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ABSTRACT: A family of bandgap-tunable pyrroles structurally related to rylene dyes was computationally designed and prepared
using robust, easily scalable chemistry. These pyrroles show highly variable fluorescence properties and can be used as building
blocks for the synthesis of electron-deficient oligopyrroles. The latter application is demonstrated through the development of nt-
extended porphyrins containing naphthalenediamide or naphthalenediimide units. These new macrocycles exhibit simultaneously
tunable visible and near-IR absorptions, an ability to accept up to 8 electrons via electrochemical reduction, and high internal
molecular free volumes. When chemically reduced under inert conditions, the most electron-deficient of these macrocycles
revealed reversible formation of eight charged states, characterized by remarkably red-shifted optical absorptions, extending
beyond 2200 nm. Such features make these oligopyrroles of interest as functional chromophores, charge-storage materials, and

tectons for crystal engineering.

INTRODUCTION

The synthetic chemistry of large polycyclic heteroaromatic
molecules (PHAs) has recently become an area of intense
investigation, because of the relevance of such systems as
heteroatom-doped analogues of nanographenes and graphene
nanoribbons.»> The prospective use of these molecules in
organic electronics requires precise control over their m-
conjugation, notably their frontier orbital energies and
electronic bandgaps. The synthesis of extended PHA systems
can in principle be simplified by employing a modular
approach, in which suitably designed building blocks
(monomers) are covalently assembled into larger fused
structures. For maximum design flexibility, bandgap
engineering should be performed on the building block level.
However, such an approach requires not only efficient
strategies of bandgap tuning but also a good understanding of
the relationship between the electronic structure of the
monomer and the properties of its oligomeric derivatives.

Systematic tuning of optical bandgaps3 can be achieved by
homologation (oligomerization) of linear m-conjugated
motifs,4 such as oligophenyls,>° rylenes,7-9 oligoporphyrins,°®
or BODIPY" derivatives, although in general, the bandgap
narrowing effect weakens with the increasing oligomer length.
A formally related strategy involves ring expansion of n-
conjugated macrocycles, 3 but its predictability is limited by
the complex conformational behavior of large rings.s A
complementary approach relies on combining donor and
acceptor (D-A) moieties, with diverse recent applications in
small-molecule’®> and polymer chemistry.>»5 The D-A
method is particularly suitable for the development of tunable
building blocks, which can be constructed by judicious

merging of existing electron-deficient and electron-rich
motifs.

A simple and potentially productive design of such a hybrid
structure, consisting of naphthalenemonoimide (NMI, red)
and pyrrole (blue), is proposed in Figure 1. NMI is the key
constituent of  perylenediimide (PDI)26-28 and
naphthalenediimide (NDI)?» dyes, and is known to offer
excellent chemical stability and diverse derivatization options,
usually based acyl chemistry, heterocyclic annulation
reactions,3° and lateral ring fusion.3* Structural modifications
can be used to change the electron-withdrawing character of
the naphthalene fragment, which thus can serve as a tunable
acceptor unit.3>33 Consequently, the NMI-based and related
chromophores can be tailored for use in various fields of
application, e.g. as n-channel OFETs,34 or functional cavities.3s
Because the bandgap changes in such hybrid monomers are
expected to be amplified upon oligomerization, the resulting
pyrroles are of immediate interest as building blocks for small-
molecule dyes, such as dipyrrins3®37 or o-linked
oligopyrroles,3839 as well as for pyrrole-based macrocycles,+°
nanographenoids,#4+ and polymers.>>45 The synthetic
approach relying on tunable pyrrole monomers can thus be
envisaged to complement the existing routes to directly fused
rylene-oligopyrrole hybrids.46-48
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Figure 1. Design principle illustrated for the prototypic NMI-
pyrrole hybrid. FGI, functional group interconversion, SgAr
aromatic electrophilic (nucleophilic) substitution.

Chart 1. n-Extended Pyrrole Library®

dipp =
MesN NMe, Me,N_O O NMe,
I\ I\

N N

H H

1 2 3 4 (R=H)
pyrrole charge 0.07 0.09 0.12 0.15
HOMO, eV -5.29 -5.46 -5.64 -5.79
LUMO, eV —-1.48 -1.77 -2.08 —2.63
HLG, eV 3.81 3.70 3.56 3.16
TD bandgap/f  3.58/0.37 3.45/0.39 3.31/0.35 3.01/0.56
Dipole, D 3.2 57 6.9 11.9
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Because of the favorable combination of chemical stability and
reactivity, these pyrroles are useful as covalent building
blocks. This use is demonstrated here by the synthesis of n-
extended porphyrin derivatives characterized by large
curvatures and a remarkable multi-redox behavior.

