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Electronic Structures of Zinc and Palladium Tetraazaporphyrin Derivatives
Controlled by Fused Benzo Rings

Hideya Miwa, Kazuyuki Ishii, and Nagao Kobayashi*!*!

Abstract: Zinc and palladium tetracy-
clic aromatic complexes lying structur-
ally between tetraazaporphyrin (TAP)
and phthalocyanine (Pc), that is, mono-
benzo-, adjacently dibenzo-, oppositely
dibenzo-, and tribenzo-fused TAPs,
have been prepared, and their electron-
ic structures investigated by electronic
absorption, magnetic circular dichroism
(MCD), fluorescence, phosphores-
cence, and time-resolved electron para-
magnetic resonance (TREPR) spectro-
scopy, as well as cyclic voltammetry.
The last-named indicated that the first
oxidation potentials shift to more nega-

is reasonably interpreted by the finding
that the effect of the fused benzo rings
on destabilization of the LUMO de-
pends on the orbital to which they are
fused (i.e., whether it is an e, or e, or-
bital), since the LUMOs of TAP com-
plexes are degenerate with D,, symme-
try. The energy splitting of the
LUMOs, that is, ALUMO, was evaluat-
ed experimentally for the first time by
analyzing the relationship between the
first reduction potential and the size
and shape of the m-conjugated system.
Electronic absorption and MCD meas-
urements indicate that the lowest excit-

ed singlet states are split in the case of
the low-symmetry TAP derivatives, al-
though these excited states are degen-
erate for Pc and TAP with D,, symme-
try. These energy splittings AEgs corre-
late well with the ALUMO values. To
investigate the electronic structures in
the lowest excited triplet state, zero-
field splitting (zfs) was analyzed by
time-resolved EPR (TREPR) spec-
troscopy. The energy splitting in the
lowest excited triplet state, AErr was
quantitatively evaluated from the tem-
perature dependence of the zfs or
spin—orbit coupling of the Pd com-

tive values with increasing number of
the fused benzo rings, but also suggest-
ed that the first reduction potential ap-
parently has no correlation with the
size and symmetry of the m-conjugated

) ] ligands
systems. However, this latter behavior

Introduction

Phthalocyanines (Pcs) are important compounds not only in
practical areas such as dyes, pigments, catalysts for control-
ling sulfur emissions, photoconducting agents in photocopi-
ers, photovoltaic cell elements for energy generation, optical
disks, and deodorants, but also in terms of nonlinear optics,
photodynamic cancer therapy, liquid crystals, chemical sen-
sors, molecular electronics, Langmuir-Blodgett films, con-
ducting polymers, and electrochromic display devices.'™]
Furthermore, Pcs and tetraazaporphyrins (TAPs) are analo-
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plexes. Consequently, it is demonstrat-
ed that ALUMO, AEg, and AEqp
values exhibiting a mutually good rela-
tionship can be determined experimen-

macrocyclic
tally.

gous to porphyrins, which play important roles in biological
systems such as photosynthetic reaction centers, heme, and
vitamin B,."! The chemistry of Pcs and TAPs was thus one
of the most significant fields of science in the 20th century,
and further development is still required into the 21st centu-
Iy.

In addition to easy synthesis and high stability, the effec-
tiveness of Pcs and TAPs originates from their redox activity
and intense mt—mt* transitions in the visible region,“’ﬂ which
depend mainly on the four frontier orbitals, the HOMO,
nearby HOMO-1, and degenerate LUMOs (in D, symme-
try, these are a,,, a,,, and e, orbitals, respectively). To realize
novel properties, control of the m-conjugated system by
fusion of aromatic rings onto the pyrrole rings of the TAP
skeleton has been attempted systematically to produce sev-
eral Pcs, TAPs, naphthalocyanines, anthoracyanines,”'g] and
low-symmetry derivatives thereof."'*! However, the essen-
tial properties of the frontier orbitals and lowest excited sin-
glet (S,) and triplet (T)) states have not been clarified for
low-symmetry Pc and TAP derivatives, though some elec-
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tronic absorption, magnetic circular dichroism (MCD), and
cyclic voltammetry (CV) studies have been reported, togeth-
er with molecular orbital (MO) calculations.**

In this work, we synthesized zinc and palladium com-
plexes of TAP, Pc, and their low-symmmetry derivatives sys-
tematically (Scheme 1), and investigated the relationships

1) Li / 1-pentanol reflux

only clarified the relationship between the MO energy and
the m-conjugated system, but also elaborated a novel
method for experimentally determining the ALUMO values.
2) The S, properties were investigated by electronic absorp-
tion, MCD, and fluorescence spectra. The AEgg values were
quantitatively determined by simultaneous band-deconvolu-
tion analyses of electronic ab-
sorption and MCD spectra,
which are reproduced well by

R" CN
+ LK

2) Zn(OAc), or PdCI,

configuration interaction (CI)

