J. Porphyrins Phthal ocyanines Downloaded from www.worldscientific.com
by UNIVERSITY OF CALIFORNIA @ SAN DIEGO on 06/03/15. For persona use only.

Journal of Porphyrins and Phthalocyanines
J. Porphyrins Phthalocyanines 2015; 19: 1-11
DOI: 10.1142/S1088424615500509

Published at http://www.worldscinet.com/jpp/

Comparison of electronic effects of B-aryl substituents
on optical and electrochemical properties
of 5,15-diazaporphyrin n-systems

Satoshi Omomo?, Ko Furukawa®, Haruyuki Nakano® and Yoshihiro Matano*®

*Department of Fundamental Sciences, Graduate School of Science and Technology, Niigata University,
Nishi-ku, Niigata 950-2181, Japan

b Center for Instrumental Analysis, Institute for Research Promotion, Niigata University, Nishi-ku,
Niigata 950-2181, Japan

¢ Department of Chemistry, Graduate School of Sciences, Kyushu University, Fukuoka 812-8581, Japan
4 Department of Chemistry, Faculty of Science, Niigata University, Nishi-ku, Niigata 950-2181, Japan

Dedicated to Professor Nagao Kobayashi on the occasion of his 65th birthday

Received 20 February 2015
Accepted 8 March 2015

ABSTRACT: The syntheses and optical/electrochemical properties of 3-aryl-10,20-dimesityl-5,15-
diazaporphyrin-metal complexes (MDAPs; mesityl = 2,4,6-trimethylphenyl; M = Ni, Zn) are reported.
Treatment of 3-bromo-MDAPs with arylboronic acids in the presence of a Pd catalyst and a bulky
phosphine ligand in a dioxane-water mixed solvent afforded the corresponding 3-aryl-MDAPs in
moderate to good yields. X-ray crystallographic analysis of p-EtO,CC¢H,-NiDAP showed that the B-aryl
group was tilted toward the NiDAP ring, with a dihedral angle of 21.7°. In the UV-visible absorption
spectra, all the Ar-MDAPs showed intense Q-bands attributable to HOMO-to-LUMO transitions. The
para substituents were found to influence the HOMO energies, which eventually resulted in fine tuning
of the HOMO-LUMO gaps of the diazaporphyrin chromophores. It is worth noting that the p-Ph,NC¢H,-
ZnDAP showed broad absorption and emission bands in the visible-near-infrared regions. The large
Stokes shifts and their linear solvation energy relationships vs. orientation polarizability show that this
Ph,N-substituted derivative has intrinsically high charge transfer from the triphenylamine (donor) to the
ZnDAP (acceptor) unit. These experimental observations were supported by theoretical calculations for
model Ar-ZnDAP compounds. These results confirm that the introduction of a highly electron-donating
aryl group at the peripheral B-carbon is a promising strategy for enhancing the light-harvesting and light-
emitting abilities of diazaporphyrin-based m-systems in the visible-near-infrared regions.

KEYWORDS: diazaporphyrin, Suzuki—-Miyaura coupling, T-conjugation, charge-transfer interaction.

INTRODUCTION

Metal complexes of 5,15-diazaporphyrin have D,,
symmetry, and their highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals

intrinsic properties, diazaporphyrins show intense and
red-shifted Q-bands [3-6], and some derivatives have
been investigated as potential sensitizers for use in
photodynamic therapy [7], dye-sensitized solar cells [8],
optical oxygen-sensing [9], and artificial photosynthesis

(LUMOs) are nondegenerate [1, 2]. Because of these
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[10]. However, guidelines for the molecular design of
diazaporphyrin-based functional dyes that absorb both
visible and near-infrared (NIR) light have not been yet
established, because chemical functionalizations of
the peripheral carbons with m-conjugative groups have



J. Porphyrins Phthal ocyanines Downloaded from www.worldscientific.com
by UNIVERSITY OF CALIFORNIA @ SAN DIEGO on 06/03/15. For persona use only.

2

S. OMOMO ET AL.

not been studied in detail. Recently, Shinokubo et al.
[11] and our group [12] independently reported the
first synthesis of B-unsubstituted 10,20-dimesityl-5,15-
diazaporphyrin-metal complexes (MDAPs; mesityl =
2,4,6-trimethylphenyl; M = Ni, Cu) 1M (Chart 1), using
metal-templated cyclizations of dichloro- or dibromo-
dipyrrin-metal complexes with NaN; or CuN; [13]. We
also established synthetic routes to other -unsubstituted
MDAPs 1M (M = Zn, Pb, Pd, Pt) and used 1Ni, 1Cu,
and 1Zn as starting materials for [B-functionalized
MDAP derivatives [12, 14]. Our strategy for the peri-
pheral functionalizations of MDAPs is based on cross-
coupling reactions of 3-bromo-MDAPs 2M (Br-MDAPs;
M = Ni, Cu, Zn, Chart 1), which are readily obtained
by regioselective bromination of 1M with N-bromo-
succinimide (NBS) [8, 12]. For example, covalently linked
MDAP dimers (Chart 1, right) [15, 16], covalently linked
porphyrin-ZnDAP hetero dimers [17], and arylethynyl-
ZnDAP [8] were successfully prepared from 2M (M =
Ni, Cu, Zn) using Pd-catalyzed cross- or homo-coupling
reactions. These [-functionalized MDAP derivatives
show effective m-conjugation between the MDAP rings
and the B-substituents. For example, pyrrole-bridged
MDAP dimers (M = Ni, Cu) show broad and intense
charge-transfer (CT) bands in the range 600-880 nm
in CH,Cl, [16]. The electronic and steric properties of
the meso nitrogen atoms clearly play important roles in
producing these characteristic optical and electrochemical
properties. Recently, Shinokubo ef al. also used 1Ni and
2Ni to synthesize 3-alkyl-, 3-phenyl-, and 3-(2-pyridyl)-
NiDAPs [18, 19]. 3-(2-Pyridyl)-NiDAP acts as an
external N,N-chelating ligand for Pt", Ru", and Re' ions.
To the best of our knowledge, however, the number
of peripherally functionalized diazaporphyrins is still
limited, and the structure-property relationships between
the B-aryl substituents and diazaporphyrin 7-systems have
not been systematically studied. Here we report the first
comparative study of a series of 3-aryl-MDAPs 3 and 4
(Ar-MDAPs; Chart 1), which were obtained by Suzuki—
Miyaura cross-coupling reactions of 2M (M = Ni, Zn)
with arylboronic acids. The electronic effects of the B-aryl
substituents on the optical and electrochemical properties
of the entire MDAP mt-systems of 3 and 4 are discussed on
the basis of experimental and theoretical results.