RESULTS AND DISCUSSION

Pyrroles: Design and Synthesis. The design of the pyrrole
library shown in Chart 1 was guided by DFT calculations,
which provided theoretical estimates of HOMO-LUMO gaps
(HLGs), from either Kohn-Sham (KS) orbital energies or TD-
DFT excited-state calculations. It was found that, starting
from compound 2, the HLG could be progressively reduced by
structural elaboration of the acceptor end of the fused pyrrole.
Switching off the acceptor functionality by reduction of the
amide groups was also considered (compound 1), and was
indeed predicted to result in a broadened HLG (3.81 eV),

Ty Y Y
L L s
I\ I\
N N
H H
5 6 7 8 9
0.17 0.14 0.14 0.15 0.13
-5.91 -5.59 -5.48 -5.74 -5.16
-2.78 —-2.68 -2.70 -2.81 —-2.61
3.13 2.91 2.78 2.94 2.55
2.98/0.46 2.52/0.18 2.52/0.63 2.46/0.07 2.27/0.59
15.7 11.0 1.4 8.4 9.6

2 Natural population (NPA) charges on the pyrrole rings, calculated Kohn-Sham HOMO, LUMO, and bandgap (HLG) energies,
TDA bandgaps (f > 0.05), and oscillator strengths, dipole moments; all values calculated at the PCM(DMSO)/B3LYP/6-31G(d,p)

level of theory. dipp = 2,6-di(isopropyl)phenyl.
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Figure 2. Optical properties of pyrroles 1-9. (A) Absorption spectra (~0.1 mM, DMSO, 293 K). (B) Fluorescence emission spectra
(~5 pM, DMSO, 293 K). (C) Fluorescence solvatochromism of 4. Fluorescence quantum yields (®f, values in red) are given in %.

Here we show that by fusing pyrrole with electron-deficient
naphthalene derivatives, it is possible to create a family of
chromophores with tunable electronic characteristics.

2

comparable with those calculated for reported electron-rich
systems, the unsubstituted acenaphthopyrrole49-53 and its 2,5-
di-tert-butyl derivatives+ (3.89 and 3.97 eV, respectively, at the
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same level of theory). In 2, the KS bandgap (3.70 eV) is
comparable with that predicted for 3,4-
dichloroacenaphthopyrroles3?ss (3.64 eV). In pyrroles 2-5, the
reduction of the bandgap is achieved principally by the
increasing electron-withdrawing effect of the functional
groups, which is demonstrated by the progressive decrease of
the KS HOMO and LUMO energies and by the increase of the
partial charge residing on the pyrrole ring (Chart 1, Figure
S37). In the small-bandgap derivatives 6-9, the pyrrole partial
charge and the LUMO energy vary over a narrow range and
the decrease in HLG is caused by lifting of the HOMO levels,
which can be attributed to the extension of the m system.

The preparative work was commenced with the synthesis of
the diamide pyrrole 2 (Chart 1), which was obtained from
acenaphthene in 6 steps (Supporting Information). The
procedure, relying on the sulfone-Zard-Barton reactions® as
the key step, is easily scalable, yielding multigram quantities
of the product. The electron-withdrawing character of the
amide groups in 2 provides sufficient stability to the fused
pyrrole ring to permit chemoselective functionalization of the
acceptor end of the molecule under a range of reaction
conditions. Thus, by using straightforward transformations, a
library of diversely functionalized pyrrole derivatives could be
rapidly developed from 2 (Chart 1). Diamine 1, imide 4, and
anhydride 5 were obtained respectively via LAH reduction
(71%) and acid-catalyzed imidation (67%), and cyclization
(82%). DBU-catalyzed Mel/MeOH cleavage of 5 produced
diester 3 (82%). When condensed with appropriate aromatic
diamines, 5 furnished imidazoles 6 (86%) and 7 (52%) and the
fused pyrimidine g (79%). Finally, compound 8 was obtained
in two stepss7 from 5, quinaldine and boron trifluoride (42%
overall yield). With the exception of 8, which is prone to
hydrolysis, the pyrroles show good to excellent chemical and
photochemical stability. In particular, dilute solutions of 4-7
and 9 (e.g., 01 mM in DMSO) can be stored for weeks under
ambient conditions with no significant decomposition.

