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ABSTRACT: Unsymmetrically fused porphyrins containing one or two naphthalimide subunits were prepared in modular syntheses
relying on electron-rich and electron-poor pyrrole building blocks. These new chromophores show progressive changes in their
electron-deficient character, while retaining comparably small optical and electrochemical band gaps. The intrinsic curvature and
extended optical absorption of these systems make them of interest as mono- and difunctional components of multichromophoric
assemblies.

Ryleneimides, most notably perylenediimides (PDIs), are
one of the most important classes of organic dyes, with an

exceptional scope of industrial and research applications.1−5

Their electronic and self-assembly properties can be tuned by
homologation of the rylene backbone,3 modification of imide
functionalities,6 peripheral substitution,1 and ring fusion.7−9

Hybridization of ryleneimides with nonbenzenoid and
heterocyclic moieties provides a versatile though still relatively
unexplored route to structurally unique functional dyes. In one
general strategy,9,10 tandem Pd-catalyzed couplings have been
used for synthesis of ryleneimide-fused indenes,11 azulenes,12

corannulenes,13,14 and heteroaromatics.15 Our group has
employed naphthaleneimide-fused pyrrole building blocks16

for modular synthesis of electron-deficient porphyrins,16

azacoronenes,17−19 bipyrroles,20 and polymers.21 This ap-
proach has so far yielded symmetrically fused A4 porphyrins
(Scheme 1), containing naphthalenediamide (NDA-fused, 1a-
H2) or naphthalenemonoimide acceptor units (NMI-fused, 1b-
H2), which have been explored as multielectron acceptors16

and functional dyes.22

The electronic characteristics of such porphyrins can be
tailored by juxtaposition of donor (D) and acceptor (A) units
fused to the macrocyclic core (Scheme 1). In particular, we
envisaged that the optical band gaps, absorption profiles, and
redox properties of such mixed D−A porphyrins might be
affected not only by the ratio of D and A subunits but also by
the symmetry of the chromophore.23−27 Systems containing

imide functionalities are highly attractive as components for
multichromophoric systems obtainable by covalent or supra-
molecular assembly. For instance, donor BODIPY dyes
attached radially to A4-type porphyrins via N-imide sub-
stituents yield efficient energy transfer according to the Förster
mechanism.28 The presence of four functionalization sites in
the A4 systems is however unsuitable for construction of
unbranched architectures, notably linear and cyclic chromo-
phore arrays. In this regard, D−A porphyrins containing fewer
imide functionalities are essential as mono- or bifunctional
building blocks, simultaneously analogous to ryleneimides, and
other unsymmetrically functionalized porphyrins.29−32

With these possibilities in mind, we now developed synthetic
routes to two classes of low-symmetry chromophores: tD2A2

and DA3, which can be viewed as porphyrin-hybridized
equivalents of rylene diimides and monoimides, respectively.
In principle, mixed donor−acceptor porphyrins, namely tD2A2,
D3A, DA3, and cD2A2, are obtainable in a three-component
cross-condensation of two different pyrroles and an aldehyde.33
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Such a strategy is generally unselective and may fail if the
reactivity of the two pyrroles is significantly different. To
circumvent these problems, we used a multistep approach
shown in Scheme 2. First, the reaction of acenaphthopyrrole
434 and 2-tolyl 1,3-benzoxathiolium tetrafluoroborate35,36

afforded the masked diketone 5, which was hydrolyzed to
yield the diacyl pyrrole 6. The latter intermediate was reduced
with NaBH4 in THF/CH3OH, and the resulting crude
acenaphthopyrrole dicarbinol was condensed with 1 equiv of
diamide pyrrole 7.16 Following column chromatography, the
desired tD2A2 porphyrin 2a-H2 was isolated in a 12% yield.
Similarly, a cross-condensation of 7, 4, and reduced 6 in a
1:1:2 molar ratio furnished the D3A-type porphyrin 3a-H2 as
the major product. 2a-H2 and 3a-H2 were transformed into the
respective imide derivatives 2b-H2 and 3b-H2 using a two-step
procedure consisting of acid hydrolysis followed by imidization
with 2,6-diisopropylaniline. Finally, the four new porphyrins
were metalated with zinc(II) acetate, yielding the correspond-
ing complexes, 2a-Zn, 3a-Zn, 2b-Zn, and 3b-Zn. All the
compounds were thoroughly characterized by HR-MS as well
as 1D and 2D NMR spectroscopy, and the structures of
porphyrins 2b-H2/3b-H2 were confirmed X-ray crystallogra-
phy.
The free bases 2b-H2 and 3b-H2 were characterized

crystallographically in the solid state (Figure 1). In each
case, a trans tautomer was observed, with the NH protons
located on the more electron-rich pair of pyrroles.37 Each
macrocycle showed a pronounced saddle-shaped distortion of
the aromatic surface. This characteristic feature is caused by
the steric congestion between the outer naphthalene moieties
and the meso-tolyl substituents, and precludes stacking
interactions between the porphyrin π surfaces. The dihedral
angles between opposite naphthalene subunits in 2b-H2 are
117.5° (NMI/NMI) and 109.1° (naph/naph, cf. Figure 1),
producing a similar level of curvature to that previously