RESULTS AND DISCUSSION

First, we explored a new protocol for the peripheral
functionalization of MDAP rings using Suzuki—-Miyaura
cross-coupling reactions of 2M with arylboronic acids
(Scheme 1). Br-NiDAP 2Ni, prepared from INi and
NBS according to the reported procedure [15], was
reacted with phenylboronic acid in the presence of
Pd(OAc), (20 mol%), 2-biphenyldicyclohexylphosphine
(CyJohnPhos, 40 mol%), and K,CO; in a dioxane-water
mixed solvent at 80°C. After 2 h, 2Ni was consumed

Copyright © 2015 World Scientific Publishing Company
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Scheme 1. Synthesis of 3 and 4; R = 2,4,6-Me;C¢H..
CyJohnPhos = 2-biphenyldicyclohexylphosphine

completely, and silica-gel column chromatography of the
reaction mixture afforded Ph-NiDAP 3a as a purple solid
in 70% isolated yield. Shinokubo et al. independently
prepared 3a by the reaction of INi with phenyllithium
[19]. The Suzuki—Miyaura cross-coupling strategy was
also used for the synthesis of other arylboronic acids,
producing Ar-NiDAPs 3b—3e in 45-84% yields. Under
the same reaction conditions, Br-ZnDAP 2Zn underwent
cross-coupling reactions with several arylboronic acids
to give the corresponding Ar-ZnDAPs 4a—4e in 42-61%
yields. The practical advantages of this Suzuki—-Miyaura
protocol are the relatively short reaction times (1-3 h
in most cases) and high functional group tolerances,
represented by the syntheses of 3¢, 3d and 4c.
Ar-NiDAPs 3 and Ar-ZnDAPs 4 were fully chara-
cterized using "H NMR spectroscopy and high-resolution
mass spectrometry. In the '"H NMR spectra of 3a-3d
and 4a-4d, the ortho protons of the B-aryl groups are
observed at low fields compared with the meta/para
protons; this indicates ring-current effects derived from
the adjacent MDAP rings. The structure of 3¢ was
unambiguously determined using X-ray crystallography.

J. Porphyrins Phthalocyanines 2015; 19: 2—11
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Fig. 1. (a) ORTEP diagrams of 3¢ (50% probability ellipsoids). Hydrogen atoms are omitted for clarity. Top (left), side (right,
upper), and front (right, lower) views. (b) Selected bond lengths and dihedral angles. (c) Deviations of the 25 atoms from the average
NiDAP n-plane (in pm). The sizes of circles correspond to the degrees of deviations

Single crystals of 3¢ were grown from toluene-octane.
As shown in Fig. 1, the Ni center in 3¢ adopts a square
planar geometry, with Ni-N bond lengths of 1.917(2)—
1.921(2) A; these are very close to the bond lengths in
3a [1.912(3)-1.920(3) 10\] reported by Shinokubo and
coworkers [19]. The DAP nt-plane of 3c is slightly ruffled
(root-mean-square of deviation of the 25 atoms from
the mean NiDAP m-plane (Adgys) = 0.083 A) compared
with the B-unsubstituted NiDAP 1Ni (Adgys = 0.018 A)
[12]. The meso-mesityl rings are almost perpendicular
to the NiDAP m-plane (the dihedral angles between the
two mean planes are 85.4-86.2°), whereas the B-aryl
ring leans toward the NiDAP m-plane (dihedral angle =
21.7°). These results are in good accordance with the
previously reported results of the crystal structures
of 3a [19] and 3,7,13,17-tetraphenyl-NiDAP [12], in
which the B-phenyl groups lean toward the mean NiDAP
plane with dihedral angles of 7.8-22.3° and 16.2-34.6°,

Copyright © 2015 World Scientific Publishing Company

respectively. The inter-ring bond length between the
NiDAP and B-aryl rings [1.464(3) A] in 3c is shorter
than those between the NiDAP and meso-mesityl rings
[1.506(3)-1.507(3) A]. The results show that the NiDAP
ring is conjugated with the B-aryl group much more
efficiently than with the meso-mesityl group, based on
geometric factors. All attempts to grow good-quality
single crystals of Ar-ZnDAPs 4 have been unsuccessful.

