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Manifold-Fused Porphyrin-Nanographene Conjugates
Christoph Oleszak,” Christian L. Ritterhoff,™ Max M. Martin,”’ Bernd Meyer,*™ and

Norbert Jux*®

A library of novel m-extended porphyrin-hexabenzocoronene
(HBCQ) architectures is presented. Two distinct synthetic path-
ways were utilized to obtain either phenyl- or HBC-fused
compounds. Absorption experiments reveal the species’ excit-
ing photophysical and optoelectronic properties. Depending on
the degree of n-extension, the number of porphyrins, and their

Introduction

The technological progress in computer sciences over the last
two decades is unparalleled in its relative growth compared to
any other area of today’s life.'® However, as supercomputers
and comparable examples of high-end devices become more
powerful and, concomitantly, larger by the day, the compo-
nents they are based on call for just the opposite.” Here, the
problems arise due to, on the one hand, physical but also
potential economic limits that will be reached in the foresee-
able future™ Presumably, a single molecule would be the
smallest imaginable building block that will still provide the
structural variety required to implement specific electronic
functions. Hence, the downsizing of electronic components to
the molecular level is one of the biggest interdisciplinary
challenges modern physics, engineering, and chemistry face.
One of the ultimate goals of these collective efforts is the
creation of so-called single molecular electronics (SMEs). This
means individual molecules are supposed to act as the active
unit in electronic circuitry.*® Among the most prominent
molecule classes investigated in this field of research, besides
oligothiophenes and carbon-pure PAH oligomers, are
porphyrins.®'¥ As one of nature’s most famous fundamental
structural motifs, the 18n-electron macrocycle possesses intrigu-
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relative position, a decisive change in shape, panchromatic
broadening, and red-shifting of the absorption curves is
observed. Theoretical studies give more profound insight into
the molecule’s electronic structures, showing vast decreases in
HOMO-LUMO energy gaps.

ing optoelectronic characteristics and a high degree of
modifiability regarding its shape, size, and properties.">'”
Another class of compounds that gained tremendous attention
in recent years due to the unique electronic perks associated
with its representatives are so-called “nanographenes”, small
excerpts of the sp’hybridized carbon graphene lattice."’??
Many of our group’s recent research interests were centered
around one particular member of this group, the hexa-peri-
hexa-benzocoronene (HBC), whose well-defined hexagonal-
shaped periphery can conveniently be chemically functionalized
and modified in a plethora of ways.**=

Combining both porphyrins and HBCs, in 2019, our group
already gave the first insights into the geometry dependence of
the electronic interaction between two porphyrins attached to
a central HBC backbone.”" Furthermore, HBC-porphyrin geo-
metries, including three and six porphyrins, were synthesized,
and their properties were probed.®” More recently, we discov-
ered the possibility of applying a convenient and straightfor-
ward strategy we had previously established for tetraarylpor-
phyrins for the m-extension of HBC-porphyrin conjugates.**>*
Employing this method, we managed to introduce five-
membered ring motifs into the carbon scaffolds that connect
the two aromatic fragments chemically and electronically while
retaining the full processability of the molecules in solution
(Figure 1).5*? The fused species we obtained this way did not
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Figure 1. Recent advances in the field of HBC and porphyrin chemistry by
the Jux group. a) Bis-porphyrin-HBC conjugates;®" b) Fused porphyrins.®*¥
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only show exciting changes in their optoelectronic properties,
including a distinctly red-shifted absorption curve and distor-
tion of the conjugates aromaticity, but also a significant
decrease in the HOMO-LUMO gap.”*=" Especially the latter
features appear to be highly relevant and beneficial for
potential application in the field of SMEs.®®*?

Results and Discussion

Herein, we report a straightforward synthetic concept that
further pushes the idea of n-extension by combining porphyrins
with the HBC core motif. This way, we provide insight into the
effects manifold f-meso-fusion of porphyrins in one single
molecule has on its properties. Working towards this goal, we
follow two separate synthetic pathways. The first one is based
on the synthesis of tailor-made phenyl-fused nickel porphyrin
building blocks, which in a subsequent step will be introduced
into the HBCs periphery via Pd-catalyzed Suzuki cross-coupling
reactions, obtaining architectures of varying symmetry

®

5 Steps Bu
* R )
0? —» tBu

<

3

(Scheme 1). The second path involves the formation of trimes-
itylporphyrin fragments, which are first coupled to the HBC and
subsequently further connected to its scaffold by cyclodehy-
drogenation under Scholl conditions.

