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meso-meso-Linked Subporphyrin Dimer
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The subporphyrin, a genuine ring-contracted porphyrin
consisting of three pyrrole units and three methine carbons,
has emerged as a new functional pigment in view of its dis-
tinct 14 m-electronic aromatic system, and tunable absorp-
tion and emission properties."?! In particular, meso-aryl sub-
stituents provide significant influences on the electronic
nature of subporphyrins by virtue of their almost free rota-
tion at room temperature, as was reported for meso-(oligo-
1,4-phenyleneethynylene)- and meso-(4-aminophenyl)-sub-
stituted subporphyrins.”! Herein, we report the synthesis of
a meso—-meso linked subporphyrin dimer 5, which is an im-
portant molecule for comparison with the numerous exam-
ples of meso—meso linked Zn"-porphyrin arrays already de-
scribed in the literature.*! Directly meso-meso linked Zn"—
diporphyrin 2 was prepared by Ag'-promoted oxidative di-
merization of Zn" porphyrin 1. In diporphyrin 2, the two
porphyrins are rigidly held at nearly perpendicular orienta-
tion with hindered rotation at the meso—meso linkage, which
leads to minimum electronic interaction between the two
porphyrins despite the direct connection.”! The absorption
spectrum of 2 shows a split Soret band, which can be inter-
preted in terms of simple exciton coupling of the two Zn"-
porphyrins without significant conjugative interaction. In
line with this feature, state-to-state excitation energy hop-
ping is common for meso-meso linked Zn"-porphyrin
arrays.[®7]

Recently, meso-free and meso-bromosubporphyrin 3 and
4 have been explored and used for the synthesis of various
meso-A,B-type-substituted subporphyrins.®! By following
the synthesis of 2, we initially attempted oxidative coupling
of 3. Various oxidizing agents, such as AgPF,'! AgPF, and
L,,°* and [bis(trifluoroacetoxy)iodo]benzene™ were trialed
in attempted oxidative dimerization reactions of 3, but the
formation of 5 was not observed, and only decomposition of
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3 took place. These negative results led us to explore reduc-
tive coupling!'”! of 4. A solution of an equivalent amount of
[Ni(cod),] and 4 in DMF was heated at 80°C for 2 h under
argon atmosphere."! After usual work-up, meso—meso
linked subporphyrin dimer 5 was obtained in 31% yield
along with the recovery of 3 (27%). An excess amount of
1,5-cyclooctadiene was added with the intention of securing
catalyst duration, which led to a remarkable improvement
in yield of 5 (72%) with suppression of debromination
(Scheme 1).
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Scheme 1. Porphyrins 1, 2 and subporphyrins 3-6.

The high-resolution electrospray ionization time-of-flight
(HR ESI-TOF) mass spectrum of 5 revealed an intense
borenium cation peak at m/z 817.3095 (caled for
CssH3sB,NO, 817.3070 [S—OMe] ™). The 'H NMR spectrum
of § shows a broad spectrum at room temperature, which
has been ascribed to slow rotation of the meso—meso linkage
comparable to NMR time scale (Figure 1). Consistent with
this interpretation, 5 shows a clear 'H NMR spectrum at
—40°C that consists of five sets of signals due to the p-pyr-
rolic protons and two sets of signals due to the ortho, meta,
and para protons of the meso-phenyl groups, differentiating
the concave and convex sides of the bowl-shaped subpor-
phyrin macrocycle (Figure 1). Characteristically, a signal due
to H® at the concave face is upfield shifted, and H' and H?
at the convex face are downfield shifted. At 120°C, the
"H NMR spectrum of 5 became simpler due to smooth rota-
tion of the meso-meso linkage. These rotational features of
5 are distinctly different from those of 2.
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Figure 1. '"H NMR spectra of 5 at various temperatures.

To evaluate the rotation barrier of the meso-meso link-
age, meso—meso linked subporphyrin dimer 7 was prepared
by the same method, which displays a singlet signal due to
the tolyl protons. Similar to 5, the '"H NMR spectrum of 7
exhibits temperature-dependent spectral changes. By simu-
lating the observed spectral changes of signals due to the
tolyl proton of 7 (Figure 2),!% the values for AH*, AS*, and
AG,4™ of the rotation barrier have been determined to be
14.7 kcalmol™, 1.28 calmol'K~!, and 14.3 kcalmol™!, re-
spectively.

