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Abstract: Di-peri-dinaphthoporphyrins can be regarded as
a key and common substructure of fused porphyrinoids. PtCl2-
mediated cycloisomerization reaction of quinodimethane-type
porphyrins provided these doubly fused porphyrins, which
exhibit characteristic paratropic ring currents that presumably
arise from 24p antiaromatic circuit as a dominant resonance
contributor. UV/Vis absorption spectra, cyclic voltammetry,
and excited-state dynamics as well as theoretical calculation
support this conclusion.

In recent years fused porphyrinoids have attracted much
attention because of their promising properties as NIR-
absorbing and emitting dyes, pigments of photodynamic
therapy, non-linear optical materials, and electron conducting
materials.[1] Among these, meso–meso, b–b, b–b triply-linked
porphyrin arrays (porphyrin tape 1, Figure 1) possess a unique
position in light of their remarkable bathochromic absorption
shifts reaching the infrared region that arise from the effective
electronic delocalization over the entire molecule.[2] Various
porphyrins fused with other aromatic segments such as
anthracene-fused porphyrin 2 and BODIPY-fused porphyrin
3 have been also explored.[3] In these examples, the aromatic
characters of the porphyrin segments are mitigated due to the
electron delocalization into the fused segments. As notable
examples, Wu et al. reported fused quinonoidal porphyrin 4
which exhibits a nonaromatic nature intrinsic to the quino-
noidal conjugation as a result of acquiring stabilization due to
four ClarÏs sextet benzenes.[4,5] They also synthesized phenar-
enyl-fused porphyrin 5 that was an open-shell biradical and
was easily oxidized by air to form oxygenated derivatives.[6] In
these cases, two or more aromatic units are linked by triple
C¢C bonds, giving rise to formal naphthalene segments
directly attached on the porphyrin peripheries (as emphasized
in the structure of 1). Thus, we naturally became interested in
the common interior core, namely di-peri-dinaphthopor-
phyrin, whose nomenclature derives from analogy to hexa-
peri-hexabenzocoronene. Intriguingly, the conjugation circuit

of this unique fused porphyrin cannot be simply delineated as
the usual porphyrin 18p circuit. As shown in Figure 1b,
resonance form A represents a closed-shell 24p-antiaromatic
circuit together with two ClarÏs sextet benzenes and reso-
nance form B is delineated as a biradical with a 18p-aromatic
porphyrin network. These two forms may be competitive to
determine the actual electronic state. Herein we report the
synthesis of peri-naphtho-fused porphyrin 10 and its elec-
tronic properties.

First, 5,15-dioxoporphodimethene 6H[4, 7] was transformed
to tetrabromide 7H by Corey–Fuchs reaction with
tetrabromomethane in the presence of triphenylphosphine,
which was then metalated with NiII(acac)2 to give NiII

complex 7Ni (Scheme 1). Quinodimethane-type porphyrin
8Ni was synthesized by Stille coupling of 7Ni with 8 equiv of
tributyl(phenylethynyl)tin in 59 % yield. Reaction of 8Ni with
0.6 equiv of PtCl2 afforded a 2-fold cyclization product 9Ni in
21% yield.[8, 9] When the reaction was conducted with 2 equiv
of PtCl2 in toluene at 90 88C, the formation of a 4-fold
cyclization product 10Ni was observed in a small amount
along with many side products. We could not isolate 10Ni in

Figure 1. a) Porphyrin tape 1, hexa-peri-hexabenzocoronene, and prece-
dent fused porphyrinoids 2–5. b) Resonance structures of di-peri-
dinaphthoporphyrin between A (closed-shell: 24p antiaromatic circuit
with two Clar’s sextets) and B (biradical: 18p aromatic circuit).
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a pure form from this reaction mixture. After screening of
various platinum salts, we found that use of 8 equiv of
Pt(MeCN)2Cl2 resulted in a cleaner reaction that allowed for
the isolation of 10Ni in 11 % yield. The structures of 8Ni, 9Ni,
and 10Ni were confirmed by X-ray diffraction analysis
(Figure 2).[10] Compounds 8Ni and 9Ni show gable-like bent
structures with mean-plane deviation (MPD) values of 0.49
and 0.32 è, respectively.[11] These bent structures are consid-

ered to arise from the steric repulsion between the b-protons
and phenylethynyl groups. In contrast, the structure of 10Ni
has been shown to be quite planar with an MPD value of only
0.050 è. The C=C double bond length of the exo methylene
group is 1.38 è in 8Ni, indicating its typical double bond
character, while those of 9Ni and 10Ni are both 1.41 è,
respectively. The newly formed benzene rings of 9Ni and 10Ni
do not display significant bond-length alterations and the
HOMA values of these benzene rings are calculated to be 0.71
and 0.83, respectively.[12] Interestingly, among several possible
2-fold cyclized products, only 9Ni was selectively formed
probably due to structural restriction or electronic reason in
the preformed 1-fold cyclized product (See Figure S8-3 in the
Supporting Information, SI).

