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ABSTRACT: Upon oxidation of 20m-electron antiaromatic 5,15-dioxaporphyrin (DOP) using
nitrosonium ions as oxidants, a tetrakis-B-nitrated compound was formed instead of the expected
18n-electron aromatic dication species via an oxidative nitration reaction mechanism. Compared with the
original DOP, this tetranitro DOP product exhibited a blue-shift of absorption and down-field shifts of the
B-pyrrolic proton signals. The unique antiaromatic electronic structure of the tetranitro DOP was

experimentally disclosed by electrochemistry and theoretically by DFT and NICS calculations.
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INTRODUCTION

Heteroatom-containing porphyrin analogues form an important class of porphyrinoid [1, 2] from the early stage of
the porphyrin chemistry because unique properties of porphyrin such as UV/vis absorption, redox, and metal
coordination properties can be diversified by the introduction of heteroatoms into the porphyrin skeleton [3]. Among
heteroatom-containing porphyrinoids, replacement of carbon atoms at the meso-positions with heteroatoms can cause
drastic changes of properties as represented by phthalocyanine as an azaporphyrinoid [4], which exhibits totally
different blue or green color compared to the red color of regular porphyrins [5]. In addition to the artificially-made
phthalocyanine for industrial applications, such meso-heteroatom-containing porphyrinoids play important roles in
biological processes. For example, during the heme catabolism, verdoheme, an iron complex of
meso-monooxaporphyrin, is initially formed and further oxidized into an open-chain biliverdin [6, 7].

Recently, our group revealed that the replacement of one more meso-carbon atom with an oxygen atom to form
5,15-dioxaporphyrin (DOP, 1) can convert the 18n-electron aromatic conjugated system of porphyrin into a stable
20m-electron antiaromatic conjugated system due to the insertion of lone-pair electrons of the oxygen atoms into the
porphyrinic n-system (Fig. 1) [8]. Heteroatom-substitution toward the creation of stable antiaromatic porphyrinoids has
also been proved to be effective independently by Matano and Shinokubo with 5,15-diaminoporphyrins bearing
saturated amino-nitrogen atoms at the face-to-face meso-positions [9-12]. Recently, Matano and our group reported that
15-amino-5-oxaporphyrin can also attain 20w antiaromaticity [13]. Furthermore, Matano et al. disclosed interconversion
between antiaromatic 20w neutral species, 197 radical cation, and aromatic 18m dication by stepwise oxidation and
reduction. In contrast to the facile interconversion of 5,15-diaminoporphyrin and 15-amino-5-oxaporphyrin to the
aromatic dication species, a f3,3-linked dimer was formed upon oxidation of DOP with AgPFs (Fig. 1) [8]. This unique
reactivity was ascribed to the large spin density distribution and less steric hindrance around the B-pyrrolic positions
adjacent to the meso-oxygen atoms. During our attempts to obtain an 18n dication species of DOP using various
oxidants, we noticed that the oxidation of DOP using nitrosonium hexafluoroantimonate (NOSbFs) as an oxidant
provided a different product, which was characterized as tetrakis-B-nitrated DOP (tetranitro DOP, 2) by high-resolution
mass spectrometry and single crystal X-ray diffraction analysis. This rather unexpected nitration proceeded via
oxidative nitration reaction mechanism, which was proposed for electron-rich arene molecules by Kochi et al. [14] We

report herein the the synthesis and optical and electrochemical properties of this unique tetranitro DOP.

EXPERIMENTAL

General procedure

Electronic absorption spectra were recorded on a JASCO V-770. Magnetic circular dichroism (MCD) spectra were
recorded on a JASCO J-1500 spectrodichrometer by applying parallel and antiparallel magnetic fields to the light
propagation with a 1.6 T permanent magnet (T = tesla). 'H NMR spectra were recorded on a JEOL ECX-500
spectrometers (operating at 495.13 MHz for 'H) using residual solvent as an internal reference for 'H (8u = 7.26 ppm
for CDCl3). High resolution mass spectrometry was performed on a JEOL LMS-HX-110 spectrometer (FAB mode with
3-nitrobenzyl alcohol (NBA) as a matrix). Thin-layer chromatography (TLC) was carried out on aluminum sheets
coated with silica gel 60 F2s4 (MERCK). Dry acetonitrile and CH2Cl> were purchased from KANTO CHEMICAL. All
other reagents and solvents were of commercial reagent grade and were used without further purification except where

noted.