Subporphyrin dimer 5 was converted to its B,B’-dibenzyl-
oxy congener 5-OBn by heating in the presence of benzyl al-
cohol. Slow recrystallization from a mixture of CHCl; and
toluene gave nice crystals of 5-OBn. Single-crystal XRD
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Figure 2. Temperature-dependent 'H NMR spectral changes of the
methyl group of 7 (left) and a plot of In(k/T) versus 1/T (right).
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analysis revealed a directly meso—meso linked dimer struc-
ture, in which the mean bowl depth is 1.33 A and the center-
to-center distance (B—B distance) is 7.21 A and the C-
(meso)—C(meso) bond length is 1.48 A, and the dihedral
angle between the two subporphyrin cores is 55.5°
(Figure 3).¥) The C(meso)—C(meso) bond length of 5-OBn
is similar to that (1.47 A) of meso-meso linked Zn"-dipor-
phyrin 2, but the dihedral angle of 5-OBn is considerably
smaller than that (86.1°) of 2. The latter structural feature
may lead to stronger electronic interaction between the two
subporphyrin units.

a)

Figure 3. X-ray crystal structure of 5-OBn: a) perspective and b) side
views. Thermal ellipsoids are represent 50% probability. Solvent mole-
cules are omitted for clarity.

The UV/Vis absorption spectra of 5 and its reference mo-
nomer 6 in toluene are shown in Figure 4. Although the sub-
porphyrin monomer 6 shows a Soret-like band at 375 nm
and Q-like bands at 462 and 486 nm, that of meso-meso
linked dimer 5 is significantly altered, featuring a Soret-like
band at 403 nm with a broad shoulder around 388 nm and
broadened Q-like bands with peaks at 462 and 516 nm and
a tail extending over 550 nm. These absorption features sug-
gest stronger electronic interactions in 5 than those in 2.
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Figure 4. UV/Vis absorption (solid lines) and fluorescence (dashed lines)
spectra of 5 and its reference monomer 6 in toluene.

The absorption spectrum of 2 displays a split Soret band at
416 and 451 nm and slightly redshifted Q bands, which has
been interpreted in terms of exciton coupling with negligible
conjugative interaction.® Therefore, conjugative interac-
tions of the two subporphyrin units are suggested for § in
addition to excitonic interaction. Fluorescence spectrum of §
in toluene is largely redshifted to 593 nm and is substantially
enhanced (@=0.40) with a large Stokes shift (2520 cm™),
compared to that of 6 (at 517 nm, @r=0.16, and 1230 cm™).
Such large changes in the fluorescence spectrum were not
observed for 2. Fluorescence lifetime of 5 has been deter-
mined by single-photon counting to be 2.3 ns, which is slight-
ly shorter than that (2.8 ns) of 6. The fluorescence spectrum
of 5 is rather insensitive to solvent polarity and did not
show quenching even in polar solvents such as THF and
DMSO, different from recently reported boron—dipyrrome-
thene (BODIPY) dimers.""! This has been ascribed to small
S;-excitation energy of 5 (2.09 eV) due to large electronic
interaction, which is not sufficient to induce so-called sym-
metry-breaking intramolecular charge separation.!'”!

The transient absorption spectra in toluene after photoex-
citation at 540 nm were recorded (Figure 5). Characteristi-
cally, the transient stimulated emission (SE) band of 5 was
clearly observed, and its peak position was gradually red-
shifted in 30 ps time range, whereas SE band of 6 was very
weak, and the excited state absorption spectra did not show
a significant spectral shift. We can suggest that this dynamic
Stokes shift of S; fluorescence in 5 is probably caused by
continuous structural changes of dihedral angle in the excit-
ed state. These features are distinct characteristics of 5, not
observed for 2. Because of rigid and orthogonal geometry of
2, the molecular orbital (MO) interaction between the two
porphyrin cores is weak.'”! However, the situation is differ-
ent for 5, in which the rotation around the direct meso—
meso linkage leads to efficient MO interactions between the
constituent subporphyrins. It is conceivable that the torsion-
al relaxation after photoexcitation may cause more coplanar
geometry, and the Q, (z direction along the long molecular
axis) state transition becomes stabilized and enhanced by in-
creasing electronic communication between the two subpor-
phyrins cores.!"”? Therefore, the enhanced Q, state transition
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Figure 5. Transient absorption spectra of a) 5 and b) 6 in toluene obtained

by photoexcitation at A =510 and 460 nm, respectively.

and large oscillator strength of 5 can explain the observed
large S; fluorescence quantum yield and clear dynamic
Stokes shift of SE bands.