To gain insights into the structures of Ar-ZnDAPs, we
performed density functional theory (DFT) calculations
at the B3LYP/6-311G(d,p) level, using two models,
4a—4m and 4d—4m, in which the meso-mesityl groups
were replaced by phenyl groups (Fig. 2). As shown
at the bottom of Fig. 2, the meso-phenyl groups are
significantly twisted against the MDAP m-plane (dihedral
angles between the mean planes are 69.8—72.4°) because
of steric repulsion between the ortho-C—H and pyrrolic
B-C-H groups. In contrast, the B-phenyl groups lean

J. Porphyrins Phthalocyanines 2015; 19: 3—11
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Fig. 2. Orbital diagrams and energies (in eV) at the optimized structures of 4a—m and 4d-m calculated at the B3LYP/6-311G(d,p)
level. H=HOMO, L = LUMO. Selected bond lengths and dihedral angles are listed in the bottom

toward the MDAP m-plane (dihedral angles = 25.3—
28.8°), as the neighboring meso nitrogen atom has no
substituent. The inter-ring bond lengths between the
ZnDAP and B-aryl rings (1.469 A for 4a—4m, 1.463 A
for 4d—4m) are appreciably shorter than those between
the ZnDAP and meso-phenyl rings (1.498 A). These
geometrical parameters suggest that the B-aryl groups
conjugate with the ZnDAP r-system more efficiently
than do the meso-phenyl groups. The orbitals on the
DAP rings of both models are very similar in shape and
energy. In contrast, 4d—4m has a high-lying HOMO that
is localized on the p-Ph,NCH, group. This implies that
4a and 4d have different optical and electrochemical
properties, derived from their HOMOs (vide infra).

The 'H NMR spectra of Ar-ZnDAPs 4 showed
concentration dependence of the chemical shifts of some
of the peripheral protons at concentrations above 2 mM.
For example, an increase in the concentration of a CDCl,
solution of 4¢ from 2 to 10 mM caused upfield shifts of the

Copyright © 2015 World Scientific Publishing Company

'H signals of two sets of B-C—H protons (A8 = 0.61 ppm
for H,, H,; Ad = 0.13 ppm for H,, H,), and this process
was reversible (Fig. 3). The other Ar-ZnDAP derivatives
showed similar concentration-dependent spectroscopic
changes. Electron-spray high-resolution mass spectra of
solutions of 4¢ showed intense ion peaks attributable to its
dimer, [(4¢), + H]*. These results suggest that Ar-ZnDAPs
4 undergo self-aggregation in concentrated solutions to
form noncovalently stacked dimers; i.e. the upfield shifts
of some of the B-C-H protons (H,, H,) are probably
caused by ring-current effects of the neighboring ZnDAP
ring. This type of concentration dependence of the 'H
NMR chemical shifts was not observed for Ar-NiDAPs
3, suggesting that the zinc center in 4 plays a key role
in the aggregation behavior. Although we do not have
any direct evidence for aggregated structures, partially
overlapped DAP dimers may be formed by dipole—dipole
interactions between the two ZnDAP rings [20, 21] and/
or electrostatic interactions between the central zinc and

J. Porphyrins Phthalocyanines 2015; 19: 4-11
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Fig. 3. Concentration dependence of "H NMR spectra (9.5-8.0 ppm) of 4¢ in CDCl,

meso nitrogen atoms. The addition of an excess of CD;0D
or pyridine to CDCI; solutions of 4¢, 4d suppressed
aggregation. The zinc-pyridine binding constants (K)
of 4¢ and 4d in CH,CIl, at 23 °C were determined to be
9.2 x 10° and 1.4 x 10* M, respectively, by titration of
their absorption spectra. The small difference between
the K values indicates that the electronic effects of the
para substituents on the ligation behavior of ZnDAPs are
small.

To clarify the electronic effects of the [-aryl
substituents on the optical properties of the MDAP
n-systems, UV-visible absorption (for 3 and 4) and
fluorescence (for 4) spectra were obtained in solutions

Copyright © 2015 World Scientific Publishing Company

(Table 1). At the measurement concentrations ([4]
<1.0 x 10° M), Ar-ZnDAPs 4 did not undergo self-
aggregation and were present as monomers. All the
B-arylated MDAPs 3 and 4 showed bathochromically
shifted absorption/emission bands relative to those of the
B-unsubstituted MDAPs 1Ni[12] and 1Zn [14]. Figures 4a
and 4b summarize the absorption spectra of 3a-3c, 3e
and 4a—4c, 4e, respectively, in CH,Cl,. The electronic
effects of the p-methoxy and p-ethoxycarbonyl groups
on the Soret and Q-bands are small; the absorption
maxima of the Q-bands (Ay) of 3b, 3c and 4b, 4c are
bathochromically shifted (AL, = 1-4 nm) from those of
the respective phenyl derivatives 3a and 4a. The electronic

J. Porphyrins Phthalocyanines 2015; 19: 5-11
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Fig. 4. UV-vis absorption spectra of (a) 3a (solid line), 3b (dotted
line), 3¢ (dashed line), and 3e (chain line) and (b) 4a (solid line),
4b (dotted line), 4¢ (dashed line), and 4e (chain line) in CH,Cl,

effects of these para substituents on the emission maxima
(A.,) are also small (AL, = 6-7 nm 4b, 4¢ vs. 4a). The
B-(2-thienyl) group causes broadening and a slight red
shift of the Q-band (AL, = 5 nm 3e vs. 3a) as a result of
m-conjugation. The absorption spectrum of 4e is basically

a superimposition of those of pyrene and 1Zn, implying
that the B-(1-pyrenyl) group has only a small impact on
the electronic transition of the ZnDAP chromophore.
A change of the solvent from CH,Cl, to toluene, THF,
MeCN, CHCl,, and DMF did not greatly influence the
Ao/A., values and Stokes shifts of 4a—4c, suggesting that
the polarizabilities of 4a—4¢ are comparable (Table 2).

