ular-electronics components based on metallic
tubes are preferred. The present work shows that
short, metallic nanotubes can be applied as
RTSETs. It also serves to illustrate that the
search for functional molecular devices often
yields interesting fundamental science.
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Fully Conjugated Porphyrin
Tapes with Electronic
Absorption Bands That Reach

into Infrared
Akihiko Tsuda and Atsuhiro Osuka*

Scandium(lll)-catalyzed oxidation of meso-meso-linked zinc(ll)-porphyrin ar-
rays (up to dodecamers) with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) led to efficient formation of triply meso-meso—, B-B—, and B-B-linked
zinc(ll)-oligoiporphyrins with 62 to 91% yields. These fused tape-shaped por-
phyrin arrays display extremely red-shifted absorption bands that reflect ex-
tensively m-conjugated electronic systems and a low excitation gap. The lowest
electronic absorption bands become increasingly intensified and red-shifted
upon the increase in the number of porphyrins and eventually reach a peak
electronic excitation for the dodecamer at ~3500 wavenumber. The one-
electron oxidation potentials also decreased progressively upon the increase in
the number of porphyrins. These properties in long and rigid molecular shapes
suggest their potential use as molecular wires.

Discrete molecules with a very long w-system
are of interest as organic conducting materials,
near-infrared (near-IR) dyes, nonlinear optical
materials, and molecular wires (/—3). Numer-
ous attempts that have been made to extend the
mr-electronic systems have, however, encoun-
tered serious problems, such as synthetic inac-
cessibility, chemical instability, poor solubility,
and conjugation saturation behavior that arises
through the effective conjugated length (ECL)
effect. The ECL defines the extent of m-conju-
gated systems in which the electronic delocal-
ization is limited and at which point the optical,
electrochemical, and other physical properties
reach a saturation level that is common with the
analogous polymer (/). A straightforward strat-
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egy for maximizing m-overlap may be to hold
the w-systems coplanar within a tapelike frame-
work by fusing the units edge-to-edge, to make
a covalently linked long, flat array, but this goal
is synthetically quite demanding. Fused m-con-
jugated systems are promising also in circum-
venting the above ECL limit, as seen for the
[n]acene series (n = 1 to 7) (1, 4), but extension
to the higher conjugated systems suffers from
problems of poor solubility caused by the re-
sulting planar structures. Within a confined pig-
ment number, charged dyes such as oxonols
and cyanines can escape the ECL effect be-
cause of the absence of the bond alternation
arising from effective resonance (5). Again,
extension to the higher homologs is difficult to
achieve and reveals the ECL effect (6).
Porphyrins are intriguing building units
from which to construct large m-conjugated
molecules. Two types of conjugated porphy-
rins have been developed, meso-ethyne—
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bridged and meso-butadiyne—bridged por-
phyrin arrays (7-9) and fused porphyrin ar-
rays (/0-13), both of which show unusual
properties that result from strong w-conjuga-
tion. Here we report the synthesis of highly
conjugated porphyrin arrays, in which the
electronic mr-conjugation over the arrays is
far stronger than the w-conjugation of these
precedents, as seen from extremely low-
energy IR electronic excitations.

Recently, we reported the synthesis of
meso-meso—linked porphyrin arrays of up to
128-oligomers by Ag' salt-promoted coupling
reaction (/4). This extremely long, discrete,
rodlike organic molecule has a molecular
length of about 108 nm. These arrays adopt a
nearly orthogonal conformation that tends to
minimize the electronic interaction between the
neighboring porphyrins (14, 15). The aryl-end—
capped meso-meso-linked Cu-diporphyrin 1
can be converted to triply linked fused dipor-
phyrin 2 by the oxidative double-ring closure
(ODRC) reaction upon treatment with (p-
BrC¢H,);NSbCl in C;F (Scheme 1) (13). The
planar structure of 2 has been revealed by x-ray
analysis, and full conjugation over the two por-
phyrins has been demonstrated by its substan-
tially broadened and red-shifted absorption
spectrum.

We now describe a highly efficient syn-
thetic method that allows the ODRC reaction
of higher meso-meso—linked Zn(II)-porphy-
rins in good yields. The ODRC reaction was
conducted simply by refluxing a toluene so-
lution of meso-meso—linked Zn(II)-diporphy-
rin 3 in the presence of five equivalents of
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) and scandium trifluoromethanesul-
fonate [Sc(OTf),] for 0.5 hour, which afford-
ed the triply linked fused diporphyrin 4 in
86% yield as a sole product. DDQ or
Sc(OTf), alone did not effect any change of
3. Under similar conditions, the Zn(II)-
porphyrin monomer 5 was also effectively
coupled to give triply linked diporphyrin 4 in
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an almost quantitative yield. The undesirable
chlorination at the peripheral B positions, a
serious problem in the ODRC reaction with