Interestingly, the anisotropy decay profile of 5 is distinctly
different from those of 2 and 6 (Figure 6).1 The anisotropy
decay profile of 6 shows an initial anisotropy value of 0.1 re-
sulting from an ultrafast in-plane dephasing process between
Q, and Q, transitions. The anisotropy decay profile of dipor-
phyrin 2 revealed an ultrafast depolarization process, in
which anisotropy value decreases from 0.4 to 0.04 with

-0.2 Y
0.0 0.5 1.0 1.5 2.0 25 3.0
t/ps

Figure 6. Temporal profiles of femtosecond transient absorption anisotro-
py decays of 5 (black) and 6 (gray) in toluene monitoring at A=620 and
580 nm with photoexcitation of Q bands at A=540 and 480 nm, respec-
tively.
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Figure 7. MO diagrams of 5 calculated with Gaussian 09 package (all energy levels were calculated at the B3LYP/6-311G(d) level. Each MO was visual-

ized with cubegen program).®”!

a time constant of <200 fs."™ Such a fast depolarization pro-
cess is attributable to a mixing of all relaxation processes,
such as in-plane dephasing of Q, and Q, in porphyrin mono-
mer, energy hopping between the two transition dipoles, and
internal conversion from Q, or Q, state of monomeric unit
to Q, state of the dimer.””! Likewise, porphyrin arrays hold-
ing monomeric character are known to show complicated
depolarization processes due to ultrafast dephasing of the
two degenerate transition dipoles in the porphyrin mono-
mer, as well as the energy transfer between the porphyrin
monomers.'®!” In contrast, the anisotropy decay profile of
subporphyrin dimer 5 shows a high initial anisotropy value
of 0.4 and slow single exponential decay with a time con-
stant of 300 ps. This slow decay can be assigned as a rotation-
al diffusion. Based on this high initial anisotropy value and
rather simple depolarization process of 5, we can propose
that the & conjugation extends to the whole molecule, and
hence 5 can be regarded as a one-quantum system.

The molecular structures and MO diagrams of 5§ were op-
timized at B3LYP/6-311G(d) level by using the Gaussian 09
package (Figure 7).%"! We have previously reported that
meso-triphenyl-substituted subporphyrin 6 possesses quite
porphyrin-like four orbitals, a;,-like HOMO-1, a,,like
HOMO, and e,like LUMO and LUMO+1.**" The
HOMO and LUMO of subporphyrin dimer 5 are both
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spread over the two subporphyrin units, indicating the delo-
calized nature of electronic states of 5.

The electrochemical properties of § were examined by
cyclic voltammetry (CV) in CH,Cl, containing 0.1m
Bu,NPF; as a supporting electrolyte versus ferrocene/ferro-
cenium cation (see the Supporting Information). One-elec-
tron oxidation waves of 5 were observed at 0.60 and 1.03 'V,
and reduction wave was observed at —1.78 V, whereas those
of 6 were observed at 0.82 and —1.84 V. These data allowed
us to determine the electrochemical HOMO-LUMO gaps
of 5 and 6 to be 2.38 and 2.66 eV, respectively. The two oxi-
dation waves of 5 have been assigned as split first oxidation
waves (one electron per subporphyrin), as was judged from
the results of other electronically interacting diporphyrins.?
Potential difference between the first and second oxidation
waves (AE=Eox,—Eox;) of 5 is 0.43 V, which is substantial-
ly larger than that (0.11 V) of 2 and is comparable with that
(042 V) of a fully conjugated Zn" porphyrin tape, again
supporting the large electronic interaction in 5.

In summary, directly meso—meso linked subporphyrin
dimer 5 and 7 were synthesized by Ni-mediated reductive
coupling of the corresponding meso-bromosubporphyrins.
Dimer 5 exhibited a largely perturbed absorption spectrum,
a redshifted and enhanced fluorescence spectrum, higher ox-
idation potentials with a large potential difference between

Chem. Eur. J. 2013, 19, 16523 -16527
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the first and second oxidation waves, and a long-lived large
anisotropy of S; state. These properties have been interpret-
ed in terms of the effective conjugative interactions of the
two subporphyrin units due to the small rotational barrier of
the meso—-meso bond. Exploration of more elaborated sys-
tems, such as meso-meso linked subporphyrin oligomers and
porphyrin—-subporphyrin hybrids, are actively pursued in our
laboratories.
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