The spectroscopic features of p-Ph,NC.H,-ZnDAP
4d are different from those of Ph-ZnDAP 4a (Fig. 5).
Both the Q and emission bands of 4d are considerably
broadened and red-shifted compared with those of
4a. In addition, the Stokes shift of 4d (AV = v, V., =
3490 c¢cm™) is much greater than that of 4a (Av =
280 cm™). The spectroscopic features of 4d contrast
sharply with those of 5-[p-(diphenylamino)phenyl]-
10,15,20-trimesitylporphyrinatozinc(Il) reported by Su
and coworkers [22]. This porphyrin shows Q-bands at
551/588 nm and emission bands at 600/648 nm, which
are close to the respective values for 5,10,15,20-tetra-
mesitylporphyrinatozinc(II) (A, = 550/587 nm; A, = 592/
644 nm). Clearly, a meso-(p-Ph,NC¢H,) group has only
a small impact on the optical properties of the porphyrin
T-system, probably because of the twisted orientation
toward the porphyrin ring.

When the solvent was changed from toluene to
CH,Cl,, the Stokes shifts of 4d changed from 2060 (in
toluene) to 3490 cm™ (in CH,Cl,). The large Stokes shifts
and solvatochromism indicate that the entire 7t-system of
4d has a pronounced CT character in the excited state.
Figure 6 shows the Lippert—-Mataga plots [23] of 4d in
the absence or presence of pyridine. In the absence of
pyridine, the plot (closed triangles) displays two series

Table 1. Optical and electrochemical data for 3 and 4*

3/4 (Ar) Ao, nm® Aems M (Dp) E,, V¢ E.,V© AE‘
3a (Ph) 582 (4.70) n.m. +0.77 -1.37,-1.81 2.14
3b (4-MeOC¢H,) 583 (4.56) n.m. +0.72 -1.37,-1.82 2.09
3c (4-EtO,CC¢H,) 585 (4.77) n.m. +0.80 -1.33,-1.78 2.13
3d (4-NCCC4H,) 587 (4.74) n.m. +0.83 -1.30, -1.77 2.13
3e (2-thienyl) 587 (4.55) n.m. +0.69° -1.33,-1.79 2.02
INif 571 (4.78) n.m. +0.80° -1.40, -2.02 2.20
4a (Ph) 593 (4.86) 603 (0.03) +0.74" -1.47, -2.04" 221
4b (4-MeOC¢H,) 597 (4.82) 610 (0.03) +0.69" -1.47,-2.09" 2.16
4c¢ (4-EtO,CC¢H,) 596 (4.87) 609 (0.03) +0.76" -1.39, -1.941 2.15
4d (4-Ph,NC.H,) 603 (4.88) 764 (0.08) +0.49, +0.70" -1.43,-1.97" 1.92
4e (1-pyrenyl) 594 (4.97) 611 (0.06) +0.62,°+0.81¢ -1.33,-1.71 1.95
1Zn* 584 (4.86) 588 (0.02) n.m. n.m. n.m.

*Measured in CH,Cl, unless otherwise noted. n.m. = not measured. ® Absorption maxima in the range of >500 nm.
Data in parentheses are logarithms of extinction coefficients. ¢Oxidation (E,,) and reduction (E,.) potentials vs.
Fc/Fc*, determined by CV with Bu,NPF; as a supporting electrolyte. Each process is reversible unless otherwise

noted. *AE =E,
"Measured in THF.

Copyright © 2015 World Scientific Publishing Company

oxt = Erear “Irreversible. "Data from [12].2Data from [14]. Measured in CH,Cl,-MeOH (1:1 v/v).

J. Porphyrins Phthalocyanines 2015; 19: 6-11
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Fig. 5. Absorption and fluorescence spectra of (a) 4a and (b) 4d
in CH,CI, (solid line) and toluene (dotted line)

of linear solvation energy relationships (LSERs) vs. the
orientation polarizability (Af); one series is related to
noncoordinating solvents (toluene, CHCl,, and CH,Cl,),
and the other is related to coordinating solvents (THF,
MeCN, and DMF). The solvent molecules of the latter
series probably coordinate to the zinc center, which may
change the CT character of the DAP m-system to some
extent. In the presence of an excess (ca. 1000 equiv.) of
pyridine, the pyridine-4d adduct is formed predominantly
in all the solvents, and the plot (open circles) displays a
good LSER (AV/Af=7.3 x 10° cm™!, R = 0.98). It should
be noted that the HOMO of 4d—4m is localized mainly on

the triphenylamine unit, whereas the HOMO of 4a—4m
is located on the ZnDAP ring (Fig. 2). As a result, the
HOMO of 4d-4m is destabilized by 0.47 eV compared
with that of 4a—4m. However, the LUMOs of these two
models are located on ZnDAP rings with almost the same
orbital energies. It is evident that the strongly electron-
donating p-diphenylamino group greatly enhances the
donor-acceptor interactions between the triphenylamine
and ZnDAP units. The difference between the dipole
moments of 4a—4m (0.193 D) and 4d—4m (1.214 D)
supports the intrinsic CT character of the entire t-system
of 4d.

