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ABSTRACT

A vinylene-linked porphyrin dimer, with no substituents at the â-positions, has been synthesized by CuI/CsF promoted Stille coupling. In the
crystal structure of this dimer, the C 2H2 bridge is twisted by 45 ° relative to the plane of the porphyrins. The absorption, emission spectra, and
electrochemistry reveal substantial porphyrin −porphyrin π-conjugation. The triplet excited-state absorption spectrum of this dimer makes it
suitable for reverse saturable absorption at 710 −900 nm.

Conjugated porphyrin oligomers1 display outstanding char-
acteristics for a variety of applications, including two-photon
absorption,2 reverse-saturable absorption in the near-infrared,3

and single-molecule conductivity.4 All these applications

require efficientπ-orbital overlap between the porphyrins,
and this electronic coupling is generally maximized by
locating the conjugated connections at the meso-positions
of the porphyrin units.Meso-mesoalkyne-linked porphyrin
oligomers have been extensively investigated,5-7 whereas
meso-mesovinylene-linked structures have received little
attention, except forâ-alkyl systems such as Ni21,8 in which
conjugation is severely limited by steric interactions. For
example, in Ni21, the ethyl substituents force the vinylene
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bridge to twist out of conjugation with the porphyrin
π-system.9-11 Here we report the synthesis ofmeso-meso
vinylene-linked porphyrin dimers Zn22a,b without â-sub-
stituents, together with an analysis of the crystal structure
of one of these dimers, Zn22b.12 We compare the linear and
nonlinear absorption behavior of Zn22a with those of its
alkyne-linked analogue Zn23. Although the vinylene bridge
is twisted by 45°relative to the plane of the porphyrin
π-systems in the solid state, the degree of conjugation (as
estimated from absorption spectra, emission spectra, and
redox potentials) in theseE-vinylene-linked dimers is similar
to that of their alkyne-linked analogues. The vinylene-linked
dimers exhibit superior reverse-saturable absorption in the
near-infrared (710-900 nm).

Initial attempts at synthesis of the C2H2-linked porphyrin
dimer Zn22a by McMurry and Wittig couplings failed.13

Palladium-catalyzed Stille coupling of bromoporphyrins with
bis(tributylstannyl)ethene also failed to give the desired
dimers until we tested Baldwin’s protocol (Pd(PPh3)4, CuI,
CsF).14,15 When copper(I) iodide and cesium fluoride were
added to the reaction mixture, Zn4a and Zn4b were

converted to Zn22a and Zn22b in yields of 44 and 58%,
respectively (Scheme 1).16 The yield drops to around 10%

in the absence of cesium fluoride, and no product is formed
in the absence of copper iodide. We also used this method
to synthesize the C2-linked dimer Zn23 from Zn4ausing bis-
(tributylstannyl)ethyne, although the yield of Zn23 is only
12%, so this approach may be inferior to the Heck-
Sonogashira route pioneered by Therien and co-workers.7

The crystal structure of Zn22b‚2(C6H5N) was determined
using single crystals grown from a solution in chlorobenzene/
pyridine.17 One pyridine molecule is coordinated to each zinc
atom (not shown in Figure 1). There is a crystallographic
inversion center at the center of the dimer molecule, so the
mean planes of the two porphyrins are exactly parallel, but
they are off-set by a distance of 1.47 Å, rather than being
coplanar. The mean plane of the C-CHdCH-C bridge
makes an angle of 45° to the mean plane of each porphyrin
macrocycle. The main cause for this twist is a 1,5-C‚‚‚C
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Scheme 1. Synthesis of Dimers Zn22a and Zn22ba

a Ar ) 3,5-Di-tert-butylphenyl.
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neighboringâ-pyrrole carbons; this C‚‚‚C distance is 3.09
Å (compared to 3.54 Å for twice the van der Waals radius
of carbon). The 45° twist in Zn22b does not completely block
conjugation between the two porphyrinπ-systems, because
the orbital overlap depends on the cosine of the angle. The
two reported crystal structures of Ni21 have porphyrin to
C-CHdCH-C bridge mean plane twist angles of 89° and
74° (for the toluene and chloroform solvates, respectively),9,10

and therefore the absence ofâ-ethyl substituents clearly leads
to a more planar conformation in Zn22b.

The degree of porphyrin-porphyrinπ-conjugation in
Zn22a and Zn23 can be evaluated from their absorption and
emission spectra and redox potentials. The ground-state S0-
Sn absorption spectra of Zn22a and Zn23 are compared in
Figure 2 (solid lines). The maxima of Zn22a (422, 480, and
665 nm) are similar to those of Zn23 (408, 483, and 710
nm), although the spectrum of Zn22a is broader. Under the
same conditions, Zn22aand Zn23 give fluorescence maxima

at 765 nm (ΦF 0.041,τS 0.76 ns) and 731 nm (ΦF 0.10,τS

1.1 ns).18,19 The first oxidation and reduction potentials for
these dimers are: Zn22a: E1

ox +0.39 V; E1
red -1.53 V;

Zn23: E1
ox +0.29 V; E1

red -1.69 V (all potentials versus
Fc/Fc+ in THF containing 0.1 M Bu4NBF4), corresponding
to electrochemical gaps (E1

ox - E1
red) of 1.92 and 1.98 V,

respectively.19 The greater Stokes shift in Zn22a together with
its lower fluorescence quantum yield and broader absorption
spectrum all indicate greater flexibility in theE-vinylene
bridge. Conformations are populated with a range of torsional
twist angles at the vinylene bridge, leading to a distribution
in the efficiency of porphyrin-porphyrin π-conjugation.11

The more widely split B band and more red-shifted Q-band
of Zn23 demonstrate that its average ground state conforma-
tion is more conjugated than that of Zn22a, whereas the more
red-shifted emission and smaller electrochemical gap of
Zn22a indicate that its S1 excited state, radical cation, and
radical anion are more conjugated than those of Zn23.

