Anthracene-Porphyrin Nanoribbons
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Abstract: m-Conjugated nanoribbons attract interest because of their
unusual electronic structures and charge-transport behavior. Here,
we report the synthesis of a series of fully edge-fused porphyrin-
anthracene oligomeric ribbons (dimer and trimer), together with a
computational study of the corresponding infinite polymer. The
porphyrin dimer and trimer were synthesized in high yield, via
oxidative cyclodehydrogenation of singly linked precursors, using 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and
trifluoromethanesulfonic acid (TfOH). The crystal structure of the
dimer shows that the central -system is flat, with a slight S-shaped
wave distortion at each porphyrin terminal. The extended -
conjugation causes a dramatic red-shift in the absorption spectra: the
absorption maxima of the fused dimer and trimer appear at 1188 nm
and 1642 nm, respectively (for the nickel complexes dissolved in
toluene). The coordinated metal in the dimer was changed from Ni to
Mg, using p-tolylmagnesium bromide, providing access to free-base
and Zn complexes. These results open a versatile avenue to longer
m-conjugated nanoribbons with integrated metalloporphyrin units.

The high charge-carrier mobilities and tunable band gaps of
graphene nanoribbons (GNRs) make them promising materials
for electronic and spintronic devices.['? A simple example of a
GNR is the 7-atom wide armchair ribbon 7-AGNR (Figure 1a),
which has a theoretical band gap of Eq = 2.03 eV (calculated with
the HSEOQ6 functional and in good agreement with experimental
data).’#l The structural diversity of GNRs can be expanded by
introducing heteroatoms,®%! and non-hexagonal aromatic rings.”]

Edge-fused porphyrin nanoribbons (PN, Figure 1b) stand out
for their exceptionally narrow band gaps and high single-molecule
conductances.’®¥ The calculated band gap for an infinitely long
PN strand, with nickel(ll) coordinated in every porphyrin center, is
Eq = 0.34 eV.['% Furthermore, the properties of porphyrin-based
materials can be tuned by coordination to almost every metal in
the periodic table, providing a way to introduce paramagnetic spin
centers or catalytic sites.['"]

Here we investigate a nanoribbon consisting of alternating
edge-fused porphyrin and anthracene units, APN (Figure 1c),
which is a hybrid between 7-AGNR and PN. This hybrid ribbon
has a calculated band gap of Eg = 0.45 eV, almost as narrow as
that of PN. The band structure calculations summarized in Figure
1 indicate that the effective masses of the charge carriers in the
conduction band and valence band, mce and mvs, for APN and
PN are exceptionally low, implying that these polymers should
exhibit higher charge-carrier mobilities than 7-AGNR.

Previously, porphyrin r-systems have been extended by
fusion to a variety of aromatic units, including naphthalene,!'?
anthracene,['®' pyrene,l'd perylene,'®! azulene!' and other
polycyclic aromatics.['®'%20 |n earlier work, we found it was
essential to have an electron-donating ether substituent on the
anthracene to promote oxidative fusion with a porphyrin.[*® This
requirement made it impossible to fuse an anthracene bridge

between two porphyrins. This impasse has now been overcome
by using the improved reaction conditions for the Scholl
reaction?! pioneered by Rathore and co-workers,['41822 jn
combination with nickel metalation of the porphyrins, so that they
are not demetallated by the strongly acidic conditions. Another
important feature of the porphyrin design is to use meso-aryl
solubilizing substituents with ortho-methyl groups (e.g. mesityl) to
prevent accidental oxidative fusion of the aryl group with the
porphyrin (i.e. to prevent formation of a 5-membered ring).['8:23

Synthesis of the anthracene-fused porphyrin dimers AP2a
and AP2b (with mesityl and 2,6-dimethyl-4-dodecylphenyl aryl
groups, respectively, Scheme 1) started with Suzuki-Miyaura
coupling of the porphyrin boronate ester 1a,b with 9,10-
dibromoanthracene 2 to give 3a,b in 54% and 66% yield,
respectively. Swapping the boron and bromine functional groups
in this Suzuki-Miyaura coupling (i.e. attempting to synthesize 3a,b
from the bromoporphyrin and the anthracene diboronic acid) was
less successful due to formation of inseparable bis-anthryl linked
porphyrin dimer by-products (see Supporting Information,
Scheme S1, Route 2). Oxidative cyclodehydrogenation of 3a and
3b with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and
trifluoromethanesulfonic acid (CF3SOsH, TfOH) in
dichloromethane (1:100, v/v)['® gave the fully fused dimers AP2a
(59%) and AP2b (90%).