To investigate the electronic effects of the B-aryl
substituents on the redox properties of the MDAP
m-systems, the oxidation and reduction potentials (E,
and E, 4 vs. Fc/Fc*) of 3 and 4 were measured using cyclic
voltammetry in CH,Cl, or THF, with Bu,NPF, as the
supporting electrolyte (Table 1). The para substituents
on the B-aryl groups of 3a-3d and 4a—4c¢ have small but
distinct electronic effects on the E, values, which shifted
anodically in the orders 3b (+0.72 V) < 3a (+0.77 V)
< 3¢ (+0.80 V) < 3d (+0.83 V) and 4b (+0.69 V) < 4a
(+0.74 V) < 4c (+0.76 V). The E value of 4d (+0.49 V)
is greatly shifted to the negative side from that of 4a.
These data basically reflect the resonance effects of
the para substituents on the electron-donating ability
of the Ar-MDAP r-systems. The electronic effects on
the E,, values are less significant than those on the E,
values (AE,., < 0.07 V for 3b-3d vs. 3a; AE,, < 0.08 V
for 4b—4d vs. 4a). The observed data can be reasonably
explained by considering the differences between the
orbital coefficients of the B-aryl rings in the HOMOs and
LUMOs. As shown in Fig. 2, the HOMOs of 4a—4m and
4d-4m have sufficient orbital coefficients on the B-aryl
rings, whereas the LUMOs do not. The resonance effects
of the para substituents on the ZnDAP 7-system are more
distinct on the HOMO than on the LUMO.

In summary, we prepared a series of 3-aryl-10,20-
dimesityl-5,15-diazaporphyrin-metal complexes using
Suzuki—Miyaura cross-coupling reactions and examined

Table 2. Solvent effects on the optical data for 4*

Toluene THF CH,CN CHCI, CH,CI, DMF

4a (Ph) 594, 600 593, 601 592, 605 595, 603 593, 603 595, 607
(170) (220) (360) (220) (280) (330)

4b (4-MeOCH,) 597, 609 597, 607 595, 610 598, 611 597, 610 599, 612
(330) (280) (410) (360) (360) (360)

4c (4-EtO,CCH,) 597, 606 596, 609 595, 612 598, 610 596, 609 598, 615
(250) (360) (470) (330) (360) (460)

4d (4-Ph,NC,H,) 604, 689 604, 715 602, 742 606, 736 603, 764 605, 755
(2040) (2570) (3130) (2910) (3490) (3280)

4d (4-Ph,NC,H,)" 609, 669 604, 717 602, 778 609, 720 606, 745 606, 754
(1470) (2610) (3760) (2530) (3080) (3240)

' eft) and A, (right) values, in nm. Data in parentheses are Stokes shifts (Av =v,—v,,,), incm™. *Pyridine (ca. equiv.
*Aq (left) and A, (right) values, i Data i hy Stokes shifts (A Q ), 1 ! *Pyridine (ca. 1000 equiv.)

was added.

Copyright © 2015 World Scientific Publishing Company
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4000 -
with pyridine (ca. 1000 equiv)

AVIAf=7.3 x10% cm™
] (R=0.98) A L

3000 o,-”
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o
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2000 - 4 . U\

4o NN NPh,

1 000 T T T T T T 1
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Fig. 6. Lippert—-Mataga plots of 4d: AV =V, — V...; Af=(e- 1)/
(2e+ 1) = (n®>=1)/(2n* + 1). e = dielectric constant; n = refractive
index. Closed triangles are Stokes shifts (Av) in the absence
of pyridine. Open circles are Stokes shifts in the presence of
pyridine (ca. 1000 equiv. vs. 4d)

their optical and electrochemical properties. Effective
m-conjugation through the inter-ring C—C bond was
suggested by the small dihedral angle between the
B-aryl group and the NiDAP m-system. The electronic
effects of para substituents were studied using
UV-visible absorption/fluorescence spectroscopy, cyclic
voltammetry, and DFT calculations. Among the Ar-
ZnDAPs, the p-Ph,N-substituted derivative shows
significant donor (triphenylamine)-acceptor (ZnDAP)
interactions because of the high-lying HOMO localized
on the triphenylamine moiety. This intramolecular
CT interaction eventually leads to high visible-light-
absorbing ability of the entire m-system. The present
results confirm that the introduction of a highly electron-
donating aryl group at the peripheral B-carbon would be a
promising strategy for constructing MDAP-based visible-
NIR-responsive functional dyes.

EXPERIMENTAL

General

All melting points were recorded on a Yazawa micro
melting point apparatus and are uncorrected. 'H NMR
spectra were recorded on a Varian 700 MHz spectrometer
using CDCl; or CD,Cl, as a solvent. Chemical shifts are
reported as relative values vs. tetramethylsilane. High-
resolutionmassspectra(HRMS)wereobtainedonaThermo
Fisher Scientific EXACTIVE spectrometer. UV-vis
absorption spectra were measured at room temperature
on a JASCO V-530 spectrometer. Fluorescence quantum
yield measurements were performed on a Hamamatsu

Copyright © 2015 World Scientific Publishing Company

Photonics Quantaurus-QY spectrometer. Electrochemical
measurements were performed at room temperature on a
CH Instruments model 650E electrochemical workstation
using a glassy carbon working electrode, a platinum
wire counter electrode, and an Ag/Ag* [0.01 M AgNO;,
0.1 M Bu,NPF, (MeCN)] reference electrode. Scan rate
was 60 mV.s"!, and the potentials were calibrated with
ferrocene/ferrocenium (Fc/Fc*). Compounds 1M and 2M
were prepared according to the reported procedures [12,
14, 15]. Other chemicals and solvents were of reagent
grade quality and used without further purification
unless otherwise noted. Thin-layer chromatography was
performed with Alt. 5554 DC-Alufolien Kieselgel 60
F254 (Merck), and preparative column chromatography
was performed using Silica Gel 60 spherical, neutrality
(Nacalai tesque). All reactions were performed under an
argon or nitrogen atmosphere. The synthetic procedures
and characterization data of new compounds are described
below.