Pyrroles: Structure and Optical Properties. Absorption
measurements performed for 1-9 confirmed the qualitative
validity of DFT calculations. The observed bathochromic shift
of the lowest-energy absorption in the pyrroles (Figure 2A)
was in agreement with the TD-DFT predicted bandgap
variation (Chart 1), leading to a color progression from
colorless through red-brown. Pyrroles 1-8 showed a weak-to-
moderate fluorescence emission in DMSO solutions (®f <
20%, Figure 2B), whose color varied from blue to red, tailing
into the near-IR range for 6-8. The fluorescence red shifts
were found to correlate better with absorption onsets rather
than with positions of absorption maxima. For 9, weak
fluorescence emission with Amax®™ = 630 nm was recorded in a
DMSO solution (Figure S17). The fluorescence quantum yield
of 4 did not improve upon N-substitution (4', R = CH,CHE,,
1%), indicating that NH hydrogen bonding does not
significantly contribute to nonradiative deactivation in these
systems. The m-extended pyrroles show noticeable
solvatochromism, which we investigated in detail for the dipp-
imide 4 (Figure 2C). For this system, it was found that on going
from toluene to methanol, Amax®™ increases from 522 to 622
nm. As frequently observed in D-A fluorophores,s® the
strongest emission was observed in the least polar solvents (®r
=~ 23% in in toluene), and the quantum yields decreased
considerably with increasing solvent polarity.

3

Journal of the American Chemical Society

The bandgap difference between the diamide 2 and the
diester 3 (Amax®® of 377 and 393 nm, respectively, AE = 0.13 eV)
is quite significant, and an even larger difference is observed
between the emission maxima (0.39 eV). Inspection of the
ground-state geometries of 2 and 3 reveals a difference of
torsional angles of the carbonyl groups relative to the
aromatic core. In the solid-state structure of 2 (Figures S2i,
S24), the amide groups take an antiparallel orientation, with
the CCCO torsions relative to the naphthalene of ca. 52-53°. A
slightly larger value (57.5°) was found in the DFT geometry of
2. In the DFT geometry of 3, the corresponding torsion is
reduced to 36.3°, providing better conjugation of the ester
substituents with the aromatic rings, and a reduction of the
observed bandgap. The difference in CCCO torsions between
2 and 3 apparently originates from the larger steric
requirements of the NMe, group relative to OMe. The
different alignment of amide groups in 2 may be further
stabilized by a tandem n—#* interaction, similar to those
observed in peptide chains.59¢° This conjecture finds support
in the increased pyramidalization (A = 0.034 A) of carbonyl
carbons in 2 relative to those in 3 (A = 0.026 A, Figure S24).
TD-DFT calculations predicted a significant reorganization of
substituents in the S1 excited states of 2 and 3. The S1 geometry
of 2 is asymmetric (CCCO torsions of 61° and 37°), with a single
enhanced n—#* interaction (A = 0.052 A), whereas in the S1
state of 3, the ester groups take a more coplanar position, with
the CCCO torsions of 26°.

The conjugation is further improved upon planarization
and subsequent m extension of the chromophore in derivatives
4-9. The progression of red shifts in absorption and
fluorescence spectra is however non-uniform, because several
electronic effects contribute to the overall effect. For instance,
in the imidazoles 6 and 7, TD-DFT calculations show that the
lowest-energy absorption band consists of two transitions
(Figures S33, S34), each of which independently varies in its
energy and oscillator strength in these two systems. Thus,
even though Ama® is larger for 7, the actual bandgap is nearly
identical in both derivatives, and the emission maximum of 6
is in fact slightly red shifted relative to that of 7.

anvparalied

alignmaent

— hydrogen banding
between stacks

T slipped stacks

Figure 3. Crystal packing of 5 and intermolecular interactions
observed in the solid state.