The 1H NMR spectrum of 8Ni showed two doublets at
7.35 and 6.67 ppm due to the b-protons, and that of 9Ni
exhibited three signals due to the b-protons at 8.16, 7.34, and
7.20 ppm and a singlet at 6.92 ppm due to the peri-benzene
protons (SI). These chemical shifts are consistent with their
nonaromatic characters as confirmed by comparison with the
1H NMR spectrum of aromatic 11Ni. On the other hand,
1H NMR spectrum of 10Ni showed two singlets at 5.64 and
5.23 ppm due to the b-protons and naphthalene protons,
respectively, which are certainly upfield shifted as compared
with those of 8Ni and 9Ni, indicating a distinct paratropic ring
current.

In the next step, we attempted to obtain freebase 10H by
demetalation of 10Ni under various conditions, but failed to
find suitable reaction conditions. We thus decided to synthe-
size 10Zn as a precursor of 10H. ZnII complex 7Zn was
prepared by zincation of 7H and was converted to 8Zn by
Stille coupling. Cyclization of 8Zn was conducted under
similar conditions used for the synthesis of 10Ni, giving 10Zn
in 3% yield.[13] Treatment of 10Zn with aqueous HCl gave
10H in good yield. The 1H NMR spectrum of 10H showed
a signal at 18.42 ppm due to the inner NH protons, and two
singlets at 6.05 and 5.94 ppm due to the b-protons and
naphthalene protons, respectively, indicating its distinct para-
tropic ring-current effect. Fortunately, single crystals were
obtained from a solution of 10H in THF and methanol
(Figure 3a).[10] Similarly to 10Ni, freebase 10H displays
a planar structure with an MPD value of 0.050 è. The
HOMA values of four benzene rings fused on the peri-region
are 0.76 and 0.63, indicating slightly clearer bond-length
alternation. The 1H NMR signals of its outer-protons (6.05
and 5.94 ppm) are slightly downfield shifted as compared with
those of 10Ni and 10Zn probably due to a weaker paratropic
ring-current effect. The antiaromatic natures of 10H, 10Zn
and 10Ni are evaluated by nucleus-independent chemical
shift (NICS) and anisotropy of induced current density
(AICD) calculations (Figures 2 and S8-4–6 in SI).[14, 15] The
calculated NICS values of 10H, 10Zn, and 10Ni are all
positive inside the tetrapyrrole macrocycles, and the NICS
value at the center of 10H is + 7.75 ppm. These positive NICS
values indicate the antiaromatic characters of 10H, 10Zn and
10Ni. The AICD plot of 10H shows a counter-clockwise
current flow that involves peri-benzene regions. Thus, the
observed paratropic ring current can be ascribed to 24p

antiaromatic circuit with the aid of the ClarÏs sextet effect.[16]

Scheme 1. Synthesis of di-peri-dinaphthoporphyrins 10M. Reagents and
conditions; a) CBr4, PPh3, toluene, 80 88C, 12 h, 75%; b) M =Ni: Ni-
(acac)2, toluene, reflux, 3 h, 91 %, M =Zn: Zn(OAc)2·2H2O, CH2Cl2,
MeOH, RT, 1 h, 91%; c) tributyl(phenylethynyl)tin, Pd2(dba)3, P(2-
furyl)3, toluene, 80 88C, 1 h, 59% (M= Ni), 38% (M=Zn). Ar = 3,5-di-
tert-butylphenyl.

Figure 2. X-ray crystal structures of a) 8Ni, b) 9Ni, and c) 10Ni. tert-
Butyl groups, solvent molecules, and hydrogen atoms are omitted for
clarity. The thermal ellipsoids are scaled to the 50% probability.
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Despite the antiaromatic characters, 10Ni and 10Zn are stable
compounds and can be stored as solids without deterioration
under ambient conditions over several months.