observed for 1b-H2. Remarkably, the corresponding angles in
3b-H2 are drastically different (90.2° and 128.8° for naph/
NMI and naph/naph, respectively). In DFT-optimized geo-
metries of 2b-H2 and 3b-H2 (Table S14), the dihedrals
involving NMI units are very similar (98°−99°), indicating
that the geometry difference observed in the solid state is
caused by crystal packing and is most likely absent in solution.
In the crystal, the surface of 3b-H2 apparently wraps around
the unique dipp group of a neighboring molecule, and this
interaction is propagated along one direction, to produce
densely packed ribbons stabilized by multiple CH···π
interactions (Figure 1D). A similar type of interaction between
dipp groups and aromatic surfaces is found in the crystal of 2b-
H2 (Figure 1C); however, the resulting pattern is less dense
and produces no additional distortion of the aromatic core. As
a consequence, the latter structure is more highly solvated (2b-
H2·1.75C6H14·8.8CHCl3 vs 3b-H2·2.8C6H14·3.1CHCl3), sim-

Scheme 1. Donor−Acceptor Porphyrins with Mixed Ring
Fusion Patterns

Scheme 2. Synthesis of Mixed Donor−Acceptor
Porphyrinsa

aReagents and conditions: (a) pyridine, CH3CN/CHCl3 (1:1 v/v), 1
h; (b) HgO, HBF4, THF, 5 h; (c) (i) 6, NaBH4, THF/MeOH (3:1 v/
v), 2 h, (ii) 7 (4, for 3a-H2), p-TSA, CHCl3/MeOH (100:1 v/v), 1 h;
(iii) DDQ, 2 h; (d) Zn(OAc)2·2H2O, CHCl3/MeOH (3:1 v/v); (e)
HCl, reflux, 24 h; (f) 2,6-diisopropylaniline, acetic acid, 20 h, reflux.
Tol = p-tolyl, dipp = 2,6-diisopropylphenyl.
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ilarly to the previously reported structures of 1b-H2 and 1b-
Zn.16

Steady-state absorption spectra of the newly synthesized
tD2A2 and D3A porphyrins contain an intense Soret-like band
at ca. 600 nm and a series of Q bands extending into the near-
infrared (Figure 2 and Tables 1 and S1). Zinc complexes were
characterized in the presence of excess pyridine to suppress
aggregation previously observed for amide-bearing deriva-
tives.16 For the NDA systems, the difference between the
absorption profiles of tD2A2 and D3A-type chromophores (i.e.,
2a-M vs 3a-M) is relatively insignificant. In particular, the di-
NDA free base 2a-H2 shows a Soret band at 568 nm and three
Q bands at 639, 709, 778 nm, whereas, in mono-NDA
porphyrin 3a-H2, the Soret band is slightly blue-shifted to 559
nm, whereas the lowest-energy Q-band shows a red shift to
803 nm. In fact these spectra are similar to those of 1a-H2

16

and the corresponding D4 system,38 implying a relatively weak
interaction between the π system and the twisted dimethyla-
minocarbonyl substituents. In contrast, the optical properties
of 2b-M and 3b-M are significantly perturbed by the fusion of
NMI subunits. All systems show extended NIR bands, with the
absorption onset in each case approaching 1000 nm.
Interestingly, in spite of the smaller number of electron-

withdrawing NMI moieties, the band gaps of all these systems
are apparently reduced relative to that of 1b-M.16 This
observation is further confirmed by the positions of emission
maxima of the weakly fluorescent complexes 2b-Zn and 3b-Zn
(930 and 920 nm, respectively, Figures S7 and S8), which are
both red-shifted relative to 1b-Zn16 (893 nm). The mono-
NMI systems 3b-M have somewhat larger optical gaps than
their di-NMI analogues.
Interestingly, on going from 1b-M, through 2b-M, to 3b-M,

gradual reduction of molecular symmetry produces increas-
ingly broadened absorption in the visible (Soret-like) region of
the absorption spectrum, which is a beneficial characteristic for
potential light-harvesting applications. Moreover, symmetry
effects have an influence on excited-state population dynamics
of 2b-Zn and 3b-Zn, which were investigated using femto-
second transient absorption spectroscopy. Upon photo-
excitation, 2b-Zn and 3b-Zn showed singlet state lifetimes of

Figure 1.Molecular structures and packing diagrams of 2b-H2 (A and
C) and 3b-H2 (B and D) obtained in X-ray crystallographic analyses.
C-bound hydrogen atoms (A and B) and solvent molecules (A−D)
are omitted for clarity. Interplanar angles (A and B) were calculated
between C10 planes of naphthalene (naph) and naphthalenemonoi-
mide (NMI) subunits.

