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5,15-Dialkyl-10,20-diaryl-5,15-diazaporphyrins and Diversification

of their N-Alkyl Groups

Mai Mutoh,” Keisuke Sudoh,”™ Ko Furukawa,' Mao Minoura,” Haruyuki Nakano,* and

Yoshihiro Matano*™

Abstract: Nickel(ll) and copper(ll) complexes of redox-
switchable 207w, 197, and 18z 5,15-dialkyl-10,20-diaryl-5,15-
diazaporphyrins were prepared through a metal-templated
cyclization method. Furthermore, the terminal silyloxy
groups in the peripheral N-alkyl chains were transformed
into hydroxy groups by deprotection. It is worth noting that
redox reactions between the 197 and 18w systems bearing
hydroxy groups caused a change in the water solubility of
the diazaporphyrin chromophore. j

Porphyrins are known as redox-switchable photosensitizers
with large absorption coefficients in the visible region and have
been applied in many fields such as photovoltaics, sensors,
light-emitting diodes, etc."” However, reduced forms of por-
phyrins (197t and 20; porphyrins) are extremely air-sensitive,
and this property has made it difficult to extensively study the
correlation between the redox processes and optical/magnetic
properties.”"! Recently, we proposed a new approach, replace-
ment of meso-methine units with nitrene (RN) units, to provide
air-stability to reduced forms of a porphyrin ring, and reported
the first examples of redox-switchable 20w, 197, and 18z
5,10,15,20-tetraaryl-5,15-diazaporphyrinoids (5,15-Ar,DAPs), PO,
P1, and P2 (Scheme 1),"¥ and related compounds.">'® As the
unshared electron pairs in the p orbitals of two meso-nitrogen
atoms can be used for resonance, the reduced forms PO and P1
(neutral 20t and cationic 197 derivatives) are considerably
stabilized compared with those of isoelectronic porphyrin
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counterparts (dianionic 20w and anionic 19w derivatives,
respectively). Furthermore, 5,15-Ar,DAPs undergo stepwise
redox reactions between 18w and 20w oxidation states, and can
reversibly change their color. From a structural point of view,
P2 is recognized as a hybrid of diazaporphyrin and N,N-
diarylviologen. It is known that N-substituents of viologen
directly affect the redox and physiological properties as well as
the solubility of the entire molecule"” This means that
modification of the N-substituents is a reliable strategy for the
development of viologen-based electrochromic materials. With
this in mind, we designed a new hybrid dye, 5,15-dialkyl-10,20-
diaryl-5,15-diazaporphyrin (5,15-R,DAPs; R = alkyl groups)
having hydrophobic or hydrophilic alkyl chains on the meso-
nitrogen atoms of the diazaporphyrin chromophore.

Herein, we report the first synthesis of nickel(ll) and copper
(I complexes of 5,15-R,DAP using metal-templated cyclization
and redox reactions. The color of 5,15-R,DAP varied widely
depending on the oxidation states, while the hydrophilicity was
controlled by diversification of the N-alkyl groups.

Initially, we prepared nickel(ll) and copper(ll) complexes of
5,15-R,DAP (Scheme 2). Treatment of nickel(ll) acetate with 1-
(butylamino)-9-chloro-5-mesityldipyrrin  1a (mesityl = 2,4,6-
trimethylphenyl) in the presence of triethylamine at room
temperature afforded the nickel(ll)-bis(dipyrrin) complex 2a.
Heating a mixture of 2a and sodium tert-butoxide (NaOt-Bu) in
refluxing toluene gave the nickel(ll) complex of 20x 5,15-

1
R2 P2

Previous Work: 5,15-Ar,DAP (R2 = aryl; P0, P1, P2)
This Work: 5,15-R,DAP (R2 = alkyl)