To this end, a collection of iodinated HBC moieties was
initially synthesized following literature procedures.”” Four
distinct HBCs bearing two (6-8) and three (9) peripheral iodine
atoms, respectively, were generated (Scheme 2). The phenyl-
fused porphyrin building block 5 was synthesized following a
rational chain of steps to design a porphyrin with an ABAC
substitution pattern. Firstly, dipyrromethane 1 was condensed
with mesitaldehyde 2, yielding an trans-A,B, dimesitylporphyrin,
which was subsequently brominated at one of the free meso-
positions and metalated with nickel. The resulting derivative
was further modified by coupling it with 3,5-di-tert-butyl-phenyl
boronic acid and bromination of the free remaining meso-
position. Thereafter, this final precursor 3 was subjected to
oxidative Scholl conditions, leading to selective and nearly
quantitative 5-meso-fusion between the 3,5-di-tert-butyl-phenyl
group and the porphyrin core. Unfortunately, in accordance

Scheme 1. Design of a phenyl-fused borylated porphyrin building block 5. Reagents and conditions: a) FeCl; (8 equiv), CH;NO,, CH,Cl,, 24 h, 0°C—rt; b) HBpin,

PACL,(PPh,),, NEt;, 1,2-DCE, 24 h, 90°C.

tBu

t-Bu
5
R! R? R? R4 RS R®
ortho-HBC 6 | | t-Bu tBu tBu tBu
meta-HBC 7 1 t-Bu 1 t-Bu tBu tBu
para-HBC38 | tBu t-Bu 1 t-Bu tBu
tri-HBC 9 | t-Bu | t-Bu | t-Bu

tri-Ph

Scheme 2. Synthesis of multiple phenyl-fused nickel-porphyrin-HBC conjugates via Suzuki cross-coupling. Reagents and conditions: ¢) Pd(PPh,),, Cs,CO;,

toluene, DMF, 18 h, 80°C. Ar=mesityl.
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with observations in the literature, the excess amount of FeCl,
used in this step leads to a partial halogen exchange reaction at
the porphyrin's meso-position, resulting in an inseparable
mixture of two fused species® Hence, this intermediate
mixture was directly and without further separation trans-
formed into the respective boronic ester 5 via a Miyaura-
reaction with pinacolborane in a yield of 55% across two steps
(Scheme 1). With 5 in hand, Suzuki cross-coupling reactions
were performed under conditions that have proven successful
in earlier coupling experiments between porphyrins and
iodinated HBCs.®" This way, the conjugates o-Ph (ortho-Phenyl-
fused), m-Ph (meta-Phenyl-fused), p-Ph (para-Phenyl-fused),
and tri-Ph (tri-Phenyl-fused) were obtained as dark green solids
in good yields (Scheme 2). To the best of our knowledge, this
set of molecules represents one of the first examples of
successful Suzuki coupling reactions between the meso-position
of a five-ring pB-meso-fused porphyrin and a halogenated
aromatic fragment.

Our second laid-out approach aimed towards hybrid
structures, including additional bonds between HBC and
porphyrin. To this end, nickel porphyrin boronic ester 10 was
synthesized following standard protocols (for details and
references, see Scheme S6 in the Supporting Information).
Subsequently, the four conjugates shown in Scheme 3 were
prepared by Suzuki-cross-coupling reactions with the same
iodinated HBC moieties 6-9 employed earlier. The following
crucial cyclodehydrogenation step was supposed to be per-
formed using standard Scholl conditions, mirroring the proce-
dure we utilized in our earlier encounters with comparable
systems.®¥ The respective precursors were dissolved in CH,Cl,/
CH;NO, with iron(lll)chloride added in a 60-fold excess.
Applying these conditions to the three double-porphyrin

ortho-HBC 6 | 1 t-Bu tBu tBu tBu
metfa-HBC 7 | t-Bu | t-Bu tBu #Bu
para-HBC 8 | tBu tBu | t-Bu #Bu