The UV/Vis absorption spectra of 8Ni, 9Ni, 10Ni, and
11Ni in CH2Cl2 are shown in Figure 4a. NiII porphyrin 11Ni
exhibits a sharp Soret band at 401 nm and a weak Q band at
516 nm. Compared to 11Ni, compounds 8Ni and 9Ni display

weak, broad and ill-defined absorption spectra with low-
energy absorption bands at 734 and 790 nm, respectively,
indicating that their porphyrinic p-electron systems are
largely perturbed by peripheral groups. On the other hand,
10Ni exhibits a sharp Soret-like band at 522 nm and a red-
shifted band at 897 nm with very weak absorption tail
reaching to around 1300 nm. The similar spectral features
were observed for 10Zn and 10H (Figure 4 b). These weak
absorption tails refer to the presence of NIR dark states,
which is a characteristic feature of antiaromatic porphyr-
inoids.[17, 18]

Femtosecond transient absorption (TA) measurements
were carried out for 8Ni and 10Ni. (Figure S10). 8Ni exhibits
a double exponential decay profile (12 and 800 ps) without
fluorescence emission. This excited state dynamics of 8Ni can
be explained by NiII-centered (d,d) state of typical NiII

porphyrinoids, where the excited population undergoes
a rapid internal conversion (IC) process to the (d,d) state
and subsequent deactivation process to the ground state on
the order of hundreds ps.[19] On the other hand, the TA
absorbance of 10Ni decays rapidly with two time constants of
1.2 and 12 ps. The ultrafast relaxation dynamics can be
comprehended by the optically dark state, characteristic of
antiaromatic porphyrinoids.[16] Since the dark state acts as
a ladder in the deactivation process to the ground state, 10Ni
shows fast IC process to the dark state with t = 1.2 ps and
subsequent relaxation to the ground state with t = 12 ps. Two-
photon absorption (TPA) measurements were carried out for
8Ni and 10Ni by using an open-aperture Z-scan method in the
range of 1200–1900 nm, whereby one-photon absorption is
negligible. The TPA cross-section values are 190 GM for 8Ni
at 1400 nm, and 380 GM for 10Ni at 1800 nm, respectively
(Figures S11-1, S11-2). The observed larger TPAvalue of 10Ni
can be ascribed to the reduced HOMO–LUMO gap arising
from extended p-conjugation.[20]

Cyclic voltammetry and differential-pulse voltammetry
(DPV) experiments have been conducted in CH2Cl2 against
ferrocene/ferrocenium ion couple (Table 1). These experi-
ments exhibited two reduction potentials at ¢1.10 and
¢1.49 V for 8Ni and at ¢1.13 and ¢1.58 V for 9Ni, and one
oxidation potential at 0.32 V for 8Ni and at 0.34 V for 9Ni.
The electrochemical HOMO–LUMO gaps (DEHL) are deter-
mined to be 1.42 and 1.47 eV for 8Ni and 9Ni, respectively.
10Ni exhibited two reversible reduction waves at ¢0.92 and
¢1.48 V and three reversible oxidation waves at 0.31, 0.38,

Figure 3. a) X-ray crystal structure of 10H. tert-Butyl groups, solvent
molecules, and hydrogen atoms except for NHs are omitted for clarity.
The thermal ellipsoids are scaled to the 50 % probability. b) AICD plot
for 10H (isosurface value: 0.03). The NICS(0) values at the central
points of constitutional rings are also shown.

Figure 4. UV/Vis/NIR absorption spectra of a) 8Ni, 9Ni, 10Ni, and
11Ni, b) 10Ni, 10Zn, and 10H in CH2Cl2.

Table 1: Electrochemical properties of 8Ni, 9Ni, 10Ni, 10Zn, and 10H
measured in CH2Cl2.

[a]

Compd. Eox.3 Eox.2 Eox.1 Ered.1 Ered.2 DEHL
[c]

8Ni – – 0.32[b] ¢1.10 ¢1.49 1.42
9Ni – – 0.34[b] ¢1.13 ¢1.58 1.47
10Ni 0.80 0.38 0.31 ¢0.92 ¢1.48 1.23
10Zn – 0.70 0.29 ¢1.01 ¢1.53 1.30
10H – – 0.45 ¢0.95 ¢1.43 1.40

[a] Potentials [V] vs. ferrocene/ferrocenium ion. Scan rate 0.05 Vs¢1;
working electrode, glassy carbon; counter electrode, Pt wire; supporting
electrolyte, 0.1m nBu4NPF6 ; reference electrode, Ag/AgClO4. [b] Irrever-
sible peaks. [c] Electrochemical HOMO–LUMO gaps (DEHL =Eox.1¢Ered.1

[eV]).
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and 0.80 V. The first reduction potential of 10Ni is anodically
shifted from those of 8Ni and 9Ni and thus the electro-
chemical HOMO–LUMO gap of 10Ni is decreased (DEHL =

