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B-to-p 2,5-Pyrrolylene-Linked Cyclic Porphyrin Oligomers
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Abstract: -to-f 2,5-Pyrrolylene linked cyclic porphyrin
oligomers have been synthesized by Suzuki-Miyaura cou-
pling of 2,5-diborylpyrrole and 3,7-dibromoporphyrin. The
cyclic porphyrin oligomers exhibit roughly coplanar struc-
tures, strong excitonic coupling, small electrochemical
HOMO-LUMO gaps, and ultrafast excitation energy trans-
fer between the neighboring porphyrins via the pyrroly-
lene bridge.

/

Cyclic porphyrin arrays have attracted wide attention owing to
their potential applications, such as synthetic models of artifi-
cial photosynthetic antenna and large host molecules possess-
ing convergent multidentate coordination sites." Cyclic por-
phyrin arrays are usually linked with acetylenic, aryl, heterocy-
clic, and other bridges. As rare and extreme cases, two spacer-
less directly meso-to-meso and p-to-f linked cyclic porphyrin
arrays have been explored as photosynthetic models.**! These
porphyrin nanorings display very efficient intramolecular exci-
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tation energy transfer as a consequence of large electronic in-
teraction of the constituent porphyrins. Pyrrole is a quite at-
tractive bridge in cyclic porphyrin arrays in view of its electron-
rich properties, significant conjugation with other segments,
a potential hydrogen-bonding donor, and possible interconver-
sion between amine-type and imine-type forms. Despite these
promises, pyrrole-bridged porphyrin nanorings are rare. To the
best of our knowledge, meso-to-meso pyrrole-bridged porphy-
rin nanorings were synthesized as a single example by Suzuki-
Miyaura crossing coupling of 5,10-dibromoporphyrin and 2,5-
diborylpyrrole.” As an extension of this work, we report the
synthesis of p-to-p 2,5-pyrrolylene-bridged cyclic porphyrin
dimer and trimer (Figure 1).

3,7-Dibromo-10,15,20-triaryl Ni" porphyrin 1Ni was prepared
by bromination of 3,7-diboryl-10,15,20-triaryl Ni' porphyrin
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Figure 1. Porphyrin compounds studied herein.
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with CuBr, in THE® Initially, Suzuki-Miyaura cross-coupling of
1Ni and 2,5-diborylpyrrole” was conducted under the same
conditions used for meso-to-meso pyrrole-bridged porphyrin
arrays (Pd,(dba);, PPh,, CsF, Cs,CO;, DMF, toluene, reflux,
24 h).® Mass analysis of the reaction mixture indicated forma-
tion of only linear oligomers and other unknown byproducts.
Then we changed PPh; by P(tBu);. To our delight, this reaction
proceeded to give cyclic porphyrin dimer 2Ni and trimer 3 Ni
in 30% and 15% yields, respectively, after separation over
a silica gel column. High-resolution electrospray-ionization
time-of-flight (HR-ESI-TOF) mass measurement detected the
parent ion peak of 2Ni at m/z=1987.0353 (calcd for
Ci35H146N1oNi, =1987.0439 (IM]*)), and that of 3Ni at m/z=
2981.5607 (calcd for CiggH;0N;sNi3=2981.5731 (IM]")). The
'H NMR spectra of 2Ni and 3 Ni are both quite simple, exhibit-
ing a set of signals for the porphyrins and bridges, indicating
the molecular symmetry. The protons of the porphyrins were
observed similarly for 2Ni and 3 Ni, but the signals for the pyr-
role bridges are remarkably different. The pyrrolic NH and (-
protons are observed at d=10.36 and 7.23 ppm for 2Ni but
the corresponding protons are observed at 6=9.59 and
7.96 ppm for 3Ni. These chemical shifts differences may reflect
different conformations of the pyrrole bridges, as shown in
Figure 2.

Figure 2. X-ray crystal structure of 2Ni and 3 Ni. a) Top view and b) side
view of 2Ni and c) top view and d) side view of 3Ni. Ellipsoids are set at
50% probability; substituents on phenyl groups and solvent molecules are
omitted for clarity.

Definitive structural confirmations of 2Ni and 3Ni have
been accomplished by X-ray diffraction analysis, which re-
vealed diporphyrin and triporphyrin structures bridged by 2,5-
pyrrolylene linkages (Figure 2).¥ Dimer 2Ni displays a rather
bent gable structure with a diporphyrin dihedral angle of
111.6°, in which the pyrrole bridges are pointing inward. Trimer
3Ni shows a more coplanar triangular molecular shape with
the pyrrole bridges pointing outward. The structure of 3Ni is
distinctly more coplanar. The center-to-center distances are
10.72 A for 2Ni and 13.11 A for 3 Ni, respectively.