A consequence of the D-A design is the presence of large
dipole moments in the molecules of pyrroles 2-g (Chart 1),
with a particularly large value calculated for the anhydride 5
(15.7 D). This feature is apparently responsible for the
formation of antiparallel stacks in the solid-state structure of
5 (Figure 3). The resulting compensation of adjacent dipoles is
a promising characteristic for applications in organic
photovoltaic and transistor devices.®-64 These stacks are only
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slightly slipped (slip angle of 23°), and feature a small
interplanar distance of 3.35 A between consecutive molecules.
The full coplanarity of all molecules in the crystal of 5 (i.e. the
absence of herringbone packing) is expected to enable
anisotropic electron transport along the m-stacking
direction.®s An additional enhancement of electron-transport
properties may be provided by NH--O hydrogen bonds,¢6:67
which form between adjacent stacks in one direction.

Porphyrins: Synthesis and Structure. To demonstrate
the anticipated effect of pyrrole bandgap tuning on the
electronic structure of higher-order systems, we chose to
synthesize n-extended porphyrins 10-M and 11-M (Chart 2, M
= 2H, Zn), bearing respectively naphthalene diamide (NDA)
and naphthalene monoimide (NMI) units. These systems were
envisaged as particularly attractive targets because of the
inherently large red shifts observed for their electron-rich
analogues,49-5355 and the soft character of the constituent
chromophores,® which makes them susceptible to bandgap
engineering.5> meso-Aryl substitution was chosen with the
expectation that the resulting macrocycles will be non-planar
in analogy to meso-aryl acenaphthoporphyrins,©5> thus
alleviating the solubility problems characteristic of their
planar, meso-free congeners.>°

The NDA-fused macrocycle was synthesized from the
corresponding monopyrrole 2 under modified Lindsey
conditions,® and isolated as the trifluoroacetate salt [10-
H,][TFAL in a 42% yield. The efficiency of this condensation

: ®,

Zn(OAc),. As a result, the expected 11-Zn complex was
obtained in an overall 87% yield. This procedure not only
offers a more efficient alternative to direct pyrrole
condensation, but also provides a general and concise route to
variously N-substituted NMI-fused porphyrins.

Chart 2. m-Extended Electron-Deficient Porphyrins

Me,NOC_ CONMe,
—
MeNOC,_{ CONMe,

11-H, (R = dipp, M = 2H)
11-Zn (R = dipp, M = Zn)
11'-Zn (R = H, M = Zn, DFT only)

The 'H NMR spectrum of 11-H, revealed the presence of two
nonequivalent sets of isopropyl substituents, consistent with
the effective D.4 point symmetry and saddle-shaped curvature
of the macrocycle. At 370 K, chemical exchange between the
two iPr groups was observed (ROESY, DMSO-d¢, 600 MHz),
indicative of slow macrocyclic inversion. Solid-state (X-ray)
and gas-phase (DFT) geometries of 11-H, showed that the

Figure 4. Solid-state structures of 11-M. (A) Internal molecular free volume estimation in 11-H,. (B) Stacking along the c axis in
the I-4 phase of 11-H,. Each void is occupied by ca. 2 disordered CHCl; molecules. Channel structures (procrystal electron density,
0.0003 au isosurface, solvent molecules removed for calculation) for the I-4 phase of 1-H, (C, view along c) and Cz/c phase of 11-
Zn (D, view along a). The interior of the channels is colored in gray.

reaction is particularly appreciable, given the electron-poor
nature of the monopyrrole. The porphyrin salt, which can be
made on a several hundred-milligram scale, was then
converted into the corresponding free base and zinc(Il)
complex under standard conditions. The macrocyclization of
4 leading to the NMI system was not as efficient, providing
only a 18% yield of 11-H.. The latter observation prompted the
development of an indirect synthesis of the NMI target from
the more easily accessible NDA porphyrin. To this end, [10-
H,][TFA], was refluxed with concentrated hydrochloric acid
to hydrolyze the amide groups. The resulting poorly soluble
intermediate was investigated using MALDI and shown to
consist of the corresponding octacarboxylic acid and
anhydrides formed by its partial dehydration. This material
was directly condensed with dipp-NH,, and metalated with

4

molecule has a shape of a nanometer-sized tetrahedron,
slightly flattened along the effective S, symmetry axis, with the
distances between imidic nitrogens of 16.0 and 18.6 A (solid
state, 16.1 and 18.3 A, DFT). The shape of the tetrahedron is
essentially unaltered in the crystal structure of 11-Zn; however,
the NMR data obtained for the latter complex indicate that
the barrier to inversion decreases upon metal binding. An
earlier analysis of conformational dynamics of related
acenaphthoporphyrins involved a mixture of meso-atropisomers and
was not fully conclusive.5?