Synthesis and characterization

3-Aryl-5,15-diaza-10,20-dimesitylporphinato-
nickel(IT) (3). Typical procedure: A mixture of 2Ni (20.1
mg, 0.029 mmol), Pd(OAc), (1.5 mg, 0.0067 mmol),
2-biphenyldicyclohexylphosphine (4.0 mg, 0.011 mmol),
K,CO; (11.7 mg, 0.085 mmol), phenylboronic acid
(179 mg, 0.147 mmol), 1,4-dioxane (5 mL), and
distilled water (0.5 mL) was heated at 80°C. After 2 h,
CH,(I, and water were added, and the combined organic
extracts were separated, washed with brine, dried over
Na,SO,, and concentrated under reduced pressure to
leave a solid residue, which was then chromatographed
on silica gel using hexane/AcOEt as eluents. The purple
fraction (R;= 0.65 in hexane/AcOEt = 5/1) was collected,
concentrated, and recrystallized from CH,Cl,/MeOH to
give 3a as a purple solid (14.0 mg, 70%). According to
similar procedures, 3b-3e were prepared from 2Ni and
the corresponding arylboronic acids.

3a. [19] mp > 300°C. 'H NMR (700 MHz; CDCL,):
&y, ppm 1.80 (s, 6H, ortho-Me), 1.83 (s, 6H, ortho-Me),
2.60 (s, 3H, para-Me), 2.62 (s, 3H, para-Me), 7.26 (s, 2H,
Mes-meta), 7.28 (s, 2H, Mes-meta), 7.56 (t,J=7.7 Hz, 1H,
phenyl) 7.72 (pseudo-t, J = 7.7 Hz, 2H, phenyl), 8.77-8.79
(m, 5H, pyrrole-B and phenyl), 8.86 (s, 1H, pyrrole-$), 9.15
(d, J = 4.9 Hz, 2H, pyrrole-B), 9.20 (d, J = 4.2 Hz, 1H,
pyrrole-B). HRMS (ESI): m/z 681.2241 (calcd. for [M +
HJ* 681.2271). UV-vis (CH,CL,): A, nm (log €) 396
(4.92), 582 (4.70).

3b. (R;=0.42 in hexane/AcOEt = 5/1) mp > 300°C. 'H
NMR (700 MHz; CD,Cl,): 8, ppm 1.81 (s, 6H, ortho-Me),
1.83 (s, 6H, ortho-Me) 2.62 (s, 3H, para-Me), 2.63 (s,
3H, para-Me), 3.99 (s, 3H, OMe), 7.26 (d, J = 9.1 Hz,
2H, phenyl), 7.30 (s, 2H, Mes-meta), 7.31 (s, 2H, Mes-
meta), 8.75-8.77 (m, 5H, pyrrole-B and phenyl), 8.80
(s, 1H, pyrrole-B), 9.121 (d, J = 4.9 Hz, 1H, pyrrole-p),
9.124 (d, J = 4.9 Hz, 1H, pyrrole-B), 9.18 (d, J = 4.9 Hz,
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1H, pyrrole-B). HRMS (ESI): m/z 711.2350 (calcd. for
[M + HJ* 711.2377). UV-vis (CH,CL,): A,,.,, nm (log €)
396 (4.85), 583 (4.56).

3c. (R; = 0.44 in hexane/AcOEt = 5/1) mp > 300°C.
"H NMR (700 MHz; CDCl,): 8, ppm 1.49 (t, J = 7.0 Hz,
3H, -CO,CH,CH,), 1.81 (s, 6H, ortho-Me), 1.84 (s, 6H,
ortho-Me) 2.61 (s, 3H, para-Me), 2.63 (s, 3H, para-Me),
449 (q, J = 7.0 Hz, 2H, -CO,CH,CH,), 7.27 (s, 2H,
Mes-meta), 7.29 (s, 2H, Mes-meta), 8.38 (d, J = 8.4 Hz,
2H, phenyl), 8.77 (d, J = 4.9 Hz, 1H, pyrrole-B), 8.78
(d, J = 4.9 Hz, 1H, pyrrole-B), 8.79 (d, J = 4.9 Hz, 1H,
pyrrole-B), 8.88 (d, J = 8.4 Hz, 2H, phenyl), 8.94 (s, 1H,
pyrrole-B), 9.149 (d, J = 4.9 Hz, 1H, pyrrole-B), 9.153
(d, J = 4.9 Hz, 1H, pyrrole-B), 9.19 (d, J = 4.9 Hz, 1H,
pyrrole-B). HRMS (ESI): m/z 753.2474 (caled. for [M +
H]* 753.2482). UV-vis (CH,Cl,): A, nm (log €) 399
(503), 585 (4.77).

3d. (R; = 0.48 in hexane/AcOEt = 5/1) mp > 300°C.
'"H NMR (700 MHz; CD,CL,): &, ppm 1.81 (s, 6H,
ortho-Me), 1.83 (s, 6H, ortho-Me) 2.62 (s, 3H, para-Me),
2.63 (s, 3H, para-Me), 7.30 (s, 2H, Mes-meta), 7.31 (s,
2H, Mes-meta), 8.01 (d, J = 8.4 Hz, 2H, phenyl), 8.78
(d, J = 4.9 Hz, 1H, pyrrole-B), 8.786 (d, J = 4.9 Hz, 1H,
pyrrole-B), 8.787 (d, J=4.9 Hz, 1H, pyrrole-B), 8.986 (d,
J = 8.4 Hz, 2H, phenyl), 8.987 (s, 1H, pyrrole-p), 9.137
(d, J = 4.9 Hz, 1H, pyrrole-B), 9.142 (d, J = 4.9 Hz, 1H,
pyrrole-B), 9.19 (d, J = 4.9 Hz, 1H, pyrrole-B). HRMS
(ESI): m/z 706.2215 (caled. for [M + H]* 706.2224).
UV-vis (CH,CL,): A,,.,, nm (log €) 400 (4.97), 587 (4.74).