The nonlinear optical behavior of conjugated porphyrin
oligomers leads to important applications, such as reverse

(16)Experimental procedurefor synthesis of Zn22b: (E)-1,2-Bis(tri-n-
butylstannyl)ethene (25µL, 47 µmol) was added to Zn4b (80 mg, 79µmol),
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J ) 4.7), 10.02 (4H, d,J ) 4.7), 10.03 (2H, s);δC (125.7 MHz, CDCl3/
C5D5N) 31.8, 35.0, 118.1, 120.5, 122.2, 122.4, 129.6, 129.8, 130.1, 131.8,
132.4, 142.57, 142.64, 144.1, 148.2, 149.8, 150.0, 150.2, 150.3;m/z
(MALDI-TOF, dithranol) 1900.5; (M+, C126H144N8Zn2 requires 1901.0).
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space groupP1h, Dc ) 1.131 g cm-3, a ) 10.3948(2),b ) 13.8919(2),c )
25.1936(3) Å,R ) 90.6016(4),â ) 91.8742(4),γ ) 97.9594(5)°,V )
3600.65(10) Å3, Z ) 1, λ ) 0.71073 Å,µ ) 0.442 mm-1, T ) 150 K, R
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relative to the corresponding porphyrin monomer, and its electrochemical
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Figure 1. Molecular structure of Zn22b‚2(C6H5N) viewed per-
pendicular to the mean plane of the porphyrin macrocycles (omitting
coordinated pyridine ligands, 50% probability ellipsoids).

Figure 2. Ground-state and excited-state absorption spectra of
Zn22a and Zn23 in benzene containing 1% pyridine.
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saturable absorption (RSA)3 and two-photon absorption
(TPA),2 and therefore we have compared the RSA and TPA
characteristics of the C2H2- and C2-linked dimers Zn22aand
Zn23. A compound exhibits RSA if the excited-state T1-Tn

absorption is stronger than the ground-state S0-Sn absorption,
provided that it has a significant triplet yield (ΦT) and
provided that the S0-Sn absorption is high enough to achieve
significant population of excited states.20 The T1-Tn absorp-
tion spectra of Zn22aand Zn23 were measured by laser flash
photolysis, in deoxygenated benzene with 1% pyridine
(Figure 2, dashed curves, excitation at 355 nm with a 5-ns
pulse). Zn22a has a triplet yield ofΦT ) 0.21 and a triplet
lifetime of τT ) 10 µs, whereas Zn23 hasΦT ) 0.44 and
biexponential decay,τT ) 143 µs and 1.65 ms. The T1-Tn

absorption of the C2-linked dimer Zn23 peaks beyond 1000
nm, where there is essentially no S0-Sn absorption, making
it unsuitable for RSA. In contrast, the C2H2-linked dimer
Zn22a exhibits a T1-Tn band at 880 nm. There is good
overlap between this excited-state absorption and the broad
tail of the ground-state Q-band, making it suitable for RSA
in the near-infrared at 710-900 nm.

We also tested the two-photon absorption behavior of
Zn22ausing two-photon excited fluorescence. Previously we
used this technique to show that Zn23 has a remarkably strong
TPA band at 821 nm (σ2

max ) 8200 GM), as well as a weaker
red-shifted band at 940 nm (255 GM).2 Zn22ashows a similar
broad red-shifted TPA transition peaking at ca. 975 nm (60
GM) in the excitation wavelength range 940-1100 nm. The
4-fold lower cross section of this peak, as compared to that

of Zn23, is consistent with the weaker conjugation in the
C2H2-linked dimer. Unfortunately, it was impossible to
measure the TPA spectrum of Zn22a at excitation wave-
lengths shorter than 940 nm because the long tail on the S0-
S1 absorption makes the power dependence of the fluores-
cence nonquadratic in this region. This weak one-photon
absorption at 710-900 nm, which prevents us from measur-
ing the TPA spectrum of Zn22a, is the same feature that
makes this chromophore promising for RSA.

In conclusion, we have developed an efficient synthetic
route to meso-meso E-vinylene-linked porphyrin dimers.
While the most populated conformation of the C2H2-linked
dimer Zn22a has the vinylene bridge partly twisted out of
conjugation with the porphyrins (45° twist in the solid state),
making it less conjugated than the C2-linked dimer Zn23,
more planar conformations are also populated, which are
more conjugated than the C2-linked dimer, resulting in a long
red tail in the absorption at 710-900 nm. In combination
with a strong excited-state T1-Tn absorption band at 700-
1000 nm, these photophysical characteristics make C2H2-
linked dimers promising materials for reverse saturable
absorption.
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