Scheme 1. Redox reactions of meso-N-substituted 5,15-diazaporphyrins.
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Bu,DAP 3Ni-a as a sole product. Oxidation of 3Ni-a with silver(l)
hexafluorophosphate (AgPF;) in CH,Cl, quantitatively produced
the 19x radical cation 4Ni-a or 18m dication 5Ni-a, depending
on the amount of the oxidant used. Alternatively, 4Ni-a could
be prepared by the comproportionation reaction between
equimolar amounts of 3Ni-a and 5Ni-a. It is noteworthy that
the 19m radical cation 4Ni-a was isolated as an air-stable solid
and did not decompose at all during chromatographic separa-
tion on a silica-gel column. The other two 5,15-R,DAPs, 3Ni-a
and 5Ni-a, were isolated by recrystallization. Similarly, the nickel
(Il complexes of 5,15-(TBSOCH,CH,CH,),DAP (TBS = tert-
butyldimethylsilyl) 3Ni-b and 4Ni-b were prepared from nickel
(IN-bis(dipyrrin) complex 2b, which was readily available from
1b. When 1a was treated with an equimolar amount of copper
(I) acetate, the 197 radical cation 4Cu-a was obtained
quantitatively after exchange of the counter anion. It is
probable that an initially formed copper(ll)-bis(dipyrrin) com-
plex readily underwent the copper-promoted cyclization-oxida-
tion reactions to directly afford the 19w derivative, as previously
reported for the preparation of P1 (M = Cu). This type of one-
pot synthesis was also effective for obtaining 4Cu-b from 1b.

The newly prepared 5,15-R,DAPs were characterized by
high-resolution electrospray ionization (ESI) mass spectrometry
and 'H NMR spectroscopy. The 'H NMR spectra of 3Ni-a,b in
C¢Dg showed their S-pyrrolic and N-CH, protons in the relatively
upfield region (0 = 4.15-5.19 and 1.89-2.21 ppm, respectively),
which reflected the paratropic ring-current in their porphyrin
rings (Figures 1a and S1 in the Supporting Information, Sl); the
20m-electron circuits of 3Ni-a,b were anti-aromatic in character.
The shielding effects observed for the 5-pyrrolic protons of 3Ni-
a,b were rather small compared with those observed for P1 (M
= Ni, R = p-MeOC¢H,), in which the peripheral protons at the
3,7,13,17 positions experienced additional shielding derived
from the diatropic ring-current in the neighboring aryl rings at
the 5 and 15 positions. By contrast, 5Ni-a showed the 'H NMR
peaks that reflected the diatropic ring-current in the porphyrin
ring (Figure S10 in the SI); the 18m-electron circuit of 5Ni-a was
aromatic in character. Electron paramagnetic resonance (EPR)
spectroscopy of 4Ni-a showed a signal at g = 1.9927 with
hyperfine structures (Figure 1b). The experimentally determined
hyperfine coupling constants (Ay; X = "N, 'H) reflected high
spin densities at the two meso-nitrogen and four [-pyrrolic
hydrogen atoms, as predicted by density functional theory
(DFT) calculation on the 191 model compound, 4Ni-m (in
Scheme 1, without PF).

The crystal structure of 4Ni-a was unambiguously eluci-
dated by X-ray diffraction analysis at the SPring-8 synchrotron
facilities. As shown in Figure 2 and Figure S2 in the SI, 4Ni-a
had a ruffled DAP m-plane with a root-mean-square deviation
(Adgys) of 0.225 A, which was considerably larger than the
Adgys value of P1 (M = Ni, R? = p-t-BuCH,; 0.044 A). This
probably arose from the steric repulsion between the -pyrrolic
hydrogen atoms and N-CH, groups. The structural feature of
4Ni-a resembled that of 191 model 4Ni-m. The relatively short
C1/C2-N2 and C4/C5-N5 bond lengths (average value =
1.358 A) indicated that the unshared electron pairs in the p
orbitals of the meso-N atoms were conjugated with the -
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Scheme 2. Synthesis of nickel(ll) and copper(ll) complexes of 5,15-dialkyl-
10,20-dimesityl-5,15-diazaporphyrins.

orbitals in the adjacent a-pyrrolic carbon atoms. The average
Ni-N bond length of pseudo square planar 4Ni-a (1.918 A) was
appreciably longer than that of octahedral P1 (M = Ni, R* = t-
BuCgH,; 1.986 A), which should reflect their different coordina-
tion environments.

