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The mw-extension of porphyrins with pyrenes through the -meso-
fusion of five-membered rings is demonstrated. Three architec-
tures resulting from combining up to two porphyrins and pyrenes
were obtained straightforwardly in good overall yields. Although
significantly planarized, the molecules retain excellent solubility
and processability. Spectroscopic characterization and density-
functional theory calculations reveal intriguing absorption
features.

Introduction

In a fast-moving scientific world, porphyrin managed to keep
its relevancy over the course of many decades. Of course, the
main reason for this everlasting pertinence of the 18r-electron
macrocycle is its standout photophysical and electronic pro-
perties, high chemical stability, and structural modifiability."
The combination of these perks made it an invaluable com-
ponent in the development of organic photovoltaics,® ® optical
transistors,”® light-emitting diodes,”'® and other challenges of
new-age synthetic organic chemistry.

However, a key factor limiting the application of porphyrins
in the mentioned fields is the relatively narrow width of their
absorption curves and missing absorption in the near-infrared
area of the solar spectrum.’ One of the most popular estab-
lished approaches to circumvent these shortfalls is the peri-
pheral extension of the porphyrins aromatic system.
n-Extended porphyrin-based molecules usually show signifi-
cant bathochromically shifted absorptions®* and other excit-
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ing properties like increases in two-photon absorption cross-
section'**® and changes in their aromaticity."”*° In the litera-
ture, a plethora of methods and strategies employed in this
context can be found.”® Notable examples from recent years
include the triple p-meso-p-fusion of porphyrins to anthra-
cenes, as demonstrated by the group of Anderson®'>° and the
probing of varying fusing motifs by Osuka et al.’>*' The size
and shape of the aromatic systems connected to the porphyrin
periphery cover a wide range, reaching from simple phenyl
rings to large nanoribbon-like architectures.”'**** In this
work, we focus on pyrene, one of the most well-known and
investigated polycyclic aromatic hydrocarbons (PAHs).*>” The
aromatic building block, consisting of four fused benzene
rings, possesses a rigid and stable chemical structure, a high
fluorescence quantum yield, and a long-living excited
state.*®*° B-meso-Fused porphyrin-pyrene conjugates were pri-
marily reported on by forming a six-ring between the
fragments.”’ ™ Our herein presented approach relies on a
different, five-ring fusion motif, which we already employed
successfully, not only for the fusion of phenyl substituents®
but also for more immense aromatics like the hexa-peri-
hexabenzocoronene'***~*° (Fig. 1). In contrast to the examples
from the literature, performing their experiments mostly on

This Work

Sugiura, 2017

Fig. 1 Transfer of the B-meso five-ring fusion concept demonstrated
on As-phenyl-porphyrins in 2020 to meso-pyrene-substituted
conjugates.®%>3
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pyren-1-yl-porphyrin derivatives,*****"*?> we employ pyren-2-yl
conjugates® to achieve a selective B-meso five-ring instead of a
six-ring formation.

Results and discussion

We report a novel bottom-up approach toward synthesizing
pyrene-fused porphyrins. We make use of our earlier developed
protocols for the p-meso-fusion of phenyl*> and HBC substitu-
ents'® to porphyrins. The resulting conjugates show distinct
optical and electronic properties, which were probed by means
of absorption spectroscopy and density-functional theory
(DFT) calculations.

Initially, three different pyrene-nickel-porphyrin conjugates
were synthesized. To this end, the borylated pyrenes 6 and 7
were obtained by functionalizing pyrene under Hartwig-
Miyaura conditions (for experimental details, see Scheme S17).
Brominated nickel-trimesitylporphyrin 2 was synthesized start-
ing from small molecular building blocks and attached to 6
and 7 via palladium-catalyzed Suzuki cross-coupling (for
experimental details, see ESIT). The nickel ion inside the por-
phyrin is not only necessary to run the subsequent coupling
reaction successfully. It is also essential for the final cyclodehy-
drogenation step, which does not work with the free-base por-
phyrin.’* This way, conjugates 4 and 5 were formed in 86%
and 77% yield, respectively. Furthermore, di-brominated dime-
sitylporphyrin 1 was prepared following published protocols
(for experimental details, see ESI{) and used in a twofold
Suzuki cross-coupling reaction with 6, yielding bis-pyrene-por-
phyrin 3 in 77% yield. Conjugates 3-5 were subjected to oxi-
dative Scholl conditions with 16 equivalents of FeCl; in a
mixture of CHCl; and nitromethane to achieve the p-meso five-
ring fusion between the two meso-coupled fragments. A con-
trolled connection between porphyrin and pyrene can be
achieved due to the specific choice of mesityl groups in the
periphery of the porphyrins. The mesityl groups enhance the
solubility of precursor and target molecules and prevent
unwanted fusion reactions with the phenyl rings. For the pre-
cursor bearing a single pyrene moiety 5, a much more rapid
transformation was observed compared to the results from our
group’s earlier experiments on the fusion of phenyl and HBC
substituents."*? In detail, this meant stirring the reaction at
0 °C under slow warming to rt for 1 h, which led to the com-
plete consumption of the starting material.