Crystallographic data collection and structure refinement

Suitable crystals of 2 for X-ray diffraction analysis were obtained from the vapor diffusion of methanol into a THF
solution of 2. Data collection was carried out at —173 °C on a Rigaku Saturn724 diffractometer with MoKa radiation.
The structure was solved by a direct method (SHELXT) [15, 16] and refined using a full-matrix least squares technique
(SHELXL) [17]. CCDC-1934519 contains the supplementary crystallographic data for this paper. These data can be

obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Cyclic voltammetry

A cyclic voltammogram was recorded on a CH Instrument Model 620B (ALS) under an argon atmosphere in a
CH:Cl: solution with 0.1 M tetra-n-butylammonium hexafluorophosphate as a supporting electrolyte. Measurements
were made with a glassy carbon working electrode, an Ag/AgCl reference electrode, and a Pt wire counter electrode.
The concentration of the solution was fixed at 0.5 mM, and the sweep rate was set to 100 mV s'. The

ferrocenium/ferrocene (Fc'/Fc) couple was used as an internal standard.

DFT, TDDFT, and NICS calculations

Gaussian 16 [18] software package was used to carry out the density functional theory (DFT) and time-dependent
DFT (TDDFT) calculations using a B3LYP functional with a 6-31G(d) basis set, and Nucleus-Independent Chemical
Shift (NICS) calculations using a B3LYP functional with a SDD basis set for a nickel and a 6-311G(2d,p) basis set for
the rest. The anisotropy of the current-induced density (ACID) calculations were performed by employing the
continuous set of gauge transformations (CSGT) method to calculate the current densities at the level of B3LYP/SDD

for a nickel and 6-311G(2d,p) for the rest, and the results were plotted using POV-Ray 3.7 beta for Windows.

Synthesis

1 (42 mg, 69 pumol) in dry CH2Cl2 (8 mL) was stirred at room temperature under N2 atmosphere. Then an acetonitrile
solution (8 mL) of NOSbFs (40 mg, 0.15 mmol, 2.2 eq) was added. The resultant mixture was stirred for 10 min. After
removal of the solvent under vacuum by a rotary evaporator, the residue was reprecipitated from CHCIs and diethyl
ether to provide 2 as a dark green solid in 23% yield (13 mg, 16 umol).

HRMS (FAB): m/z 788.1121 (caled for C3sHasNgO10Ni, [M*] 788.1125); 'H NMR (495 MHz, CDCls, 297 K): 8u, ppm
6.96 (s, 4H, B-pyrrole), 6.85 (s, 4H, mesityl), 2.36 (s, 6H, mesityl), 2.12 (s, 12H, mesityl). UV/vis/NIR (CHCI3): Amax,
nm (&) 511 (64600), 436 (18800), 309 (7240).

RESULTS AND DISCUSSION

Tetranitro DOP 2 was obtained in 23% yield by oxidation of DOP 1 with nitrosonium hexafluoroantimonate
(NOSDbPF¢) in dry dichloromethane (Scheme 1). Recrystallization of the reaction mixture provided pure 2 as a dark
green solid. 2 was characterized by high-resolution mass spectrometry and single crystal X-ray diffraction analysis (Fig.
2) [19]. The crystal structure of 2 was determined as its axially methoxy adduct because crystals were grown from THF
and methanol. The nitro groups were substituted at the four B-positions adjacent to the meso-oxygen atoms. 2 possesses
a planar structure with small root-mean-square deviation (drwms) of 0.065 A, which is similar to that of 1 with pyridine
ligands at the axial positions (drms = 0.033). The nitro groups were only slightly tilted from the mean plane of the DOP
core by 3—7°. Apparent bond length alternation can be seen for the C—C bonds of the pyrrole rings (C1-C2: 1.426(3) A,
C2-C3: 1.374(3) A, C3-C4: 1.408(2) A, C6-C7: 1.412(3) A, C7-C8: 1.373(3) A, and C8-C9: 1.431(3) A), whereas



there is almost no bond length alternation in the pyrrole-bridging C—O bonds (C1-O1: 1.358(2) A and C9-02: 1.355(2)
A) and C—C bonds (C4-C5: 1.403(3) A and C5-C6: 1.399(3) A). This is indicative of effective m-conjugation of the
meso-oxygen atoms. The overall bond length alternation was quantified by the harmonic oscillator model of aromaticity
(HOMA) [20] value, which becomes close to 1 for aromatic molecules. Although the correlation between the
antiaromaticity and the HOMA values has not yet been clarified, the HOMA values of 1 and 2 (1: 0.72 [8], 2: 0.68) are
relatively high.