The redox potentials of 4Ni-a and 4Cu-a in CH,Cl, were
measured by using cyclic voltammetry with Bu,NPF; as a
supporting electrolyte (Table 1). As shown in Figure 3a, 4Ni-a
exhibited two reversible redox processes at E,, = —0.60 and
+0.07 V vs. ferrocene/ferrocenium (Fc/Fc™), which were attrib-
uted to 207t/197 and 197t/18w redox reactions, respectively. The
half-wave potentials of 5,15-Bu,DAP were slightly shifted to the
positive side compared with those of 5,15-Ar,DAP P1 (M = Ni,
R’ = Ph; E;;, = —0.59 and +0.10 V vs. Fc/Fc™), which suggested
that replacing the N-substituents from phenyl to n-butyl groups
slightly changed the energy levels of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the diazaporphyrin ring. The experimentally
observed results were basically supported by the theoretically
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Figure 1. a) 'H NMR spectrum (6 7.0-0.5 ppm) of 3Ni-a in C¢Ds. Asterisks
indicate the residual solvents. b) EPR spectra of 4Ni-a: observed in CH,Cl, at
298 K (upper) and simulated (lower). c) Spin density distribution at the
optimized structure (upper) and spin densities at the DAP ring (lower) of
4Ni-m; calculated by the DFT method with the solvent effect (PCM, CH,CI,).

Adgus = 0.225 A

Figure 2. a) ORTEP diagram (50% probability ellipsoids) of 4Ni-a (CCDC-
1886906). Hydrogen atoms, counter PF¢~ ion, and solvent molecules are
omitted for clarity. Adgys = root mean square deviation of the 24 C/N atoms
from the mean diazaporphyrin m-plane. b) Bond lengths (&) except the
standard deviations (0.002-0.005 A) are shown in red.

calculated results for their models, 3Ni-m and 5Ni-m (Figure S3
in the SI); the HOMO of 3Ni-m (E = —4.44 eV) and the LUMO of
5Ni-m (E = —5.21¢eV) were stabilized compared with the
corresponding orbitals of PO-m (E = —4.26 eV) and P2-m (E =
—5.16 eV), respectively, (M = Ni, R' = R* = Ph) at the same level
of theory. The relatively large stabilization of the HOMO level of
3Ni-m may reflect its significantly distorted diazaporphyrin ring
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Table 1. Optical and redox properties of 5,15-R,DAP.”!

Compd Amax (l0g €) E"

3Ni-a 443 (4.78), 542 (4.73) -
3Ni-b 442 (4.82), 541 (4.76) -
4Ni-a 316 (4.55), 386 (4.60), 445 (4.72), 866 (4.33) —0.60, +0.07
4Ni-b 318 (4.48), 386 (4.63), 444 (4.75), 866 (4.34) —0.62, +0.07
5Ni-a 339, 395, 636 -
4Cu-a 321 (4.46), 387 (4.66), 443 (4.73), 868 (4.43) —0.63, +0.06
4Cu-b 319 (4.46), 388 (4.70), 443 (4.79), 869 (4.50) —0.63, +0.06
6Cu 318 (4.48), 388 (4.70), 443 (4.79), 869 (4.51) —0.63, +0.04
7Cu 344 (4.33), 393 (4.71), 635 (4.68) 9 -

[a] Measured in CH,Cl, unless otherwise noted. [b] Half-wave potentials for
207t/197t and 197t/187 processes vs. ferrocene/ferrocenium couple (with