Figure 2. Electronic absorption spectra of 2a-M, 2b-M, 3a-M, and 3b-
M (5 μM concentration; M = 2H in dichloromethane, M = Zn in
toluene + 1% pyridine).

Table 1. Photophysical and Electrochemical Properties of
Compounds 2a-M, 2b-M, 3a-M, and 3b-M (M = 2H, Zn)a,b

Species
Q1 (Soret)
[nm]b

λmax
em

[nm]c
Eox1
[V]d

Ered1
[V]d

ΔE
[V]d

2a-H2 778 (568) 837 0.26 −1.34 1.60
2b-H2 823 (590) 956 0.36 −1.08 1.44
3a-H2 803 (559) 833 0.25 −1.36 1.61
3b-H2 834 (590) 950 0.30 −1.14 1.44
1a-Zn 775 (583) 806 0.22 −1.42 1.64
1b-Zn 838 (632) 893 0.34 −1.00 1.34
2a-Zn 780 (579) 810 0.08 −1.63 1.71
2b-Zn 864 (614) 930 0.24 −1.19 1.43
3a-Zn 768 (577) 815 0.11 −1.64 1.75
3b-Zn 852 (613) 920 0.18 −1.22 1.40

aData in dichloromethane. For additional data, see the Supporting
Information. bMaximum absorption for the lowest-energy Q-band
and for the most intense Soret band. Data for the previously
reported16 1a-Zn and 1b-Zn are provided for comparison.
cFluorescence emission maximum. dFirst oxidation and reduction
potentials (relative to Fc/Fc+) and the electrochemical band gap.
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460 and 230 ps followed by infinite residues contributed by the
intersystem crossing processes to the triplet state (Figures S9
and S10). Thus, the excited singlet states of 2b-Zn and 3b-Zn
are quenched 4 to 6 times faster than observed for 1b-Zn,28

indicating a faster deactivation of the excited singlet state in the
asymmetrical structures.
In dichloromethane or THF solutions, 2b-M and 3b-M (M

= 2H, Zn) showed up to two chemically reversible oxidations,
followed by additional nonreversible events at higher potentials
(Tables 1 and S2 and Figures S12 and S13). The monoimides
(3b-M) are easier to oxidize and more difficult to reduce than
the diimides (2b-M), in line with the more electron-deficient
character of the latter derivatives. Interestingly, however,
electrochemical band gaps of corresponding mono- and
diimide species are nearly identical. Similarly to their tetra-
NMI congeners,16 the imide-fused systems show multiple
reduction events at relatively high potentials. NDA-fused
analogues 2a-M and 3a-M showed qualitatively similar
electrochemical behavior, with larger band gaps than their
NMI analogues.
Kohn−Sham molecular orbitals (MOs), calculated for NMI-

fused systems 1b′-M, 2b′-M, and 3b′-M and their imide-free
parent 8b′-M (M = 2H, Zn; Figure 3), show progressive
lowering of occupied and virtual energy levels when the

number of NMI units is increased. Mono-NMI systems 3b′-M
have significantly smaller electronic band gaps than their 8b′-
M counterparts (by 0.2−0.25 eV). Remarkably, the band gaps
of 2b′-M and 1b′-M do not decrease uniformly with the
increasing number of NMI groups. Instead, they vary over a
relatively small range of energies and, in fact, the smallest gaps
are predicted for the di-NMI systems 2b′-M rather than for
1b′-M. meso-Tol substituents are predicted to produce a
further small decrease of the optical band gap relative to meso-
Ph systems (Table S4), explaining why 2b-M and 3b-M have
smaller optical gaps than the Ph-substituted 1b-M. Absorption
spectra simulated for the fully substituted 2b-Zn and 3b-Zn
using time-dependent DFT are consistent with experimental
data, reproducing positions of Q and Soret bands (Figure 3).
The porphyrin−ryleneimide hybrids described herein reveal

nontrivial relationships between the electronic properties of
the π system and the placement of fused acceptor units around
the porphyrin core. The electron-deficient character of these
molecules is gradually enhanced with the increasing number of
acceptors; however, the electronic band gap is significantly
reduced only by introduction of the first NMI unit, but it is just
moderately affected when further NMI moieties are added.
Interestingly, the smallest gap is observed for the tD2A2
porphyrin, which is highly attractive as an NIR-absorbing,
intrinsically curved analogue of perylenediimide. In subsequent
work, we plan to employ this new chromophore and its
monoimide congener as components in supramolecular and
covalently linked energy- and charge-transfer systems.
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Chmielewski, P. J.; Stępien,́ M. An Electron-Deficient Azacoronene
Obtained by Radial π Extension. Angew. Chem., Int. Ed. 2016, 55 (47),
14658−14662.
(18) Navakouski, M.; Zhylitskaya, H.; Chmielewski, P. J.; Lis, T.;
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