tri-HBC 9 | t-Bu | t-Bu | t-Bu

substituted HBCs 11, 12, and 13, significant differences in
reactivity were observed. For para-derivative 12, the trans-
formation to the double-fused p-HBC (para-HBC-fused) was
completed within 24 h and, after a standardized work-up,
including filtration through silica, obtained as a dark purple
solid in excellent yields of 94%. Subsequent NMR measure-
ments revealed an exclusive “cis” alignment of the newly
formed bonds relative to the central HBC. For the meta-
porphyrin-HBC 13, elongated reaction times of 72h and
purification by column chromatography to separate it from
minor amounts of chlorinated side products were needed to
obtain m-HBC (meta-HBC-fused) in decent yields of 62%. The
Scholl reaction of ortho-porphyrin-HBC 11 proved to be even
more cumbersome, with a reaction time of 148 h and a
significant amount of chlorinated side products formed within
this time frame. However, after column chromatography, o-HBC
(ortho-HBC-fused) could be obtained in 21% yield (Scheme 4).
For o- and m-HBC, again, only one of the three possible
regioisomers was formed, as was confirmed in NMR experi-
ments. The observed order of reactivity can be attributed to the
additional steric hindrance the compounds suffer from during
the second ring-closing reaction. The steric complications
naturally rise in the order of para<meta < ortho. With this in
mind, triple-connected 14 was subjected to the same oxidative
conditions, and after 72 h, triple-fused tri-HBC (tri-HBC-fused)
was isolated in 27% yield by separating it from incompletely
fused and chlorinated species via column chromatography
(Scheme 5).

Striking is the across all laid-out cyclodehydrogenations
observed regio-selectivity. The most plausible explanation for
these findings is based on reports in the literature concerning
the mechanism of the reaction. In detail, Kadish, Gryko et al.

13 14

Scheme 3. Synthesis of nickel-porphyrin-HBC conjugates via Suzuki cross-coupling. Reagents and conditions: c¢) Pd(PPh,),, Cs,CO;, toluene, DMF, 18 h, 80°C.

Ar =mesityl.
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Scheme 4. Reagents and conditions: FeCl; (60 equiv), CH;NO,, CH,Cl,; b) 24 h, 0°C—rt; ¢) 72 h, 0°C—rt; d) 148 h, 0°C—rt. Ar=mesityl.

14 tri-HBC

Scheme 5. Synthesis of triple-fused porphyrin-HBC tri-HBC. Reagents and
conditions: e) FeCl; (60 equiv), CH;NO,, CH,Cl,, 72 h, 0°C—rt. Ar=mesityl.

performed electrochemical studies on similar S-meso-fused
naphthyl-porphyrins, which indicated an intramolecular birad-
ical-cation coupling mechanism.®**¥ With this in mind, the
group of Osuka investigated the regioselectivity in porphyrins
bearing a phenyl-fusion motif, which is very much reminiscent
of ours. They stated that considering a biradical-cation pathway,
the spin densities on the porphyrinyl-radical cation should
govern the selectivity. This was supported by results they
derived from DFT calculations, which were coherent with this
claim. Transferring this to our herein-presented molecules, we
have to assume the first ring fusion between porphyrin and
HBC leads to a strong enough difference in spin densities in the

Chem. Eur. J. 2024, 30, €202403250 (4 of 7)

HBC, so the second (and third) ring fusion takes place
selectively.®”

All fused conjugates were unambiguously identified by
means of NMR and UV/Vis spectroscopic as well as mass
spectrometric techniques. The definite regio-geometry of the
newly fused bonds in o-HBC, m-HBC, p-HBC, and tri-HBC was
confirmed by NMR through analysis of correlations between
chemically inequivalent carbon and hydrogen atoms.

The here-discussed five-ring -meso-fusion in a porphyrin
generally leads to strong alterations of the molecules’ optoelec-
tronic and photophysical properties. Hence, the UV/Vis absorp-
tion in the obtained molecules vastly differs from that of non-
fused porphyrins. No distinct Soret- and Q-band characteristics
of porphyrins can be detected anymore.”” Considering the first
series of molecules o-/m-/p-/tri-Ph, bearing the phenyl fused
motif up to three times in their structure, the absorption spectra
show the expected panchromatically broadened and red-shifted
absorption in the area of 400-500 nm, which is typical for this
type of fusions.®*>¥ Furthermore, the HBCs' absorption in the
lower wavelength region from 350-400 nm can be clearly
identified, although they overlap with features of the fused
porphyrin absorption (Figure 2).