Despite the red-shift, the UV/vis/NIR absorption spectrum of 2 was broadly similar to that of 1 [8], exhibiting
intense bands at 511 and 436 nm with a shoulder at 480 nm and broad, structureless band in the NIR region (Fig. 3).
Corresponding to these intense bands, negative-to-positive Faraday B terms at 511 and 438 nm were observed in the
magnetic circular dichroism (MCD) spectrum. The observed absorption bands can be assigned based on Michl's
perimeter model for 4N-electron annulene systems, in which six frontier orbitals (A—, 4+, s—, s+, [, and [+) derived
from a symmetry perturbation of the degenerate HOMO, singly-occupied molecular orbital (SOMO), and LUMO of the
4N-electron perimeter are involved [21-23]. Corresponding molecular orbitals (MOs) were shown in Fig. 4. Compared
with 1, these MOs were significantly stabilized due to the electron-withdrawing nitro groups.

According to Michl's perimeter model, the main transitions of antiaromatic compounds consist of a weak S band,
less intense N bands, and intense P bands, which arise from transitions between the six frontier MOs. The S band
mainly comprising transitions between s— and s+ orbitals is forbidden because of its intrashell transition nature. In
contrast, pairs of the N and P bands (N1 and P and N2 and P) arise from the configurational interactions between s— —
[~ and h+ — s+ transitions and between s— — [+ and i— — s+ transitions, respectively. The main bands at 511 and 436
nm can be assigned as P1 and P2 bands, whereas the broad NIR absorption with forbidden nature is ascribed to the S
band. The time-dependent (TD)DFT calculation supported this band assignment (Table 1). The overall absorption
spectral profile of 2, therefore, reflects its antiaromatic electronic structure.

In the '"H NMR spectrum of 2, B-pyrrolic protons were resonated at 8u = 6.96 ppm, which is significantly down-field
shifted compared with those of 1 at du = 5.66 and 5.12 ppm. To obtain in-depth insight into the paratropic ring current
effect, the nucleous-independent chemical shift (NICS) values were calculated at positions designated in Fig. 5 [24].
Despite the positive NICS(1) values of & = 4.0 and 3.5 ppm estimated at the 2,4,6,8-positions, the smaller NICS(1)
values compared with those of 1 (6 = 7.7 and 6.7 ppm) have a good correlation with the observed down-field shifts of
the B-pyrrolic protion signals of 2. Meanwhile, the lager negative NICS(1) values of 6 = —5.3 ppm inside the pyrrole
rings than those of 1 (8 = —4.3 ppm) implied greater contribution of aromatic local ring current effects of the pyrrole
rings than the global antiaromatic ring current. Although further quantitative discussion is necessary, the anisotropy of
the current-induced density (ACID) plots of 1 and 2 imply attenuated antiaromaticity of 2 from that of 1 (Fig. 6) [25,
26].

In addition, introduction of the nitro groups gave an impact on the redox potentials (Fig. 7). In the cyclic
voltammogram, 2 exhibited pseudoreversible oxidation waves at 1.02 and 1.14 V vs. Fc¢'/Fc and reduction waves at
—0.89 and —1.09 V, which were significantly shifted to the positive potential direction from those of 1 (oxidation
potentials: 0.05 and 0.68 V and reduction potentials: —1.34 and —1.87 V) [8]. For all of the redox waves, the currents in
the backward scan were smaller than those in the forward scan. These electrochemical results indicate that the
electron-withdrawing nitro groups stabilize the HOMO and LUMO energy levels, but electrochemically-generated
species are rather unstable. The MO diagrams also supported the significant stabilization of the frontier molecular
orbitals derived from the 20n-antiaromatic conjugated system of DOP (Fig. 4).