3e. (R;=0.47 in hexane/AcOEt = 5/1) mp > 300°C; '"H
NMR (700 MHz; CDCl,): 8, ppm 1.81 (s, 6H, ortho-Me),
1.83 (s, 6H, ortho-Me) 2.61 (s, 3H, para-Me), 2.64 (s,
3H, para-Me), 7.27 (s, 2H, Mes-meta), 7.29 (s, 2H, Mes-
meta), 7.36 (dd, J = 3.5, 4.9 Hz, 1H, thienyl-$), 7.69 (dd,
J=14,409 Hz, 1H, thienyl-a), 8.47 (dd, J = 1.4, 3.5 Hz,
1H, thienyl-B 8.73 (d, J=4.9 Hz, 1H, pyrrole-B), 8.760 (s,
1H, pyrrole-B), 8.761 (d, J=4.9 Hz, 1H, pyrrole-B), 8.77
(d, J = 4.9 Hz, 1H, pyrrole-B), 9.118 (d, J =4.9 Hz, 1H,
pyrrole-B), 9.122 (d, J = 4.9 Hz, 1H, pyrrole-B), 9.21 (d,
J =4.9 Hz, 1H, pyrrole-B). HRMS (ESI): m/z 687.1821
(caled. for [M + H]* 687.1835). UV-vis (CH,Cl,): A,,,,, nmM
(log €) 398 (4.89), 587 (4.55).

3-Aryl-5,15-diaza-10,20-dimesitylporphinato-
zinc(IT) (4). Typical procedure: A mixture of 2Zn
(26.9 mg, 0.039 mmol), Pd(OAc), (1.6 mg, 0.007 mmol),
2-biphenyldicyclohexylphosphine (5.5 mg, 0.016 mmol),
K,CO; (15.7 mg, 0.114 mmol), 4-(ethoxycarbonyl)
phenylboronic acid (37.6 mg, 0.194 mmol), 1,4-dioxane
(6 mL), and distilled water (0.6 mL) was heated at 80 °C.
After 1.5 h, CH,Cl,, pyridine, and water were added, and
the combined organic extracts were separated, washed with
brine several times, dried over Na,SO,, and concentrated
under reduced pressure to leave a solid residue, which
was then chromatographed on silica gel using CH,CL,/
AcOEt/pyridine as eluents. The green fraction (R; = 0.48
in CH,CL/AcOEt = 100/5) was collected, concentrated,
and recrystallized from CH,CL/MeOH to give 4c as

Copyright © 2015 World Scientific Publishing Company

a purple solid (18.0 mg, 61%). According to similar
procedures, 4a, 4b, 4d, 4e were prepared from 2Zn and
the corresponding arylboronic acids.

4a. (R;=0.13 in CH,CL,/AcOEt = 100/1) mp > 300 °C.
'H NMR (700 MHz; CDCL,/CD,0D): §,,, ppm 1.86 (s,
6H, ortho-Me), 1.88 (s, 6H, ortho-Me), 2.65 (s, 3H,
para-Me), 2.67 (s, 3H, para-Me), 7.31 (s, 2H, Mes-meta),
7.33 (s, 2H, Mes-meta), 7.58 (t, J = 7.0 Hz, 1H, phenyl),
7.76 (pseudo-t, J = 7.0 Hz, 2H, phenyl), 8.81-8.82 (m,
3H, pyrrole-B), 8.85 (d, J = 7.0 Hz, 2H, phenyl), 8.88
(s, 1H, pyrrole-B), 9.16 (d, J = 4.2 Hz, 1H, pyrrole-B),
9.17 (d, J = 4.2 Hz, 1H, pyrrole-B), 9.26 (d, J = 4.2 Hz,
IH, pyrrole-B). HRMS (ESI): m/z 686.2197 (calcd. for
[M + HJ* 687.2209). UV-vis (CH,CL,): A, nm (log €)
402 (5.02), 593 (4.86).

4b. (R;=0.77 in CH,Cl,/MeOH = 50/1) mp > 300°C.
"HNMR (700 MHz; CD,Cl,, 2 mM): 8,;, ppm 1.85 (s, 6H,
ortho-Me), 1.87 (s, 6H, ortho-Me), 2.65 (s, 3H, para-Me),
2.66 (s, 3H, para-Me), 4.02 (s, 3H, OMe), 7.309 (s, 2H,
Mes-meta), 7.310 (d, J= 8.4 Hz, 2H, phenyl), 7.32 (s, 2H,
Mes-meta), 8.87-8.89 (m, 4H, pyrrole-B), 8.99 (d, J =
8.4 Hz, 2H, phenyl), 9.29 (d, J = 4.2 Hz, 1H, pyrrole-p),
9.30 (d, J = 4.2 Hz, 1H, pyrrole-B), 9.35 (d, J = 4.2 Hz,
IH, pyrrole-B). HRMS (ESI): m/z 717.2300 (calcd. for
[M + H]* 717.2315). UV-vis (CH,CL,): A,,.., nm (log €)
400 (5.03), 597 (4.82).

4c. (R; = 0.48 in CH,Cl,/AcOEt = 20/1) mp > 300°C.
'"H NMR (700 MHz; CDCl,, 1 mM): §,;, ppm 1.14 (t, J =
6.7 Hz, 3H, -CO,CH,CH,), 1.85 (s, 6H, ortho-Me), 1.87
(s, 6H, ortho-Me), 2.65 (s, 3H, para-Me), 2.67 (s, 3H,
para-Me), 4.50 (q, J = 6.7 Hz, 2H, -CO,CH,CH,), 7.31
(s, 2H, Mes-meta), 7.34 (s, 2H, Mes-meta), 8.42 (d, J =
8.0 Hz, 2H, phenyl), 8.89-8.90 (m, 3H, pyrrole-f), 9.06
(s, 1H, pyrrole-B), 9.09 (d, J = 8.0 Hz, 2H, phenyl), 9.30
(d, J = 4.2 Hz, 1H, pyrrole-B), 9.31 (d, J = 4.2 Hz, 1H,
pyrrole-B), 9.35 (d, J = 4.2 Hz, 1H, pyrrole-f). HRMS
(ESI): m/z 759.2409 (caled. for [M + HJ]* 759.2420).
UV-vis (CH,CL,): A,,.x,» nm (log €) 406 (5.06), 596 (4.87).