As demonstrated in one of our group’s earlier work
regarding the different geometries of the double substituted
HBCs, changes in the communication between porphyrins
dependent on their relative orientation can be observed,
resulting in slight differences between the UV curve shapes and

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. UV/Vis spectra of o-Ph, m-Ph, p-Ph, and tri-Ph (CH,Cl,).

shifts.®" Interestingly, we find the same trend in shifts of the
curve maxima as in the case for the respective series of non-
fused molecules (para > meta > ortho). For the triple-substituted
tri-Ph, as expected, we find a band shape that is very much
identical to the one for m-Ph, although with increased
intensities due to the additional absorption exhibited by the
added porphyrin. Furthermore, with the increasing size of the
molecule, a concomitant red shift of the porphyrins’ most
intense absorption feature can be detected (Abs. Il in Table 1).
Meanwhile, the shifts of the absorptions above 500 nm stay
very alike across the whole series of molecules (Abs. IV in
Table 1).

In line with our previous experiments on the [S-meso-
connection of porphyrin and HBC, an even more drastic change
in absorption properties can be observed in the molecules with
multiple porphyrins directly fused to the HBC. Generally,
comparing this second set of molecules to the above-discussed
ones, we find a more pronounced panchromatic character and
a further red-shift of the absorption bands (Figure 3). When
comparing the three geometric isomers o-/m-/p-HBC, even
more substantial differences in the spectral shape can be noted.
Nevertheless, p-HBC still shows the most bathochromically
shifted absorption maxima at 544 nm, with a plethora of

Table 1. Comparison of the four absorption wavelengths with the highest
molar extinction coefficient in the UV/vis spectra of o-Ph, m-Ph, p-Ph, and
tri-Ph. Highlighted are the global absorption maxima of each curve.

Abs. | Abs. I Abs. Il Abs. IV
o0-Ph 361 nm 448 nm 472 nm 572 nm
m-Ph 360 nm 452 nm 475 nm 572 nm
p-Ph 360 nm 453 nm 475 nm 572 nm
tri-Ph 360 nm 454 nm 475 nm 572 nm
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Wavelength [nm]

Figure 3. UV/Vis spectra of 0-HBC, m-HBC, p-HBC, and tri-HBC (CH,Cl,).
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additional distinct local maxima. The total absorption range
reaches up to 850 nm, well into the near-IR area of the
spectrum.

For the m-HBC, in comparison, the profound absorption
between 500-560 nm is noticeably weaker, resulting in a global
absorption maximum at 505 nm. Apart from this striking perk,
the curve shape is very comparable to that of p-HBC. More
substantial alterations can be observed in the case of o-HBC,
where absorption in the longer wavelength region decreases
even further. Spectral features in the area between 600 and
750 nm are flattened, and a new prominent contribution
peaking at 484 nm emerges. However, by integrating the
absorption area of 350 nm to 800 nm for all three compounds,
almost identical values are obtained, meaning that the total
absorption stays almost the same across the series. All in all, the
spectra of the three double-fused isomers differ more signifi-
cantly from each other than is the case for the respective
phenyl-fused and non-fused series of molecules. This indicates
the strong influence that the double five-ring formation has on
the molecules, and especially on the communication between
the two porphyrin moieties across the porphyrin.

The UV curve of the triple-fused species tri-HBC has a similar
shape to that of m-HBC since the relative position of the
individual porphyrins remains the same in both molecules. Due
to the further fused molecule and the number of increased
peripheral chromophores, a noticeable increase in the extinc-
tion coefficient, as well as a slight red shift of the band as a
whole, is detected. The maximum absorption appears at
515 nm. Integrating the area of 350 nm to 800 nm shows an
absorption increase of around 30% compared to the double-
fused molecules.