After quenching the reaction by adding MeOH and NEt;,
followed by a chromatographic work-up, PyrPor was obtained
in an excellent yield of 93%. Identical reaction conditions were
applied to the porphyrin bearing two pyrene groups 3. Hereby,
slightly longer reaction times of 4 h were required.
Furthermore, chromatographic separation from the mono-
fused side product was necessary to obtain double-fused
PyrPorPyr in 40% yield. The last conjugate of the series,
PorPyrPor, was successfully isolated after 24 h of reaction time
in 36% yield starting from precursor molecule 4. However, the
reaction conditions for this last reaction had to be minorly
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modified due to the poor solubility of 4 in CH,Cl,. To main-
tain the concentration ratio of porphyrin and oxidant, a
solvent mixture of CH,Cl,/CS,/CH;NO, was employed, success-
fully circumventing the solubility issues without hampering
the reaction (Scheme 1). Unfortunately, when comparing the
yields of the double-fused conjugates PyrPorPyr and PorPyrPor
with the one of mono-fused PyrPor, a significant drop-off in
yield can be observed, which is not only due to the aforemen-
tioned incompletely fused side products but also due to an
increased degree of susceptibility towards chlorination as soon
as the second additional bond is formed in the molecules.
Even though the chlorinated species can be removed con-
veniently by column chromatography, this is an interesting
note regarding the reactivity difference between mono- and
bis-fused macrocycles.

Unambiguous structural characterization of PyrPor,
PyrPorPyr, and PorPyrPor was conducted via NMR spectro-
scopic and mass spectrometric techniques. In the 'H and *C
NMR spectra of all three fused conjugates, an increase in the
number of distinct signals caused by the loss of symmetry in
the molecule can be observed (for precursor spectra, see ESIT).
For the more extensively fused molecules PyrPorPyr and
PorPyrPor, heating of the sample to 80 °C was necessary to
obtain sharp signals in the area from 10 to 7.5 ppm in the 'H
NMR (Fig. 2). However, by combining the obtained, well-
resolved spectra with geometrical considerations, the definite
position of the newly formed bonds could be determined suc-
cessfully. In detail, for PyrPorPyr, the signal splitting of the
aromatic mesitylene protons is strongly indicative of the bond
geometry, as the number of distinct signals would differ
between the two regioisomers due to the difference in mole-
cular symmetry. In the case of PorPyrPor, the magnetic coup-
ling between the pyrene-bound protons provides sufficient evi-
dence by contemplating the symmetry-related changes in the
magnetic equivalency of these hydrogens (for visualization of
the assignments, see Fig. S38 and S39%). By taking this into
account, a “cis” alignment of the two bonds for PyrPorPyr and
PorPyrPor is unambiguously proven. This regioselectivity,
according to findings in recent literature, is most likely caused
by a biradical-cation-mediated reaction pathway.'' The results
are also in line with the observations made for molecules we
obtained in our earlier works on p-meso-fused congeners."*"*?

The UV/Vis spectra show some general trends, like the sig-
nificant flattening and red-shift of the absorption curves,
which align with our previous studies on f-meso five-ring fused
porphyrin conjugates (Fig. 3)."**> Taking a closer look at the
individual molecules, PyrPor, the molecule with the smallest
n-system, as expected, shows the least bathochromically
shifted absorption maxima at 500 nm, as well as the smallest
integrated area in the range of 350-800 nm (green). For
double-fused PyrPorPyr, a completely different spectral shape
emerges, with a very intense maximum at 560 nm and strong
concomitant absorption in the vicinity. Also, a strongly
reduced absorption between 400 and 500 nm compared to
PyrPor is observed (blue). For PorPyrPor, a curve reminiscent
of PyrPorPyr but with a less intense absorption maximum at

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of fused pyrene—porphyrins PyrPor, PyrPorPyr, and PorPyrPor. Reagents and conditions: (a) and (b) 2-(7-(tert-butyl)pyren-2-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 6; Pd(PPhs),, Cs,COs, toluene, DMF, 18 h, 80 °C; (c) 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrene 7; Pd(PPhs),, Cs,COs, toluene, DMF, 18 h, 80 °C; (d) FeCls (16 equiv.), CHzsNO,, CH,Cl,, 1 h, 0 °C — rt; (e) FeCls (16 equiv.), CHzNO,,
CH,Cl,, 4 h, 0 °C - rt; (f) FeCls (16 equiv.), CH3sNO,, CHCl,, CS,, 24 h, 0 °C — rt. DFT-optimized structures of PyrPor, PyrPorPyr, and PorPyrPor
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Fig. 2 Aromatic region of the *H NMR spectra of PyrPor (CD,Cly, rt),
PyrPorPyr (C,D,Cl,, 80 °C), and PorPyrPor (C,D,Cly, 80 °C).
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Fig. 3 UV/Vis absorptions of PyrPor, PyrPorPyr, and PorPyrPor

(CH,CLy).
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554 nm is obtained (red). However, the integrated area is the
largest of the three conjugates, which can be partially attribu-
ted to pronounced absorptions above 600 nm, which are only
miniscule for both PyrPor and PyrPorPyr.