The 'H NMR spectrum of 10-H, (CDClL;, 300 K) is
complicated by the partially restricted rotation of amide
substituents, which leads to the formation of atropisomers.
Fast rotation of amide groups relative to the aromatic core
could however be observed at 410 K in DMSO-ds (600 MHz).
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Because no suitable spectroscopic probe is present in 10-H.,,
its dynamics of inversion could not be monitored using NMR.
However, the latter system is nevertheless expected to behave
similarly to its imide analogue. In CDCl;, the 'H NMR
spectrum of 10-Zn reveals similar atropisomerism but is
further complicated by aggregation, as judged by the
unusually upfield shifts of selected signals.7° The complexity
of the spectrum precluded a detailed structural analysis, but
we suppose that the formation of aggregates, which was not
observed for 11-Zn, is enhanced herein by intermolecular
coordination of amide substituents to Zn centers in 10-Zn.

The saddle-shaped distortion of the aromatic core in 11-H,
creates two shallow yet laterally extended cavities on the
opposite sides of the macrocyclic surface. A conservative
estimate of the internal molecular free volume (IMFV)7.72
yields a value of ca. 600 A3 (Figure 4A). In contrast to
triptycene (IMFV = 93 A3), in which the voids are formed by
three non-conjugated benzene rings, the cavities in 11-H, are
located within a contiguously conjugated m system that is
deformed by steric effects. Flanked by the bulky dipp groups,
the distorted core of 11-H, does not support m-stacking in the
solid-state, instead promoting the formation of
intermolecular voids, which can enclathrate solvent
molecules. In a tetragonal (I-4) crystal of 11-H,-xCHC; (x = 6),
the saddles are stacked along the c axis (Figure 4B), with the
iPr groups resting on the naphthalene fragments of the
neighboring molecules. Each of the intervening cavities
tightly encapsulates an assembly of ca. two disordered
chloroform molecules (additional CHCl; molecules are
present in between the stacks).

Dispersion interactions involving the iPr groups are also
responsible for organizing the crystal packing in a monoclinic
(C2/c) polymorph, 11-M-xCH,Cl,-yCsH,, (x = 2.25, y = 5.75 for
M = Zn; low-quality isomorphous crystals of 11-H, were also
obtained). The latter structure revealed a complex 3D system
of channels, enclathrating disordered solvent molecules.
These channels are permeable to spherical probes of up to 1.8
A radius (Figure S27).7 Calculations using the procrystal
electron density method7#+ performed for the solvent-free
model of the C2/c phase showed that the voids occupy 31% of
the cell volume. In the less solvated I-4 phase of 11-H.,, the
channels take up ca. 18% of the cell volume and have a
permeability limit at a probe radius of ~1.3 A. In the absence
of strong intermolecular interactions, the crystals of 11-Zn
disintegrated rapidly on desolvation, and the remaining
material was found to be effectively amorphous by powder X-
ray diffraction. Nevertheless, the high solvation levels and
channeled structures observed in the solid state indicate that
with proper functionalization, such rigid non-planar
aromatics may be usable for building extrinsically porous non-
covalent frameworks.75-78

Porphyrins: Electronic Structure. The optical properties
of 10-M and 11-M confirm the expected reduction of the
electronic bandgap caused by fusion of electron deficient
moieties. In particular, the absorption spectra of 10-Zn and 11-
Zn show distinct red shifts relative to the spectrum of their
naphthalene-unsubstituted analogues* (Ama™ = 558 and 672
nm for the lowest energy Soret and Q band, respectively). On
going from 10-Zn to 11-Zn, the overall absorptivity increases,
and the lowest-energy Q band experiences a red shift from 775
to 838 nm (Figure 5), corresponding to an apparent bandgap
decrease of 0.12 eV. Likewise, the Soret band, which dominates