1.23 eV). The first oxidation potential of 10H is higher than
that of 10Ni, which leads to a larger DEHL value (1.40 eV).
These results are roughly consistent with those obtained by
DFT calculations (Figure S8-1). It is worthy to note that the
LUMO energy levels of 10M are lower than those of dimeric
porphyrin tapes,[2a–d] while the HOMO levels remain intact.
Indeed, addition of an equimolar amount of cobaltocene to
a solution of 10Ni in THF caused a clean change to its radical
anion with NIR absorption bands at 1137, 1194, and 1402 nm
via clear isosbectic points (Figure S9-2). The reduced species
was ESR active, displaying a sharp signal with g = 2.0026
(Figure S9-3). In addition, chemical oxidation of 10Ni pro-
ceeded in a stepwise manner upon treatment with tris(p-
bromophenyl)aminium hexachloroantimonate (Figure S9-1).
Such an ambipolar character of di-peri-dinaphthoporphyrin is
promising an application for multi-charge storage materials[2c]

and organic rechargeable batteries.[21]

In summary, we have synthesized di-peri-dinaphthopor-
phyrin 10M via PtCl2-mediated cycloisomerization reaction of
quinodimethane-type porphyrins. The 1H NMR, UV/Vis
absorption spectra, cyclic voltammetry, and theoretical cal-
culation of 10M supported the presence of 24p antiaromatic
contribution. The freebase 10H displayed a weak paratropic
ring-current effect. The observed smaller HOMO–LUMO
gaps of 10M arise from stabilized LUMO levels. These
characteristic properties provide an important clue to under-
stand the intrinsic physical properties of the fused porphyr-
inoids.
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RebouÅas, I. Spasojević, I. Batinić-Haberle, J. S. Lindsey, Bioorg.
Med. Chem. 2007, 15, 7066; b) N. L. Bill, M. Ishida, S. B�hring,
J. M. Lim, S. Lee, C. M. Davis, V. M. Lynch, K. A. Nielsen, J. O.
Jeppesen, K. Ohkubo, S. Fukuzumi, D. Kim, J. L. Sessler, J. Am.
Chem. Soc. 2013, 135, 10852.

[8] a) D. P. Arnold, R. G. Holmes, A. W. Johnson, A. R. P. Smith,
G. A. Williams, J. Chem. Soc. Perkin Trans. 1 1978, 1660;
b) M. G. H. Vicente, I. N. Rezzano, K. M. Smith, Tetrahedron
Lett. 1990, 31, 1365; c) M. G. H. Vicente, K. M. Smith, J. Org.
Chem. 1991, 56, 4407; d) A. R. Morgan, S. Gupta, Tetrahedron
Lett. 1994, 35, 5347.

[9] L. J. K. Boerner, D. F. Dye, T. Kçpke, J. M. Zaleski, Coord.
Chem. Rev. 2013, 257, 599.

[10] Crystallographic data for 8Ni ; C82H70N4Ni, 0.53(CH2Cl2); Mw =

1215.13 gmol¢1; monoclinic; P 2/n (No.13); a = 21.287(5), b =

11.687(2), c = 28.514(6) è; b = 111.753(5)88 ; V = 6589(2) è3 ; Z =

4; 1calcd = 1.225 gcm¢3 ; R1 = 0.1086 [I> 2s(I)]; wR2 = 0.3151 (all
data); GOF = 1.073; Crystallographic data for 9Ni ; C82H70N4Ni,
2(C6H5Cl); Mw = 1395.21 gmol¢1; triclinic; P�1 (No. 2); a =

14.9249(11), b = 15.6008(10), c = 16.9809(14) è; a = 73.799(18),
b = 75.88(2), g = 72.151(18)88 ; V = 3559.4(7) è3 ; Z = 2; 1calcd =

1.302 gcm¢3 ; R1 = 0.0704 [I> 2s(I)]; wR2 = 0.2153 (all data);
GOF = 1.011; Crystallographic data for 10Ni ; C82H68.57N4Ni,
2(C7H8), 0.35(CO); Mw = 1362.74 gmol¢1; monoclinic; P21/c
(No.14); a = 20.126(6), b = 18.285(5), c = 20.711(6) è; b =

101.835(9)88 ; V = 7460(4) è3 ; Z = 4; 1calcd = 1.213 gcm¢3 ; R1 =

0.0860 [I> 2s(I)]; wR2 = 0.2825 (all data); GOF = 1.004; Crys-
tallographic data for 10H ; C82H72N4Ni, (C4O); Mw =

1177.48 gmol¢1; monoclinic; C2/c (No.15); a = 25.625(7), b =

18.524(5), c = 14.530(4) è; b = 111.845(7)88 ; V= 6402(3) è3 ;
Z = 4; 1calcd = 1.222 gcm¢3 ; R1 = 0.0516 [I> 2s(I)]; wR2 =

0.1655 (all data); GOF = 1.040; CCDC 1451282, 1451281, and
1451280 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

[11] The mean-plane deviations of 8Ni, 9Ni and 10Ni were defined by
core 24 atoms of porphyrin unit.

[12] a) T. M. Krygowski, T. M. Cryański, Tetrahedron 1996, 52, 1713;
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