The mesityl-substituted dimer AP2a is only soluble enough for
NMR characterization in CS2/CD2Cl2, whereas AP2b dissolves
well in solvents such as dichloromethane and toluene. 'H and °C
NMR spectra of AP2a and AP2b recorded in the CS2/CD2Cl2 (2:1,
vlv) are well resolved and display the expected patterns of signals.
The structure of AP2a was confirmed by single-crystal X-ray
diffraction analysis of crystals grown by slow diffusion of ethanol
vapor into a solution in CS2/CD2Cl2 (Figure 2).24 The central 24-
atom coronene core of the dimer is essentially flat (root-mean-
square deviation 0.039 A), but the porphyrins bend away from this
plane generating an S-shaped geometry. The nonplanar
conformation of the porphyrin units (root-mean-square deviation
of 24-atom core: 0.23 A) is similar to that in many tetrasubstituted
nickel(ll) porphyrin, and is attributed to the small radius of the
nickel(ll) cation.?® The molecular unit has a C. symmetry axis and
the asymmetric unit contains one porphyrin and half the
anthracene core. Molecules of AP2a pack into infinite linear
strands with the mesityl group of one molecule making C-H/-
interactions with the next molecule in the chain (H---mr distances:
2.63-3.35 A, Figure S2).
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Figure 1. Band structures, density of states, and frontier orbitals plots of (a) 7-AGNR, (b) PN and (c) APN." The band gap (E;), valence and conductance band,
and effective mass (mcs and mvs) are shown; energies are reported relative to the vacuum reference (Evac). The color scale in case of APN represents for the
proportion of electron density on anthracene (orange) or porphyrin (blue); occupied and unoccupied levels are shown by solid and dotted lines, respectively.
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Scheme 1. Synthesis of AP2a and AP2b.

Figure 2. Side view (top) and front view (right) X-ray single crystal structure of
AP2a. Hydrogen atoms omitted for clarity. Thermal ellipsoids plotted at the 50%
level.

The fully fused anthracene-linked porphyrin trimer was
synthesized using the more soluble 2,6-dimethyl-4-dodecylphenyl
-substituted porphyrins (Scheme 2). Suzuki-Miyaura coupling of
1b with bisanthracenyl-porphyrin 4b gave the singly linked
precursor 5b in 37% yield. Ring closure to AP3b was realized
under the same Scholl reaction conditions in 81% yield. The well
resolved MALDI-TOF mass spectrum of AP3b shows the
expected molecular ion (Scheme 2, insert) and demonstrates that
16 H atoms are removed in the oxidative cyclodehydrogenation
step. We were unable to obtain satisfactory 'H or C NMR
spectra of the fused trimer AP3b (despite many attempts, using

various solvents and elevated temperatures) due to its poor
solubility and tendency to aggregate.

Ar Ar
5 ¢
A B + B
: of - =<
1b W
Ar Ar
Pd(PPh3),
CSch3
Ar Ar

¢ &,
Ar @ Q) Ar

Q Q 3611.9
Ar Ar 5b (37%) Ar expt.
DDQ
CF3SO3H
calc.
3612.1
Ar Ar Ar 3610 3615 3620
AP3b (81%) miz

Scheme 2. Synthesis of AP3b. (Insert: experimental and calculated isotope
patterns for the molecular ion of AP3b from MALDI-TOF MS.)

