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Extremely Long, Discrete
meso —meso-Coupled Porphyrin Arrays**

Naoki Aratani, Atsuhiro Osuka,* Yong Hee Kim,
Dae Hong Jeong, and Dongho Kim

Considerable attention has been focused on the synthesis of
monodisperse macromolecular rods of precise length and
constitution in light of their potential application as molec-
ular-scale electronics, optical devices, sensors, and for con-
version of solar energy.l'3] Discrete molecular rods of known
structure are used to position two active centers at a known
distance, and the resulting assemblies are of interest as potent
electronic or photonic molecular wires. Recently, the length of
linear, monodisperse, m-conjugated oligomers have reached
the range of approximately 10 nm.["4 Yet it still remains a
great synthetic challenge to explore discrete, finite functional
supramolecules with well-defined structures far beyond these
achievements.

One of the most attractive building blocks for supra-
molecular rods are porphyrins, since they offer a variety of
desirable features such as a rigid, planar geometry, high
stability, an intense electronic absorption, a strong fluores-
cence emission, a small HOMO —-LUMO energy gap, as well
as flexible tunability of their optical and redox properties by
appropriate metalation.F] Recent efforts on the preparation of
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supramolecular porphyrin arrays have become increasingly
focused on the realization of various molecular devices.? °l
However, these studies are often hampered by poor solubility,
difficult separations, and demanding characterizations. There-
fore, high solubilities, easy separations, and reliable character-
izations of the arrays are of prime importance in devising a
larger molecular system.

Recently we found that the Agl-promoted meso—meso-
coupling reaction of Zn" 5,15-diarylporphyrins has several
advantages;[>® 1) the regioselectivity of the meso—meso
coupling is quite high, 2) the porphyrin arrays have essentially
the same linear rodlike shape, 3) the porphyrin arrays are
highly soluble, presumably because of orthogonal conforma-
tions arising from steric hindrance around the meso—meso
linkage, 4) the separation of the coupling products is easy by
recycling preparative GPC-HPLC chromatography as a result
of large differences in molecular weight, and finally 5) the
long coupling products still bear two free meso positions that
are available for the next reaction.

Here we report the synthesis and characterization of meso —
meso-coupled porphyrin oligomers up to 128-mer, which is, to
the best of our knowledge, the longest (ca. 106 nm) mono-
disperse, rodlike molecule prepared so far. Previously we
employed Zn!" 3,5-di-fert-butylphenylporphyrin as a building
block, but we encountered a serious solubility problem at the
stage of the porphyrin 8-mer. In order to circumvent the
solubility problem, we employed the more soluble Zn' 3,5-
dioctyloxyphenylporphyrin Z1 (here we denote the meso—
meso-coupled Zn'" porphyrin arrays as Zn where n represents
the number of porphyrins; Ar=3,5-dioctyloxyphenyl). Chain
elongation can be achieved quite simply by repeating the
dimerization reactions from Z1to Z2, Z2 to Z4, Z4 t0 7.8, 7.8
to Z16, and Z16 to Z32. The yields of the dimerization
products were commonly 20-30 % together with the recovery
of starting materials (55-60 % ). Finally the coupling reaction
of Z32 afforded Z64, 796, and Z128 in yields of 25, 19, and
5%, respectively, all in a discrete state. The longest porphyrin
array Z128 isolated from the reaction of Z32 was identical to
the product obtained from the dimerization of Z64. During
these repeated preparations we also isolated Z3, Z5, 7.7, 710,
712, 720, 724, 740, and Z48. The use of pure CHCl; as the
solvent and strictly controlling the reaction temperature to
30°C were crucial to avoid polymerization of the Zn"
porphyrin, which was enhanced particularly in the presence
of small amounts (0.5-3%) of N,N-dimethylacetamide
(DMA) or upon slight heating.’! Also equally important
was the use of recycling GPC-HPLC for product separation.
Figure 1 shows GPC-HPLC chromatographs of the reactions
of Z16 and Z32. The coupling products were nicely separated
by GPC-HPLC in both cases owing to the large differences in
molecular weight of the products. The molecular weights of
these porphyrin arrays were determined by matrix-assisted
laser desorption ionization (MALDI-TOF) mass spectrome-
try (Table 1).1

Figure 2 shows the 'H NMR spectra of Z1, Z2, Z4, 7.8, 716,
732, 764, and 7128 taken in CDClI; at room temperature. To
our surprise the longer arrays Z64 and Z128 display relatively
well-resolved spectra similarly to those of the shorter arrays.
The assignments were performed through comprehensive
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Figure 1. Analytical GPC-HPLC chromatograms of the reactions of Z16
(a—c) and Z32 (c-g): a) the starting Z16, b) the reaction mixture of Z16
with 0.8 equiv AgPF; after 9 h, c) purified Z32, d) the reaction mixture of
7.32 with 2.0 equiv AgPF; after 9 h, e) purified Z64, f) purified 296, and
g) purified Z128.

Table 1. Molecular weights and retention times of the porphyrin arrays.