Tetranitration reaction of 2 is thought to proceed via an oxidative nitration mechanism proposed for nitration of

arenes with nitrosonium ions by Kochi et al. [14] In the first step, oxidation of DOP by a nitrosonium ion (NO")



produces a radical cation of DOP and nitric oxide (NO). The produced NO is prone to be oxidized to NO2 in the
presence of air. Subsequent coupling of the radical cation of DOP and NO: leads to nitration of DOP. Since the spin
density of radical cation is localized on the B-positions adjacent to the meso-oxygen atoms according to our previous
study [8], nitration selectively occurs on these fB-positions. Despite the putative shifts of oxidation potentials to the
positive potential direction by nitration, only the tetranitrated product (2) was obtained. This can be explained in terms
of oxidation property of the nitrosonium ion, which is strong enough to oxidize partially nitrated DOP intermediates,

and increasing stability upon increment of the number of electron-withdrawing nitro groups.

CONCLUSION

In summary, tetranitro DOP 2 was unexpectedly obtained though the oxidative nitration reaction with nitrosonium
ion. This reaction mechanism was initially proposed for aromatic arene, but was observed for the first time for
antiaromatic compounds. Because of the inherently unstable electron configuration of antiaromatic compounds, the
nitration reaction is reasonably accelerated to provide the stable tetranitrated product. Despitet the down-field shift of
the B-pyrrolic proton signal and the small positive NICS(1) values, 2 retains a certain antiaromaticity, judging from the
similar UV/vis/NIR absorption spectral profile to that of 1, which can be characterized as a 4N-electron antiaromatic
system according to Michl's terminology.

Despite the expectation of antiaromatic compounds as functional materials in modern organic electronics, there has
been less knowledge about the properties and reactivities of antiaromatic compounds compared to aromatic compounds.
As evidenced by this work, heteroatom-introduction to the m-conjugated system of porphyrin is a highly potential
method to create stable antiaromatic compounds. Piling up of the knowledge of reactivities using DOP as a stable
antiaromatic platform and further synthetic investigation of other types of heteroatom-containing porphyrinoids will
open a new stage for antiaromatic compounds as functional materials. Investigation along these lines is intensively

being pursuit in our laboratory.
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Scheme 1. Synthesis of tetranitro DOP 2 from 1.

5,15-dioxaporphyrin (DOP) 5,15-diaminoporphyrin (X = N-R)
15-amino-5-oxaporphyrin (X = 0)

B,B-linked DOP dimer
Fig. 1. Structures of 5,15-dioxaporphyrin, 5,15-diaminoporphyrin, 15-amino-5-oxaporphyrin, and f,-linked DOP dimer.



Fig. 2. X-ray single crystal structure of 2, top view (top) and side view (bottom). The thermal ellipsoids are scaled to the 50%

probability level. meso-Mesityl-substituents are omitted for clarity in the side view.
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Fig. 3. UV/vis/NIR absorption (bottom) and MCD (top) spectra of 1 (aqua lines) and 2 (blue lines) in CHCls.



Mes
OZNWN%
N N=,

N/

(o] Ni o]
VRN
=N N A
O NN A A NO,

Mes 2

e

15.00 eV

11.84 eV

Fig. 4. Frontier molecular orbital diagram of 1 and 2 (B3LYP/ 6-31G(d)) and its 20m-electron [16]annulene perimeter

Energy'/ e

\VA

A
o
[

(B3LYP/6-31G(d)). Nodal lines are drawn with pale green lines.

Table 1. Selected transition energies of 2 calculated by the TDDFT method (B3LYP/6-31G(d)).

wavelength [nm] fe Major contribution (weight%) ?
669 0.0 H—L (96%), H-8—L+2 (3%)
381 0.81  H-5—L (75%), H=L+1 (15%), H—L+6 (5%)
365 0.14  H—L+3 (98%)
350 0.044 H-7—L+1 (97%)
310 0.049 H-13—L (23%), H—L+6 (69%), H-5—L (4%)
293 030 H-20—L (66%), H-14—L (23%), H-23—L (4%)

¢ Oscillator strength. » H and L represent HOMO and LUMO, respectively.
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Fig. 5. NICS(1) values of 2 at various positions designated in the structure. Values in the parenthesis are NICS(1) values of 1 at the

same positions.

Fig. 6. ACID plots of (a) 1 and (b) 2 (isovalue = 0.05).
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Fig. 7. Cyclic voltammogram of 2 in CH>Cl, containing 0.1 M tetra-n-butylammonium hexafluorophosphate at a scan rate of 100

mV s