5
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the visible part of the absorption spectrum, is shifted from 583
to 632 nm (AE = 0.16 eV), producing a dramatic color change
(from violet to green). Thus, because of the unique position of
the Soret bands,®8 the tuning of chromophore properties in 10-
Zn and 11-Zn takes place simultaneously in the visible and NIR
regimes. Both complexes showed weak fluorescence in the
near IR range (Pr = 1%; Amax®™ = 806 and 893 nm for 10-Zn to
11-Zn, respectively). The red shifts of the optical spectrum
induced in11-Zn by NMI fusion are very large and comparable
with those previously achieved by meso-substitution and
metalation of tetraacenaphthoporphyrin.5> Since the latter
method of optical tuning is complementary to the present D-
A strategy, further reduction of bandgaps can be anticipated

when these two approaches are used in conjunction.
20-

e/10°M 1 em™ N 11-Zn
(l
[
15 10-2a | |
fno|
104 | [ ] | —=
[/ |
J [y |
5 AR ,“,-'f
~ / \ I/
— \ '»-.,_/"';'. .
0 v v — = -
300 400 S00 600 700 800 200 1000

Alnm

Figure 5. Electronic absorption spectra (~10 pM, colored
traces) and fluorescence emission spectra (~5 pM, black
traces) of 10-Zn and 11-Zn (toluene + 1% pyridine, 293 K).
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The electron-withdrawing peripheries of 10-Zn and 11-Zn
provide considerable stabilization of multiply charged anions.
Using voltammetry, we were able to demonstrate six
reduction waves for 10-Zn, covering a range of potentials from
-137 to —2.72 V vs. Fc*/Fc. Remarkably, eight chemically
reversible reductions (-0.97 to -2.71 V) were recorded for the
more electron-deficient 11-Zn. The redox behavior of both
porphyrins could be semi-quantitatively reproduced in a
computational electrochemistry analysis, which gave roughly
linear relationships between DFT-estimated absolute
potentials and experimental values (Figure 6B). Our
electrochemical results stand in sharp contrast with the
behavior of zinc meso-tetratolylporphyrin, which can only
accept two electrons under conventional experimental
conditions,” and required a potential of ca. -3.7 V vs. Fc*/Fc
to be charged to the hexaanion level .8 Importantly, the parent
monopyrrole (investigated in the N-substituted form 4,
Figure 6A) is also significantly more difficult to reduce than
11-Zn. These observations indicate that the multi-charging
capability only emerges from the combination of the two
structural motifs, as a key benefit of our modular design.

The eightfold electrochemical reduction of 11-Zn is a unique
phenomenon, without a related precedent in the literature.
Recognizing the relevance of the above finding, we next
explored whether such highly charged species could also be
generated by chemical reduction. To this end, titration of 11-
Zn  with  sodium  anthracenide was  followed
spectrophotometrically in THF under strictly oxygen- and
moisture-free conditions (Figure 7). The formation of eight
consecutive species was identified in the course of the
titration, but the individual forms were occasionally difficult
to discern in the absence of clear isosbestic points. The
analysis of the titration data was facilitated in a two-
dimensional representation (Figure 7, bottom), in which
specific absorption maxima could be more easily identified.
Qualitatively, the reactivity induced by anthracenide is
consistent with that observed electrochemically, and we
propose that the species obtained by chemical reduction may
indeed correspond to the [11-Zn]™ anions with n = 1 to 8.
While the reported potential of sodium anthracenide (ca. -2.5

In NHMe, Z0(TTP) £ v
1| | i 6
5
10-Zn NCOA A A A ™~
M A R Do 4 4
11-Zn A AA A B 3
- E— L
24 .
[ X J
& N ~
M N | —T s
A) - ©
r 4 T T T T T T T T T 1 0 v T
-4.0 -3.0 -2.0 -1.0 0.0 10 -3.0 -2.0

Vs, Fc'fFc

Vs, F¢'fFe

V relative to Fc*/Fc®) is too high to provide full coverage of
the electrochemically determined reductions, the chemical
charging of 11-Zn can be assisted by the coordination of
sodium to the resulting anions.%?