Compound number Molecular formula M M1 g [min]l
71 CeHgN,0,Zn 1037 1036 224
72 Clnglf,(,NgOgZI'lz 2075 2076 21.4
73 Cio6H24sN1,012Zn5 3114 3112 20.7
74 Cos6H330N16016Zny4 4146 4145 203
75 CinoHu12N2OZns 5186 5183 19.9
Z6 Ci34H 9N 0 Zng 6222 6214 19.4
i C443H576Nzxozxzn7 7259 7253 19.1
z8 Cs1,Hg5sN3,05,Zng 8296 8286 18.8
710 CeoaoHgNyO40Zny, 10369 10351 183
712 CresHogeNysO4sZn, 12443 12416 179
716 C24H514NeOgsZn 16590 16566 17.2
720 Cio50H1642Ng0O0g0Z15 20736 20769 16.6
724 Ci536H1970N06O96Z1,4 24884 24465 16.0
732 CrusHoe26N 1280125705, 33178 33292 154
740 CoseoHzN1600160Z 049 41470 41177 148
748 Ci072H3038N19,010,Z 145 49764 49497 143
764 Cl006Hs5250N2560256ZNg4 66350 66323 13.7
796 Ce144H774N35401354 70y 99527 99050 13.1
7128 Cg190H040sN51,051,Zn 5 132702 130295 12.4

[a] Calculated molecular weight. [b] Molecular weight determined by
MALDI-TOF mass spectrometry. [c] Retention time determined by
GPC-HPLC analysis.
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Figure 2. 500 MHz 'H NMR spectra of the porphyrin arrays taken in
CDCl;. Assignments are shown in the structure of Z8.

ROESY experiments (the designation of the protons is shown
for Z8; Ar=3,5-dioctyloxyphenyl). It is noteworthy that the
meso-protons (H™), outer -protons (H! and H?), and many
inner fS-protons (H3-HS, etc.) appear at nearly the same
chemical shifts for all the arrays, which indicates that no
significant aggregation of the arrays occurs under these
conditions.

The absorption spectra normalized at approximately
413 nm are shown in Figure 3a. As reported previously,
the meso — meso-coupled arrays exhibit split Soret bands as a
result of exciton coupling. As the number of porphyrins
increases the low-energy Soret band is shifted to longer
wavelength, while the high-energy Soret band remains at
nearly the same wavelength (413 nm), which results in a
progressive increase in the splitting energy. The systematic
spectral changes can be explained by the simple point —dipole
exciton coupling theory developed by Kasha et al.'l The
Soret band of a Zn" porphyrin has two perpendicular
components B, and B, In a simple monomer, they are
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Figure 3. a) The UV/Vis absorption spectra of Z1-Z4, 76, Z8, 716, Z.32,
764, and 7128 taken in THF. The absorbances at approximately 413 nm
were normalized. b) Plot of AE versus cos[nt/(N+1)].
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degenerate, but in a porphyrin dimer
they couple differently. In the case of
Z2, only B, transitions along the
meso—meso bond are parallel, which
results in a red shift of the band in the
spectrum, while the other dipole inter-
actions should be canceled out as a
consequence of the perpendicular con-
formation between neighboring por-
phyrins. The unperturbed Soret tran-
sitions at about 413 nm for all the
arrays suggest the averaged perpen-
dicular conformation. This feature was
also confirmed from the polarization
fluorescence excitation spectra of the
arrays, which exhibited different ab-
sorption transition dipole alignments
for the long arrays and unperturbed
Soret transitions.'?l According to the
exciton-coupling theory the splitting energy (AE) for larger
arrays should be given by Equation (1), where N represents
the number of chromophores and AE, represents the splitting
energy of neighboring porphyrins.'!]

AE = AEycos[r/(N+1)] 1)

When AE data were plotted according to Equation (1), we
obtained a straight line with a slope of E,=4300cm™!
(Figure 3b).[3 The linear relationship observed indicates that
the spectral shapes of the absorption bands are actually
influenced by the number of porphyrins and that the
constituent porphyrins are regularly aligned in the same
linear arrangement, though some deviation from linearity is
observed for the longer arrays. On this basis, these arrays are
believed to consist of repeating individual chromophores that
have substantial electronic interactions in the ground state.