REPORTS

(p-BrCH,);NSbCl, (/3), was completely
suppressed. More important, the ODRC reac-
tion was successfully applied to the synthesis

7-12

A
14-19

Al’1= ‘Cgi AI’2= —M AI'3= _@

Scheme 1. 1,M = Cy,R' =R? = Ar';3,M = Zn,R' =

2,M=CuyR"=RZ=Ar";4 M=

R?2 = Ar'; 6, M = Zn, R" = Ar3 RZ = Ar3;
Zn, R' = R2 = Ar"; 13, M = Zn, R = Ar?, R? = Ar3. Number

of porphyrins (N): 7 (1), 8 (2), 9 (3), 10 (4), 11 (6), 12 (10); 14 (1), 15 (2), 16 (3), 17 (4), 18 (6),

and 19 (10).
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Fig. 1. Ultraviolet-visible-infrared absorption spectra of porphyrin 5 and meso-meso-linked por-
phyrin arrays 6 to 12 (top) and triply linked fused porphyrin arrays 13 to 19 (bottom) taken in
CHCl; at room temperature. The absorption spectra of 5 to 12 and 13 to 19 were normalized at
23,700 to 24,000 cm™ " and 23,800 to 24,600 cm™", respectively. The background absorbance at

~6000, ~4000, and ~3500 cm™"

may arise from the overtones of C-H vibration of the solvent.

of higher fused porphyrin arrays as follows:
13 (dimer, 75%) from 6; 14 (trimer, 91%)
from 7; 15 (tetramer, 78%) from 8; 16 (pen-
tamer, 77%) from 9; 17 (hexamer, 85%) from
10; 18 (octamer, 60%) from 11; and 19

3000
2500 19
=3
£ 2000 18
£ 17
< 1500 16
12 "°
[ )
1000 b
500
0 2 4 6 8 10 12 14

N

Fig. 2. Plot of absorption peak of bands Il
versus the numbers of porphyrins in the triply
linked fused arrays (N). The line shown is rep-
resented by the equation \ . = 1745N +
793 (nm) with coefficient of variation r? =

0.995.
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Fig. 3. IR spectra of molecules 13 to 19 taken
in a KBr pellet at room temperature with
a JASCO-FT-IR 420 spectrometer at room
temperature.
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(dodecamer, 73%) from 12 (/6). Scheme 2
shows the ODRC reaction of 12 to 19, in
which as many as 22 3-8 bonds are formed in
a one-pot reaction. The largest fused array,
19, provides spacious coplanar -electronic
area with about 100 A by 7 A.

The electronic absorption spectra of the por-
phyrin 5, the meso-meso-linked porphyrin ar-
rays (6 to 12), and triply linked porphyrin arrays

400
300
200
100
0
-100
-200 16
-300 18
-400

Eox (mV)

0 01 02 03 04 05 06
N -1

Fig. 4. Plot of the first oxidation potentials [E_,
(mV) versus AgClO,/Ag taken in CHCL,] versus
N~ The first oxidation potentials (E,,) were
obtained from cyclic voltammetry as follows:
13, 212; 14, 14; 15, —89; 16, —147; 17, —180;
and 18, —241 mV. The oxidation potential of
19 could not be determined owing to its poor
solubility. The line shown is represented by the
equation £, = 1197N~" — 386 (mV) with
correlation coefficient r2 = 0.999.

Scheme 2.

REPORTS

(13 to 19) taken in CHCI, are shown in Fig. 1.
The absorption spectra of the meso-meso—
linked porphyrin arrays show split Soret bands
(B-bands), which can be qualitatively account-
ed for in terms of the exciton coupling that is
originating from the Coulombic interactions be-
tween the transition dipole moments (/4).
These results indicate that electronic m-conju-
gation is disrupted in the array, probably as a
result of the almost perpendicular conformation
of the neighboring porphyrins.

In sharp contrast, the triply linked fused
porphyrin arrays display drastically red-shifted
absorption spectra that reflect extensive r-con-
jugation over the array. The absorption spectra
of the triply linked porphyrin arrays exhibit
three distinct bands in CHCI, solutions as in the
meso-meso-linked porphyrin arrays but at en-
tirely different positions (designated as bands I,
II, and III in Fig. 1). Although bands I are
observed at 23,800 to 24,600 cm ™ '—nearly the
same positions as that of the monomeric Zn-
porphyrin 5—bands II and III are markedly
red-shifted upon the increase in the number of
porphyrins (/7). A degree of saturation behav-
ior is noted for the red-shift of bands II, whereas
bands III exhibit a progressive red-shift of their
peak positions upon the increase in the number
of porphyrins as follows: 13 (dimer), 9400; 14
(trimer), 7500; 15 (tetramer), 6600; 16 (pen-
tamer), 6000; 17 (hexamer), 5400; 18 (oc-
tamer), 4500; and 19 (dodecamer), 3500 cm™!.
Thus, bands III of 17, 18, and 19 are located in

the IR region with their tails extending beyond
3000 cm™!. A plot of the absorption peak of
band III in wavelength units (\,,,) versus the
number of porphyrins (N) revealed fairly linear
behavior up to 19 without an indication of the
ECL effect (Fig. 2). These results suggest a
further possible decrease in the excitation ener-
gy of band III upon elongation of the array.