In the next step, free-base porphyrin oligomers, 2H and 3H,
and Zn" porphyrin oligomers, 2Zn and 3Zn, were prepared.
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Our attempts to demetalate 2Ni and 3 Ni under acidic condi-
tions failed. Dibromo free-base porphyrin 1H was prepared by
demetalation of dibromo Cu" porphyrin 1Cu and was used for
the Suzuki-Miyaura coupling reaction with 2,5-diborylpyrrole
to yield 2H and 3H in 20% and 9% yields, respectively. 2Zn
and 3Zn were prepared almost quantitatively by Zn" ion inser-
tion of 2H and 3 H. Singly 2,5-pyrrolylene-bridged dimers 4 m
(M=Zn, Ni, 2H), 3,7-di(pyrro-2-yl)porphyrin monomers 5m
(M=Zn, Ni, 2H), and 2-(pyrro-2-yl)porphyrin monomers 6 m
(M=2Zn, Ni, 2H) were also synthesized by the same procedure
as that of 2M (M =2Zn, Ni, 2H) for comparison of their spectro-
scopic properties.

Figure 3 shows the normalized UV/Vis absorption and fluo-
rescence spectra of a series of Zn" porphyrins measured in
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Figure 3. Normalized UV/Vis absorption (—) and fluorescence (-----) spec-
tra of a) 2Zn, b) 3Zn, ¢) 4Zn, d) 5Zn, and e) 6Zn in CH,CL..

CH,Cl,. Mono-pyrro-2-yl-substituted 6Zn shows a Soret band
at 420 nm and Q-band at 549 nm, both of which are slightly
red-shifted compared to those of 5,10,15-triaryl Zn" porphyrin
(Soret band at 416 nm and Q-bands at 543 and 579 nm).”! The
0-0 band in the fluorescence spectrum of 6Zn was observed
at 605 nm with ®=0.027, which is red-shifted and also very
slightly enhanced as compared with that of the reference por-
phyrin (43=587 nm and @;=0.023). On the other hand, di(pyr-
ro-2-yl)-substituted 5Zn exhibits a more red-shifted and broad-
er absorption spectrum with bands at 429 and 557 nm and
fluorescence with 1,=618 nm and @,=0.011, which implies
that two pyrrole units attached to adjacent 3 positions signifi-
cantly affect the electronic structure of the porphyrin core.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[B-to-p Pyrrolylene-bridged linear porphyrin dimer, 4Zn, ex-
hibits considerably enhanced 0-0 band intensity and relatively
high fluorescence quantum yield compared to those of por-
phyrin monomers (Table 1). Dimer 4Zn shows a large radiative
rate constant, which is consistent with TD-DFT calculation that
shows relatively high oscillator strength in the S, transition.
Furthermore, the previous study on B-to-f3 directly linked por-
phyrin dimers, which reports its large fluorescence quantum
yield and radiative rate constant owing to enhanced through-
space MO interactions,"” is in good agreement with our obser-
vations on 4Zn.

Table 1. Fluorescence quantum yields, fluorescence lifetimes, and radia-
tive- and non-radiative rate constants of 2Zn-6Zn.

Compound (pﬂ[a] ‘L’ﬂ[b] kr[c] knr[d
[ns] [10”s™" [10°s7"]
2Zn 0.002 14 0.14 7.1
3Zn 0.010 1.5 0.63 6.6
4Zn 0.065 1.7 3.8 55
5Zn 0.011 24 0.45 4.1
6Zn 0.027 24 1.1 4.0

[a] Absolute quantum yields for 2Zn-6Zn are measured. [b] Fluorescence
lifetimes are measured by time-correlated single photon counting tech-
nique in toluene solution. [c] Radiative and non-radiative rate constants
are calculated on the basis of following equations: ®4=k/(k,+k,) and
0= "1/(k,+ k).

Cyclic porphyrin oligomers 2Zn and 3Zn show distinctive
spectral features in their absorption and fluorescence spectra.
Cyclic dimer 2Zn shows smeared long-tailing Q-band and
a fluorescence peak around 755 nm with a large Stokes shift.
Distinct excitonic coupling is evinced by a split Soret band
(Amax =419 and 496 nm). Based on the TD-DFT calculations with
the optimized geometry of 2Zn, we found that the lowest ex-
cited state of 2Zn is optically forbidden (Supporting Informa-
tion, Figure S41), which accounted for its small fluorescence
quantum vyield (Table 1) and largely red-shifted fluorescence
spectrum. Cyclic trimer 3Zn also exhibits a split Soret (A=
416 and 510 nm) and Q-bands (4,,,,=557 and 605 nm) with
a relatively high extinction coefficient and enhanced Q(0,0)
transition. These absorption data strongly suggest the large
electronic interactions in 2Zn and 3Zn.