NPA fragment charge Ve
..
L ]
L ]
W
Bl e 10-Zn
A/
e 11'7n o *- [10-2n]" (NDA)
. > *- [10-2n]" (Zn porphine)
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Figure 6. (A) Differential pulse voltammograms for 10-Zn, 11-Zn, and 4 (THF, o1 M [NBu,][BF,], 293 K). Literature redox
potentials for zinc(II) tetratolylporphyrin, Zn(TTP), in DCM and NHMe,, have been re-referenced against the Fc*/Fc couple. (B)
Relationship between DFT-estimated absolute redox potentials for 10-Zn and u'-Zn (SMD(THF)/Mo6-2X/cc-VTZ//B3LYP/6-
31G(d,p)) and experimental values determined for 10-Zn and 11-Zn, respectively. A weak chemically non-reversible wave at -2.95
V, observed for 10-Zn, which might correspond to the 7th reduction is included in the graph. (C) NPA charge distribution for
variously charged states of 10-Zn and 11'-Zn (Mo6-2X/cc-VTZ//B3LYP/6-31G(d,p)).
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42 Figure 7. Titration of 11-Zn (0.025 mM in THF) with sodium
43 anthracenide. NIR absorptions in the 100-2200 nm range
44 were recorded in a separate experiment. The bottom panel
45 shows the progress of titration as a 2D map, with a vertical
46 resolution of 78 addition steps. Diagnostic maxima in the 300-
47 100 nm range, used for identification of consecutive species,
48 and the expected charges are indicated with purple arrows in
49 both panels. Additional maxima above 100 nm are indicated
50 with gray arrows.
51 The absorption spectra of the [u-Zn]* anions show
52 multiple broad bands of considerable intensity in the near
53 infrared range. With the exception of [u-Zn]%-, the
54 absorptions extend beyond 2200 nm, indicating a dramatic
55 reduction of the optical bandgaps relative to the neutral 11-Zn
56 (below 0.56 eV). The spectra do not have the typical
57 porphyrin-like appearance, with clearly defined Soret- and Q-
58 band regions. The m-electron conjugation in these anions is
59 thus considerably perturbed relative to the neutral state, with
60 7
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an apparent decrease of macrocyclic aromaticity. The anions
absorb light in an unusually broad range of wavelengths,
covering the UV, visible, and NIR regions, and the overall
absorptivity remains high at all reduction stages (emax of
50000-100000 M cm™). When these orbitals are partly filled
upon reduction, the resulting electron configurations may
indeed be expected to produce small optical bandgaps. 11-Zn
can thus be regarded as a redox-switchable panchromatic
absorber with extended NIR activity. These optical features
can be tentatively linked to small energy differences between
the six lowest-lying virtual levels in the neutral 11-Zn, all of
which are characterized by considerable amplitudes on the
NMI units (Figure S38).

Under completely inert conditions, the reduced forms of 11-
Zn are stable in solution. They are however immediately
decomposed to unidentified products when exposed to air,
and only [11-Zn]- could be transiently generated when traces
of oxygen were present in solution. Nevertheless, when the
presumed [11-Zn]3- was directly treated with excess L, in THF,
ca. 90% of the initial 11-Zn could be recovered (estimated
spectrophotometrically). The latter experiment, which also
required strict exclusion of oxygen, clearly demonstrates that
the anthracenide-induced reduction of 11-Zn has a generally
reversible character.

Gas-phase geometries obtained for [10-Zn]" and [11'-Zn]" (n
=-8to +4, R = H for1r') at the B3LYP/6-31G(d,p) level of theory
are only weakly dependent on the overall oxidation level,
although the saddle-like bending of the aromatic core
increases for the most highly charged cations and anions. At
this level of theory, di- and tetraanions of 10-Zn and 11'-Zn
yielded broken-symmetry wavefunctions with nonzero (S?)
values (Table Ss), suggesting that a partial open-shell
character can be anticipated for these anions. KS bandgaps
calculated for cations and anions are considerably diminished
relative to those of the neutral 10-Zn and 11'-Zn, in line with
the results of reduction experiments presented above.

On the basis of simple n-electron count,’s one might expect
the even-electron [10-Zn]" and [11'-Zn]" species to alternately
exhibit macrocyclic aromaticity (n = +4, o, -4, -8) and
antiaromaticity (n = +2, -2, -6). NICS(1) values calculated
above the C;N,Zn ring centers for [11'-Zn]" (even n, ring A in
Table Si5) show that, in comparison with the neutral state (-
10.7 ppm, strongly diatropic), the internal porphyrin ring
currents are generally diminished upon charging (NICS(1) of
o.1to -6.7 ppm at the C;N,Zn ring centers), with the exception
of the dication [n'-Zn]>*, which is predicted to be strongly
paratropic (18.2 ppm). Simultaneously, the six-membered
rings of naphthalene fragments retained negative values
across the entire range of explored oxidation levels (-5.1 to -
9.9 ppm). These results agree with the perceived loss of
macrocyclic aromaticity, inferred from the absorption spectra
of the anions.