For further characterization of the n-extended HBC-porphyr-
in molecules, absorption spectra were calculated using time-
dependent density-functional theory (TD-DFT) based on DFT-
optimized molecular structures (Figure 4). The observed tran-
sitions (Figure 5) are very much in line with the experimental
findings and further confirm the regio-geometry of the isomers
determined by NMR. Especially for p-HBC, we see excellent
agreement between the theoretical transitions and the exper-
imental results for the C,, fused product, while the calculation
for a fused structure with C,, symmetry shows considerably
different transitions. The first optically active excitation of all
four molecules consists mostly of HOMO to LUMO transitions
with some mixing in of the HOMO-1 and LUMO+ 1 states (see
Supporting Information). The excitation energy is almost the
same for the m-/p-/tri-HBC species, ranging from 1.71-1.73 eV.
Interestingly, 0-HBC has a slightly lower value of 1.62 eV, which
is explained by the HOMO and LUMO levels coming closer
together due to a perturbed geometry by the steric demand of
the neighboring porphyrin substituents. This trend is also visible
by direct inspection of the HOMO and LUMO energy levels. For
m-/p-/tri-HBC, the HOMO-LUMO gap is between 2.09-2.13 eV,
while for 0o-HBC, it has a value of 1.99 eV. These findings agree
well with other examples from the literature”?" and results
from our earlier work on fused porphyrin-HBC conjugates.®”

Continuing with the set of externally fused molecules o-/m-/
p-/tri-Ph, the energy gap is expected to increase because of a

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. DFT-optimized structures of a) 0-Ph, m-Ph, p-Ph, and tri-Ph; b) o-
HBC, m-HBC, p-HBC, and tri-HBC.
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Figure 5. Calculated (yellow) and experimental (purple) UV/Vis absorption
spectra of 0o-HBC, m-HBC, p-HBC, and tri-HBC (CH,Cl,). The TD-DFT
calculations were done with the B3LYP hybrid functional. Solvation effects
were included by a continuum polarization model.

reduced m-extension. In agreement with this expectation, the
calculated HOMO-LUMO gap energies range from 2.37-2.39 eV
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due to rising LUMO and declining HOMO energy levels. This
trend continues when proceeding to the non-fused reference
species 11-14. Due to a considerable increase in energy of the
LUMO levels they show HOMO-LUMO gap energies of 2.79-
2.84 eV. Thus, while the extension of the m-system leads to a
decrease in the energy gap when comparing the three sets of
molecules, the number of substituents and their relative
positions have little to no influence (Figure 4).

In our previous work on porphyrin-HBC conjugates, we
showed that the fusion of five-membered rings at the periphery
of the porphyrin introduces a strong biradicaloid character in
the porphyrin core, which has a strong impact on the excited
state lifetimes.?” Therefore, we also investigated the degree of
biradicaloid character for all conjugates of this study by
calculating the stability of the broken symmetry singlet state
(see Supporting Information).*¥ We find a significant biradica-
loid character in all porphyrin cores after the fusion of the five-
membered rings. However, further analysis shows that the
biradicaloid character is almost independent of the relative
position of the porphyrins, the position of the fused ring (at the
outer periphery of the porphyrin or between porphyrin and
HBC), and the number of porphyrins in the conjugate.

Conclusions

In summary, we demonstrated the synthesis of two series of
novel HBC-based compounds containing multiple S-meso-
fusing motifs within two or more porphyrins. The laid-out
synthesis strategies follow a modular approach and produce
extensively m-extended molecules with drastically altered
photophysical and optoelectronic properties compared to the
respective non-fused equivalents. A well-defined phenyl-fused
borylated precursor was prepared to obtain four hybrids of
different geometry and substitution patterns. For these con-
jugates involving a connection between the porphyrin and a
meso-attached 3,5-di-tert-butyl-phenyl group, we observe inter-
esting parallels to earlier investigated porphyrin-HBC
conjugates,”” albeit with a substantial distortion of the
porphyrin’s m-system. In the case of direct five-ring fusion
between HBC and porphyrin moieties, steric hindrance reduces
the rate of the second and third ring-closure reactions. Never-
theless, four conjugates with up to three additional C—C bonds
were obtained. Photophysical analysis of those molecules
implies that the m-extension greatly affects the communication
between the porphyrins. DFT calculations were performed,
revealing the geometries and electronic properties of all fused
architectures. They show the expected decrease in the energy
gaps with increasing degree of fusion and n-system size, as well
as some dependence on the geometry. Furthermore, calculated
absorption spectra using TD-DFT showed great overlap with the
experimentally obtained data for the HBC-fused conjugates.
Altogether, these fundamental findings could be highly inter-
esting for designing single molecular components in the areas
of near-IR dyes and field-effect transistors. Deeper investigations
on the biradical character and photophysical properties of the
conjugates are currently ongoing in our laboratories.
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Experimental Section

Details of synthesis and characterization, optical measurements,
computation, and instrumentation are provided in the Supporting
Information.
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