4d. (R; = 0.58 in CH,Cl,/AcOEt/pyridine = 100/1/1)
mp 248 °C (decomposed). '"H NMR (700 MHz; CD,Cl,/
CD;0D): &, ppm 1.85 (s, 6H, ortho-Me), 1.88 (s, 6H,
ortho-Me), 2.64 (s, 3H, para-Me), 2.65 (s, 3H, para-Me),
7.13 (t, J=17.4 Hz, 2H, phenyl-para), 7.28 (d, J =7.4 Hz,
4H, phenyl-ortho), 7.33 (s, 2H, Mes-meta), 7.34 (s, 2H,
Mes-meta), 7.37 (pseudo-t, J = 7.4 Hz, 4H, phenyl-meta),
7.42 (d, J = 8.8 Hz, 2H, phenylene), 8.77 (d, J/ = 4.2 Hz,
1H, pyrrole-B), 8.78 (d, J = 4.2 Hz, 1H, pyrrole-B), 8.79
(d, J = 4.2 Hz, 1H, pyrrole-B), 8.81 (s, 1H, pyrrole-B),
8.84 (d, J = 8.8 Hz, 2H, phenylene), 9.15 (d, J/ =4.2 Hz,
1H, pyrrole-B), 9.17 (d, J = 4.2 Hz, 1H, pyrrole-B), 9.22
(d,J=4.2 Hz, 1H, pyrrole-B). HRMS (ESI): m/z 854.2931
(calcd. for [M + H]* 854.2944). UV-vis (CH,CL,): A,
nm (log €) 304 (4.71), 401 (5.25), 603 (4.88).

4e. (R; = 0.36 in CH,CL/AcOEt = 100/1) mp 281—
282°C (decomposed). 'H NMR (700 MHz; CD,Cly/
CD;0D): &, ppm 1.85 (s, 6H, ortho-Me), 1.98 (s, 6H,
ortho-Me), 2.60 (s, 3H, para-Me), 2.63 (s, 3H, para-Me),

‘max>
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7.32 (s, 2H, Mes-meta), 7.33 (s, 2H, Mes-meta), 8.03 (d,
J = 8.4 Hz, 1H, pyrenyl), 8.09 (pseudo-t, J = 8.4 Hz,
1H, pyrenyl), 8.22 (d, J = 8.4 Hz, 1H, pyrenyl), 8.27 (d,
J = 8.4 Hz, 1H, pyrenyl), 8.32 (m, 2H, pyrenyl), 8.57
(d, J = 8.4 Hz, 1H, pyrenyl), 8.59 (d, J = 8.4 Hz, 1H,
pyrenyl), 8.74 (d, J = 4.2 Hz, 1H, pyrrole-p), 8.82 (d,
J = 4.2 Hz, 1H, pyrrole-B), 8.87 (d, J = 4.2 Hz, 1H,
pyrrole-P), 8.91 (d, J = 8.4 Hz, 1H, pyrenyl), 9.04 (d,
J =4.2 Hz, 1H, pyrrole-p), 9.06 (s, 1H, pyrrole-B), 9.21
(d, J = 4.2 Hz, 1H, pyrrole-B), 9.23 (d, J = 4.2 Hz, 1H,
pyrrole-B). HRMS (ESI): m/z 811.2505 (calcd. for [M +
H]* 811.2522). UV-vis (CH,Cl,): A, nm (log €) 278
(4.69), 348 (4.82), 400 (5.22), 594 (4.97).

X-ray crystallographic analysis

Single crystals of 3¢ were grown from toluene-octane.
All measurements were made on a Rigaku Mercury70
diffractometer using multi-layer mirror monochromated
Mo-Ko. radiation. (0.71070 A) at 150 K. The data were
corrected for Lorentz and polarization effects. The
structures were solved by using direct methods (SIR2008)
and refined by full-matrix least squares techniques against
F?using SHELXL.97 [24]. The non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were refined
using the rigid model. 3¢. C,sH;sNNiO,, MW = 753.53,
0.20 x 0.20 x 0.10 mm, triclinic, P-1, a = 8.2136 (10) A,
b=13.000 (2) A, c=18.011 3) A, o= 110.379 (4)°, B =
90.037 (3)°, y=97.249 (3)°, V = 1786.3 (5) A*>, Z =2,
Peated = 1.401 g.em™, u = 5.93 cm’, collected 20110,
independent 8898, parameters 487, R, = 0.1627 (all
data), R, = 0.0597 (I > 2.0c(/)), GOF = 1.104.

Computational details

The geometries of the model compounds were
optimized using the DFT method. The basis sets used
were 6-311G(d,p) basis set [25] for H, C, and N and the
Wachters—Hay all electron basis set [26] supplemented
with one f-function (exponent: 1.62) for Zn. The
functional of DFT was the Becke, three-parameter, Lee—
Yang—Parr (B3LYP) exchange-correlation functional [27].
We confirmed that the optimized geometries were not
in saddle but in stable points. All the calculations were
carried out using the Gaussian 09 suite of programs [28].
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