DFT calculations were performed to gain deeper insights
into the electronic structure of the three fused conjugates. The
mono-fused molecule PyrPor possesses the largest energy gap
(2.28 eV) with HOMO and LUMO energy levels of —5.12 eV and
—2.84 eV, respectively. Both frontier orbitals are delocalized
over the whole aromatic system, however, with a less pro-
nounced weight on the pyrene for the LUMO. A comparison of
the orbital contour plots of PyrPor with those of its constituent
building blocks, Por (Ni-tetramesitylporphyrin) and Pyr (2,7-di-
tert-butylpyrene, see Fig. S40-S42 and Table S1 in the ESI}),
provides an explanation for this. Both HOMO and LUMO of all
fused molecules are linear combinations of the HOMO/
HOMO-1 and LUMO of the building motifs. In the case of the
HOMO, the orbital energies of Por and Pyr match closely.
Therefore, they contribute equally to the resulting linear com-
bination. However, the LUMO of Por is considerably lower in
energy than the LUMO of Pyr, resulting in a higher weight of
Por to the LUMO of the fused PyrPor.

The double-fused PyrPorPyr shows the same trends, with a
further significant decrease in gap energy caused by an upward
shift of the HOMO energy to —5.00 eV as well as a decrease in
LUMO energy to —3.08 eV. The resulting energy gap of 1.92 €V is
the smallest of the three investigated molecules. PorPyrPor has an
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energy gap of 2.15 eV. Its HOMO remains at a similar energy of
—5.05 eV, while the lowering of the LUMO level (—2.90 eV) is
much less pronounced than in PyrPorPyr. The reason is that the
fusion of two porphyrins increases the weight of the central
pyrene moiety to the LUMO of the PorPyrPor conjugate (Fig. 4),
which is energetically unfavorable as discussed above, resulting
in a higher energy of the LUMO level and, consequently, a larger
than expected energy gap.

Additional time-dependent-DFT (TD-DFT) calculations
reveal the same trends as observed for the HOMO-LUMO
gaps. The energy of the first optically active excitation, consist-
ing of HOMO/HOMO-1 to LUMO/LUMO+1 transitions for all
three conjugates, decreases from 2.0 to 1.96 and 1.78 eV for
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Fig. 4 Orbital contours and eigenvalues of the HOMO and LUMO of
PyrPor, PyrPorPyr, and PorPyrPor in the gas phase, calculated by DFT at
the B3LYP/def2-TZVPP level of theory including an implicit solvation
model.
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Fig. 5 Comparison of calculated (TD-DFT, B3LYP, implicit solvation
model) and experimental absorption spectra of PyrPor, PyrPorPyr, and
PorPyrPor (CH,Cly). The theoretical transitions are broadened by a
Gaussian function with a width of 10 nm and shifted by 80 nm to higher
wavelengths to facilitate comparison.
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PyrPor, PorPyrPor, and PyrPorPyr, respectively (see Tables S2—
S7 in the ESIf). The TD-DFT absorption spectra also reproduce
perfectly the experimentally observed bathochromic shift from
the mono- to the double-fused compounds (Fig. 5).

Conclusions

In summary, we could demonstrate the p-meso connection of
nickel-porphyrins and pyrene in a straightforward fashion.
The laid-out approach relies on creating architectures specifi-
cally tailored to form a five-ring in the final reaction step by
fusing the two meso-coupled aromatic systems under oxidative
cyclodehydrogenation conditions. Following this strategy,
fusing one pyrene unit to a porphyrin was possible in excellent
yields. Furthermore, it was also feasible to link two pyrenes to
one porphyrin and vice versa in the same way. The solubility
and processability of all three conjugates remained superb in
common organic solvents. UV/Vis measurements unveiled the
intriguing changes in absorption properties arising from the
n-extension of the molecules. (TD)-DFT calculations provided
deeper insight into the electronic structure of the molecules.
The obtained HOMO-LUMO gaps, optical excitation energies,
and absorption spectra are all in excellent agreement with the
trends we observed in our earlier experiments*?* with other
B-meso five-ring fused conjugates. The progressive decrease of
the gap energy for every additional bond formed between the
porphyrin core and a meso-coupled substituent is splendidly
demonstrated, and the experimentally seen bathochromic shift
is replicated. To conclude, our herein laid-out synthetic
approach also acts as a benchmark strategy for the design of
five-ring fused conjugates. The step-wise approach based on
the introduction of aromatic fragments in the porphyrins’
meso-positions via cross-coupling reactions and subsequent
cyclodehydrogenation leading to planarization can potentially
be applied by choosing from a plethora of well-defined PAHs.
Investigations in this context, the more elaborate photo-
physical characterization of the presented conjugates, as well
as further theoretical considerations are currently ongoing in
our laboratories.
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