Strong electronic transitions enter the IR
frequency region with their tails reaching
~1500 cm™! for 17, 18, and 19 in solid states
(Fig. 3). The relative amplitudes of the vibra-
tional IR bands appear to decrease compared
with the amplitude of the electronic absorption
band (especially for the C-H stretching bands
around 2900 cm™!), probably because of the
increasing relative intensity of the electronic
transition upon the increase in the number of
porphyrins. Detailed examination of the low-
energy electronic absorption should provide im-
portant information on the vibronic coupling of
organic molecules.

The first one-electron oxidation potential
of the fused diporphyrin 4 is 0.11 V versus
AgClO,/Ag in CHCI, solution (/3), which is
considerably lower than the values for the
parent porphyrin monomer 5 (0.52 V) and
meso-meso—linked diporphyrin 3 (0.47 V).
Thus, the expansion of r-electronic system
tends to raise the highest occupied molecular
orbital (HOMO) orbital. This trend is increas-
ingly enhanced upon the increase in the num-
ber of porphyrins as shown in Fig. 4, where a
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plot of the one-electron oxidation potentials
versus N~ ' exhibits good linearity. The inter-
cept (—0.38 V) of the plot may be assigned
for the one-electron oxidation potential of the
“infinite” fused porphyrin polymer.

In spite of their remarkable properties, in-
cluding extremely low HOMO-LUMO (highest
occupied/lowest unoccupied molecular orbital)
gaps, low one-electron oxidation potentials, and
rigid and giant molecular size, the triply linked
arrays are stable in air and easily manipulated,
and should prove useful for studies on the vi-
bronic coupling of organic molecules. They
may also find use as conducting molecular
wires and in molecular-scale electronic devices.
In addition, the unusual photophysical and elec-
trochemical properties of these fused porphyrin
arrays suggest potential avenues for further in-
vestigation, including the development of near-
IR and IR sensors and dyes, and materials for
nonlinear optics and spin ordering.
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Approach to High-Resolution
ex Situ NMR Spectroscopy

Carlos A. Meriles, Dimitris Sakellariou, Henrike Heise,
Adam ). Moulé, Alexander Pines*

Nuclear magnetic resonance (NMR) experiments are typically performed with
samples immersed in a magnet shimmed to high homogeneity. However, there
are many circumstances in which it is impractical or undesirable to insert
objects or subjects into the bore of a high-field magnet. Here we present a
methodology based on an adaptation of nutation echoes that provides resolved
spectra in the presence of matched inhomogeneous static and radiofrequency
fields, thereby opening the way to high-resolution ex situ NMR. The observation
of chemical shifts is regained through the use of multiple-pulse sequences of
correlated, composite z-rotation pulses, producing resolved NMR spectra of

liquid samples.

The practice of high-resolution NMR spec-
troscopy usually involves the use of large
magnets producing homogeneous static (B,)
fields. Experiments performed inside such
magnets yield information about molecular
structure and dynamics through the observa-
tion of interactions such as chemical shifts

Materials Sciences Division, Lawrence Berkeley Na-
tional Laboratory and Department of Chemistry, Uni-
versity of California, Berkeley, CA 94720, USA.
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Fig 1. Schematic representation of the
experimental setup. A single solenoid
serves to irradiate and detect the NMR
proton signal from a sample of trans-2-
pentenal contained in a glass tube in-
side the bore of a superconducting
magnet. To simulate the environment
of an ex situ surface coil, we placed the
sample completely outside the solenoid
central cavity. An imaging coil set (not
displayed in the figure) is used to gen-
erate a linear gradient of the static field
along the solenoid axis. All experiments
were carried out in a super-widebore
imaging magnet with an Infinity Varian
spectrometer operating at 179.12-MHz
proton frequency and a home-built im-
aging probehead with three perpendic-
ular gradient coils.

ol —

RF coil

and scalar couplings. These features make in
situ NMR a powerful analytical tool used to
study such diverse questions as the metabo-
lism of plants and organisms (/), the dynam-
ics of geological processes (2), and the char-
acterization of technologically important new
materials (3). For many applications, it would
be useful if a mobile magnet could be
scanned over an otherwise inaccessible object
or subject in order to acquire magnetic reso-
nance information. The advantage of such ex
situ analysis is that limitations of sample size

Sample

Probehead frame
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