14 (s, 2H;
meso), 9.72 (brm, 4H; 5-H), 9.62 (brm, 4H; 5-H), 8.73 (d, /=8.0 Hz, 4H;
Ar),8.57 (d,/J=75Hz,4H; Ar), 729 (d,J=2.5 Hz, 4H; Ar), 6.95 (m, 2H;
Ar), 4.16 (t,J =6.5 Hz, 8H; octyl), 4.13 (m, 4 H; ethyl), 3.98 (m, 4 H; ethyl),
3.72 (m, 4 H; ethyl), 3.58 (m, 4 H; ethyl), 3.08 (s, 6 H; Me), 3.05 (s, 6H; Me),
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2.59 (s, 6H; Me), 2.57 (s, 6H; Me), 1.92-1.87 (m, 12H, 8H; octyl, ethyl),
1.77 (t, J =75 Hz, 6H; ethyl), 1.63 (t, J =7.5 Hz, 6 H; ethyl), 1.53-1.11 (m,
40H; octyl), 0.87 (m, 12H; octyl); MS (TOF): found 2362; calcd for
C,4H;5sN14,04Zn;5: 2361.
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