To investigate the electronic interaction between porphyrin
units of 3Zn, we first conducted fluorescence excitation aniso-
tropy measurements, which enabled us to compare the rela-
tive orientation of the transition dipole moments between ab-
sorbing and emitting states. As shown in Figure S21, 3Zn
shows positive constant anisotropy values throughout the
entire absorption spectrum. Given that both the rotational dif-
fusion and excitation energy transfer (EET) processes are in-
cluded at room temperature, this result indicates that the dif-
ference in angle between absorbing and emitting transition
dipole moments is smaller than 54.7° where the fundamental
anisotropy value is zero."" In particular, and in contrast with
the linear porphyrin oligomers, we observed that the anisotro-
py value at 420 nm, which corresponds to the Soret band of
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monomeric moiety, obviously was positive, reflecting the ar-
rangement of transition dipole moment within the triangular
three porphyrin units.*™ The time-resolved fluorescence aniso-
tropy measurements after photoexcitation at 420 nm clearly
exhibit a positive initial anisotropy value in line with the excita-
tion anisotropy result.

To get more detailed information on the EET processes oc-
curring in 3Zn, we have performed femtosecond transient ab-
sorption anisotropy (TAA) measurements. Pump wavelength
was tuned to the lowest state of Q-band (A,,mn,=610 nm),
which enabled us to exclude complicated processes arising
from the upper excited states. Furthermore, multiple exciton
generation was suppressed by using low pump-power condi-
tions. As shown in Figure 4, fast depolarization process with
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Figure 4. Transient absorption anisotropy (TAA) decay profiles of 3Zn in tol-
uene, where the pump and probe wavelengths are 610 nm and 520 nm, re-
spectively.

a time constant of 230 fs was observed. This decay has been
ascribed to energy transfer between the adjacent porphyrins.
Based on the simple polygon model proposed by Fleming
etal.," we could evaluate the excitation energy transfer time
of cyclic 3Zn as 690 fs. Importantly, this time constant of 3Zn
is approximately 200 times faster than the calculated rate of
Forster-type resonance energy transfer (FRET; details are given
in the Supporting Information). Since the FRET mechanism
only depends on through-space energy transfer, the discrepan-
cy between the experimentally observed and calculated EET
rates indicates the importance of through-bond interaction via
the pyrrole linkage. Furthermore, EET processes occurring in
femtosecond time scale of 3Zn indicates the strong electronic
interactions between coplanar porphyrin moieties in the excit-
ed state. Interestingly, the EET time constant of 3Zn is slightly
slower than that of direct $-to-f linked cyclic porphyrin trimer
(360 fs) but faster than that of 1,3-butadiyne bridged cyclic
porphyrin trimer (1.4 ps).”! This comparison suggested that
a 2,5-pyrrolylene bridge is effective in mediating the through-
bond electronic interaction.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Half-wave potentials of f-to-f pyrrolylene linked porphyrin ar-
[a]
rays.

compound Eopy [VI® Epeqr IVI®! AE

2Ni 0.18 —-1.91 2.09
3Ni 0.26 —1.48 1.74
4Ni 0.27 —1.83 2.10
5Ni 0.32 —1.82 2.14
6 Ni 0.36 —1.81 2.17

[1]

[a] In dichloromethane with 0.1m Bu,PF, vs saturated calomel electrode
(SCE). [b] Some potentials were determined by differential pulse voltam-
mogram.

Finally, the electrochemical properties of 2Ni, 3 Ni, 4Ni, 5Ni,
and 6 Ni were investigated by cyclic voltammetry (Table 2). The

cyclic voltammetry measurements of Ni' porphyrins 2Ni-5Ni

were carried out in CH,Cl, with 0.1m Bu,NPF, as supporting
electrolyte (Supporting Information, Figure S27-S31). Mono-
mers 5Ni and 6 Ni display electrochemical HOMO-LUMO gaps
that are typical of porphyrin monomers. In contrast, the cyclic
oligomers 2Ni and 3 Ni exhibit distinctly smaller HOMO-LUMO
gaps, which is probably due to larger electronic interactions
arising from the enforced cyclic structure. These HOMO-LUMO

gaps are in good agreement with their optical HOMO-LUMO

gaps.

In summary, B-to-f 2,5-pyrrolylene linked cyclic porphyrin

dimer and trimer were synthesized by Suzuki-Miyaura cou-

pling of 2,5-diborylpyrrole and 3,7-dibromoporphyrin. The
cyclic porphyrin oligomers exhibit roughly coplanar structures,
strong excitonic coupling, and small electrochemical HOMO-

LUMO gaps. The cyclic trimer 3Zn displays the ultrafast excita-
tion energy transfer mediated by through-bond mechanism

via the pyrrole linkage. Further extension of this coupling strat-

egy to synthesize more elaborated porphyrin arrays is ongoing

in our laboratories.
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