The exciton delocalization length (coherent length) has
been the central issue in the natural light-harvesting sys-
tems!'* 5] as well as J-aggregates of synthetic pigments.['®) We
thus attempted to estimate the coherent length of our arrays.
The steady-state fluorescence spectra of the arrays are shown
in Figure 4. Array Z1 exhibits a two-peak emission (584 and
633 nm) characteristic of Zn" porphyrin and Z2 displays a
red-shifted and broader fluorescence spectrum. The fluores-
cence spectra of the larger arrays (Z3—Z128) are observed in
nearly the same region, with two bands around 15600 cm™!
(640 nm) and 15000 cm™' (667 nm). Figure 5 shows the
relative intensities of these two fluorescence bands are plotted
against the number of porphyrins. The fluorescence quantum
yields determined with respect to @ =0.03 for Zn tetraphe-
nylporphyrin (ZnTPP)!'7! increase up to Z16 and then
decrease as the number of porphyrins increases. By using
the fluorescence lifetimes (z¢) obtained by the time-correlated
single-photon counting technique,!'®! we calculated the natural
radiative rate (k) according to Equaton (2).

ke = Pyl )
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Figure 4. The fluorescence spectra of the arrays taken after excitation of a
THEF solution at 413 nm with the absorbance at 413 nm adjusted at 0.20.
a) Z1-78, and Z16. b) Z16, Z32, 764, and Z128.
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Figure 5. Plots of the inverse of k¢ (0) and the relative fluorescence
intensity (@) of 640 nm to 667 nm versus the number N of porphyrins.
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Figure 5 also shows the plots of the inverse of kg versus the
number of porphyrins in the array. It is apparent that the
radiative rate increases steadily from Z1 to Z6-7Z8 and
becomes rather constant for the arrays larger than Z6-7Z8.
The plot of the relative fluorescence intensity also reveals a
similar trend, with the fluorescence shape becoming rather
constant at Z6—Z8. Since the natural radiative rate is closely
related to the exciton delocalization length,[! these results
suggest a coherent length of 68 porphyrin units for S, states
of these meso—meso-coupled Zn' porphyrin arrays over
which the exciton is delocalized.!"”!

In summary, the Ag'-promoted meso —meso-coupling reac-
tion has been demonstrated to be particularly effective for the
preparation of extremely long, discrete porphyrin arrays. The
regularly arranged arrays with ample electronic interactions
will be promising as a light-harvesting photonic wire by the
transmition of singlet excitation energy rapidly over the array.
This possibility may be supported by observations that the
extended linear conformation precludes the formation of any
stacked energy sink and the electronic interactions are
considerably enhanced in the excited states.
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Formation of Rearranged Grignard Reagents
by Carbenoid-C-H Insertion**

Reinhard W. Hoffmann,* Oliver Knopff, and
Andreas Kusche

Grignard compounds are standard carbanion reagents of
classical organic synthesis. Most methods to generate
Grignard reagents rely on the reaction of metallic magnesium
with alkyl or aryl halides and are, hence, prone to the
intermediate generation of free radicals and to side reactions
caused by the latter. There are only few routes to alkylmag-
nesium reagents that are devoid of this risk.'! One is the
carbenoid - homologation reaction,?! in which an «-haloal-
kylmetal Grignard reagent 1 is treated with another organo-
metallic reagent, for example, a second Grignard reagent 2, to
generate a new Grignard reagent 3 by C-C bond formation.

X MgX
)\ + RMgX —»
R” “MgX RT R
1 2 3
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During model studies on this reaction we made some
unexpected findings, which we report here. At first, the
reaction of the diiodoalkane 4 with 3 equivalents of isopro-
pylmagnesium chloride proceeded uneventfully in THF: The
first equivalent of the Grignard reagent generated over one
hourP! the a-iodoalkylmagnesium compound 5, which reacted
slowly at —78°C and rapidly at temperatures up to —60°C
with a further equivalent of isopropylmagnesium chloride to
give the desired Grignard reagent 6. The latter may be

| >—MgCI | >—MgCI MgCI
Ph\)\ — Ph\)\ ——> Ph

I _78°C MgCl _g0 °C

4 5 6

B,\)L CH30H
COOEt
COOEt 7
Ph\ Ph\/\(
8 9

trapped, for example, by the a-bromomethylacrylate 7 at —90
to —78°C over 30 min to give the adduct 8 in 79% yield
(accompanied by 12 % of a side product later identified as 13).
Protonation of the Grignard reagent 6 with methanol led to
the hydrocarbon 9 in 92 % yield.

Trapping of 6 with CH;0D was therefore expected to give
the deuterated hydrocarbon 11. Inspection of the product by
’D-NMR spectroscopy revealed, however, the presence of the
isotopomer 12 in about 10% yield. This pointed to the
formation of the tertiary Grignard reagent 10 as the imme-
diate precursor of 12.

MgCl

Ph\)\( Ph
6 mgcl

* CHioD ¢ Y\J;cooa
D

Ph\/K( thﬁ( Ph\/><\n/COOEt
11 12 D 13

This “side reaction” surprisingly became the main process
when the reaction was carried out in diisopropyl ether or in
diethyl ether as solvent (see Table 1). When the overall
reaction was carried out in diethyl ether the “rearranged”
Grignard reagent 10 could indeed be trapped by the a-
bromomethylacrylate 7 to give 13 in 79 % yield alongside 8 in
12 % yield.

Similar observations were made when the diiodo com-
pound 14 was treated with three equivalents of isopropyl-
magnesium bromide followed by trapping with allyl iodide.
While when the reaction was carried out in THF as solvent the
product 15 predominated over 16 by 10:1 (55% yield), the
“rearranged” product (16) was again the main product (58 %
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