Bu,NPF). [c] Extinction coefficients were not determined. [d] 4,,,, = 384,
630 nm in H,0.
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Figure 3. a) Cyclic voltammograms of 4Ni-a and 4Cu-a in CH,Cl, with
Bu,NPFg: E vs. ferrocene/ferrocenium. b) Normalized UV/Vis/NIR absorption
spectra of 3Ni-a, 4Ni-a, and 5Ni-a in CH,Cl,.

at the optimized structure; the meso-N and meso-C atoms
deviated from the mean m-plane by 0.62-0.81 A. Changing the
central metal from Ni to Cu did not significantly impact the
redox potentials. The E;,, values of 4Ni-b and 4Cu-b were
almost the same as those of 4Ni-a and 4Cu-a, respectively
(Figure S4 in the SI).

The optical properties of 5,15-R,DAP in CH,Cl, were
investigated by ultraviolet-visible-near infrared (UV/vis/NIR)
absorption spectroscopy (Table 1 and Figures 3b and S5 in the
Sl). As shown in Figure 3b, 3Ni-a, 4Ni-a, and 5Ni-a exhibited
intense absorption bands with different absorption maxima
(Amax), Which were close to the values reported for the
corresponding counterparts, PO, P1, and P2, respectively. The
lower-energy bands of 3Ni-a (A, = 542 nm), 4Ni-a (A, =
866 nm), and 5Ni-a (1,,, = 636 nm) were assigned to the
HOMO-to-LUMO + 1, HOMO — 1-to-SOMO, and HOMO-to-LUMO
electronic transitions, respectively, based on the results of the
time-dependent DFT calculations (Table S3 in the SI). The
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Scheme 3. Synthesis of 6Cu and 7Cu.

longest absorption maximum of 5Ni-a was significantly red-
shifted compared with that of nickel(ll) complex of 10,20-
dimesityl-5,15-diazaporphyrin,"® which indicated that introduc-
ing a viologen-like structure improved the light-harvesting
ability of the diazaporphyrin chromophore in the long-wave-
length visible region. The copper(ll) complexes also showed the
characteristic absorption spectra (Figures S5b,c in the SI). The
terminal functional groups of the N-alky chains had negligible
effects on the 4, values.

Finally, we conducted deprotection of the O-silyl groups in
the N-alkyl chains of 4Cu-b by treatment with Bu,NF, which
afforded 197t 5,15-bis(3-hydroxypropyl)DAP 6Cu (Scheme 3).
Furthermore, oxidation of 6Cu with AgPF; afforded the 18xn
dication 7Cu. Although 6Cu did not dissolve in water, 7Cu was
slightly soluble in water. This indicated that the increase in the
charge from +1 to +2 improved the hydrophilic character of
the diazaporphyrin chromophore. The absorption maximum of
7Cu in H,0 was blue-shifted compared with that in CH,Cl,,
and adding excess chloride ion increased its absorbance
(Figure S5d in the SI). These results implied that the counter
anion also played an important role in producing the water
solubility.

In summary, we have established a convenient method for
the synthesis of metal(ll) complexes of 5,15-dialkyl-10,20-
diaryl-5,15-diazaporphyrin, which have primary alkyl groups
on the two meso-N atoms. The 20z, 197, and 18w oxidation
states were generated reversibly by chemical and electro-
chemical redox reactions. Remarkably, the 197 radical cations
were extremely stable in air and on a silica-gel column.
Furthermore, chemical modification of the N-alkyl groups
significantly changed the hydrophilic character of the entire
diazaporphyrin chromophore. The present study provides
valuable information regarding the construction of viologen-
like diazaporphyrins with remarkable electrochromic behavior
in a wide range of the UV/vis/NIR region and with water
solubility. The primary hydroxy groups incorporated in the N-
alkyl chains could be converted to various functional groups,
which were, therefore, useful for the development of diazapor-
phyrin-containing materials. Further studies on the interdisci-
plinary area of porphyrin and viologen are now in progress.
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