The dependence of charge distribution in [10-Zn]" and [11'-
Zn]" on the oxidation level (n = -8 to +4) was explored by
means of natural population analysis (NPA, Figure 6C). On
going from [10-Zn]° to [11'-Zn]°, the total NPA charge on the
Zn-porphine fragment increases from -0.27 to -0.20, in line
with the increasing electron-accepting character of the
peripheral units (NDA vs. NMI). It is however of interest that
the peripheral moieties in neutral zinc porphyrins bear a
positive charge, indicating a polarization reversal relative to
monopyrroles. Nevertheless, upon reduction, these peripheral
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fragments accept most of the incoming negative charge. The
charge-storage capacity of the NMI units is higher in the initial
reduction steps (n = -1 to —4), but it levels off at 79% of the
total charge (over 6 charge units) in both systems for n = -8.

Charging a contiguously m-conjugated moiety beyond the
tetraanion stage is generally difficult, especially in
unsubstituted hydrocarbons.® Available data indicate that the
charging capacity of m systems does not increase linearly with
their size. Highest charge densities per non-H atom of —o0.20
to —0.25 were reported for tetraanions of pyrene,? perylene,84
acepleiadylene®s tetradehydro[18]annulene,8 and
corannulene, -89 which typically benefit from aromatic
stabilization and countercation coordination (notably Li).
Peripheral imide groups assist in delocalization of negative
charge, and a heptaanion was electrochemically generated for
N-type nanoribbons containing 8 imide groups.?° The latter
design produced a much lower charge-per-atom density of
-0.058. As the charge delocalization in 11-Zn is mostly
confined to the porphyrin-NMI core consisting of 84 non-H
atoms (excluding Zn), the charging capacity is ca. 0.095
electron per atom at the octaanion level. In comparison,
electron-deficient poly(quinoxaline) films could be charged
electrochemically to ca. 0.25 e/subunit (0.025 electron per
atom).* Overall, the porphyrin-NMI combination present in
11-Zn emerges as an efficient means of storing multiple
negative charges in a relatively small n-conjugated manifold.

CONCLUSIONS

The present work demonstrates a monomer-based
approach to bandgap engineering, with potentially wide-
ranging applications in oligopyrrole chemistry. In particular,
we have shown the first example of a synthetically useful
library of tunable pyrrole monomers, and the effective
transferability of bandgap changes to oligopyrrole derivatives.
In our donor-acceptor design, the five-membered ring at the
junction between the pyrrole donor and the naphthalene
acceptor ensures efficient m-conjugation, and has a potential
for creating soft (easily tunable) chromophores,% as well as
organic materials with a small reorganization energy.9> The
modular character of our approach offers the advantage of
rapid elaboration of complex structures and the possibility of
juxtaposing different D-A units as an additional means of
bandgap control. Some of the acceptor groups introduced on
the D-A monomers, notably the imide group, can be easily
functionalized and also act as H-bonded elements®6:67,93-96
stabilizing supramolecular assemblies. The electron-deficient
monopyrroles presented herein can further be viewed as
unprecedented “umpolung” analogues of TTF-pyrrole,97 with
reversed dipole orientations and comparable synthetic
utility.98-100

The multi-charging capability shown here for the NMI- and
NDA-bearing porphyrins is a rare phenomenon in non-
fullerene aromatics, with few systems capable of four or more
reductions.'*'°4 11-Zn is apparently the first non-oligomeric nt-
conjugated system for which a sequence of eight reversible
reductions is reported. Further optimization of such electron-
deficient porphyrins, which can be achieved by metal choice,
peripheral substitution, geometry changes etc., may lead to
even higher charge-per-atom densities at easily accessible
potentials, making such materials of interest in charge storage
applications. Simultaneously, the favorably positioned LUMO
level makes these new systems of potential interest as acceptor

8

layers in bulk heterojunction photovoltaics.°5 In addition, the
high nonplanarity combined with uninterrupted =
conjugation in these macrocycles may provide access to
extensively conjugated 3D systems, which, depending on the
specific design, can reveal either intrinsic or extrinsic porosity.
Most importantly, however, the structural paradigm
employed here for the development of porphyrins is likely to
be applicable to other classes of oligopyrroles. Efforts to
explore these possibilities in various pyrrole-containing
chromophores are currently underway.
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