In order to evaluate the effect of the anthracene units on the
electronic properties of these nanoribbons, we synthesized the
directly edge-fused porphyrin dimer P2b and trimer P3b (Figure
3, see Sl for synthesis), and compared their UV-vis-NIR
absorption spectra with those of AP2b and AP3b (Figure 4a;
dimers in red; trimers in blue). The absorption spectra of P2b and
P3b display typical features for edge-fused porphyrin oligomers,
with Q bands at 874 nm and 1157 nm, respectively.?®! The
incorporation of an anthracene bridge in AP2b results in a sharp
intense absorption band at 1188 nm (optical gap 1.04 eV). The
absorption maximum of AP3b shows a further red-shift to 1642
nm (optical gap 0.76 eV). Thus, AP2b and AP3b exhibit strongly
red-shifted absorption spectra, compared with their counterparts
without anthracene units, P2b and P3b, respectively. The
absorption spectra of AP2b and AP3b are in good agreement with
the calculated transitions from time-dependent DFT (TD-DFT)
calculations using B3LYP functional (see Supporting Information,
Figure S38).
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Figure 3. Structures of the directly edge-fused porphyrin dimer P2b and trimer
P3b, which were synthesized for comparison with AP2b and AP3b.
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Figure 4. (a) UV-vis-NIR absorption spectra of AP2b and AP3b in comparison
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with corresponding directly fused porphyrin dimer P2b and trimer P3b measured
in toluene-ds at room temperature. (b) Square-wave and cyclic voltammograms
of AP2b and P2b in dichloromethane with 0.1 M NBusNPFs as electrolyte;
potentials relative to internal ferrocene (Fc/Fc* at 0 V).

Square-wave and cyclic voltammetry were used to compare
the redox potentials of dimers AP2b and P2b (Figure 4b). The first
oxidation and reduction potentials of AP2b are at 0.07 and —-0.78
V, respectively (vs. Fc/Fc*), corresponding to an electrochemical
gap of 0.85 eV. When compared to P2b (Eox 0.26 V, Ered —1.14 V,
Eq 1.40 eV), it is clear that fusing the bridging anthracene into
center of the dimer makes AP2b easier to oxidize and reduce,
resulting in a narrower HOMO-LUMO gap.

The coordination chemistry of porphyrins provides an
opportunity to tune their electronic, photophysical, magnetic and
catalytic behavior by changing the metal. We therefore
investigated whether the coordinated Ni(ll) in anthracene-
porphyrin nanoribbons could be changed for other metals. Many
nickel(ll) porphyrins can be demetallated by sulfuric acid in
trifluoroacetic acid (TFA), but we found that AP2b is inert to these
strongly acidic conditions. Another approach to removing nickel
from porphyrins is to use a Grignard reagent such as p-
tolylmagnesium bromide, which exchanges Ni?* for Mg?*.?"l We
found that treatment of AP2b with excess p-tolylmagnesium
bromide at 80 °C affords the magnesium anthracene fused
porphyrin dimer (Mg-AP2b, Scheme 3) in 90% yield. This

magnesium complex is readily demetallated with TFA to give the
free-base FB-AP2 in 94% yield, which can coordinate other
metals, for example, reaction with zinc acetate gave Zn-AP2 in

96% yield.
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Scheme 3. Metal exchange from AP2b to prepare the magnesium (Mg-AP2b),
free-base (FB-AP2b) and zinc (Zn-AP2b) porphyrin dimer.

In summary, we have reported the synthesis of a fully fused
anthracene-bridged porphyrin dimer AP2 and trimer AP3, via
cyclodehydrogenation with DDQ/TfOH. The X-ray crystal
structure of the dimer confirms that fusion creates a planar
coronene core, although coordinated Ni(ll) results in some
nonplanarity in the terminal porphyrins. These oligomers are
models for one-dimensionally extended porphyrin-anthracene
nanoribbons. Multi-metal systems are accessible via metal
exchange, opening up an approach to diverse functional
nanoribbons. The main challenge in synthesizing longer ribbons
of this type will be to design an aryl sidechain that can maintain
solubility, while being stable to strongly acidic and oxidizing
conditions.
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Porphyrin and anthracene units can be fused edge-to-edge to construct m-conjugated ribbons. We have synthesized porphyrin dimer
and trimer (shown above) oligomers and investigated their properties. The absorption spectra extend far into the near-IR and they are
highly redox active, demonstrating efficient -delocalization. This is a promising strategy for incorporating metal ions into a 1D

semiconductor through solution-phase synthesis.