R" CN calculations. 3) The T, proper-
R = octyl v ties were investigated by phos-
OR OR OR OR phorescence and TREPB meas-
R R urements. By analyzing the
/Z=S\ = — temperature dependence  of
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Scheme 1. Synthesis and molecular structures of low-symmetry TAP derivatives, together with their abbrevia-
tions. For Zn and Pd complexes, R” denotes phenyl and p-tert-butylphenyl groups, respectively.

between the frontier orbitals, S;, T, and the m-conjugated
systems using electronic absorption, MCD, CV, lumines-
cence, and time-resolved electron paramagnetic resonance
(TREPR) measurements to-
gether with MO calculations. In
the case of TAP and Pc com-

o Results

Electrochemistry: To obtain in-
formation on the HOMO and
LUMO energies, CV measure-
ments were carried out for the
zinc complexes (Figure 1), and
the electrochemical data are
summarized in Table 1. Since the central zinc ion is redox-
inactive, the observed two reduction couples and one oxida-
tion couple originate from the ligand.'>'®! The first oxida-

RO OR

Table 1. Electrochemical data [V versus Fc*/Fc] of the zinc complexes (DC = diffusion coefficient).!

. C d El+/0 EO/I El 12 AE 7‘[b] DC 10 6 2 1
plexes with D,, symmetry, the omp = > [[d] cms ]
S, (S, and S,,) and T, (Ty, and 92" 0.65 ~1.28 (0.09) —1.60 (0.08) 1.93 131
T p bo. 1Zn 0.50 (0.09) ~1.29 (0.08) ~1.59 (0.07) 179 1.52

) states are degenerate be- 5,47, 0.36 (0.08) ~1.46 (0.07) ~1.73t 1.82 1.40k!
cause of the degeneracy of the 20pzn 0.34 (0.08) ~1.29 (0.08) ~1.59 (0.08) 1.63 1.4410
LUMOs (e, and e,).""l Since 3Zn 0.19 (0.10) —1.47 (0.08) —1.84 (0.08) 1.66 1.3310
fused benzo rings result in a 4Zn 0.08% ~1.65 (0.08) 2,03 (0.09) 173 0.94141

breaking of the symmetry (1M,
2AdM, and 3M—C,,; 20pM —
D,,; M=Zn or Pd; Scheme 1),
the energy splittings between
the S;, and S, states (AEs;), be-
tween the T,, and T,, states
(AEyr), and between the LUMOs (ALUMO) are among the
most important electronic properties for characterizing low-
symmetry Pc derivatives. Here novel methods for evaluating
the AE;; and ALUMO values are shown, in addition to
analysis of AEg. Important features are: 1) The first oxida-
tion and reduction potentials were evaluated by CV meas-
urements. From the CV results and MO calculations, we not

Chem. Eur. J. 2004, 10, 4422 —4435 www.chemeurj.org
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[a] Potential differences between cathodic and anodic peaks at a sweep rate S0 mVs~! are shown in parenthe-
ses. [b] Difference between the first oxidation and reduction potentials. [c] These potentials were determined
from differential pulse voltammograms, since the cyclic voltammograms are not clear. [d] From the current
peaks at the first reduction wave. [e] From the current peaks at the first oxidation wave. [f] From the current
peaks at the first reduction and oxidation waves.

tion potential, reflecting the HOMO energy, decreases in
the order 0Zn (0.65V)>1Zn (0.50 V)>2AdZn (0.36 V)~
20pZn (0.34 V)>3Zn (0.19 V)>4Zn (0.08 V). The almost
identical first oxidation potentials of 20pZn and isomeric
2AdZn indicate that the HOMO energy correlates well with
the size of the m-conjugated system. However, the first re-
duction potential, corresponding to the LUMO energy,
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Figure 1. Cyclic voltammograms of the zinc complexes obtained at a scan

rate of 50 mVs~' in 0-DCB solution containing 2.5x 10*m pyridine and
0.1m TBAP.

shifts to negative values in a different order: 0Zn
(=128 V)~1Zn (—-129V)~20pZn (—129V)>2AdZn
(-1.46 V)~3Zn (—1.47V)>4Zn (—1.65V). Thus, at first
glance, the LUMO energy appears to have no relationship
to the number of fused benzo rings, in contrast to the
HOMO energy. The difference between the first oxidation
and reduction potentials AE,_, decreases in the order 0Zn
(1.93V)>2AdZn (1.82V)>1Zn (1.79V)>4Zn (1.73V)>
3Zn (1.66 V) >20pZn (1.63 V).

Table 2. Electronic absorption and MCD spectral data.

Electronic absorption and MCD spectra: Electronic absorp-
tion and MCD spectra of the zinc complexes are shown in
Figure 2,1 and the data summarized in Table 2. In the elec-
tronic absorption spectra, intense Q,, bands are seen for
0Zn (637 nm) and 4Zn (677 nm), respectively. In the MCD
spectra, the observed dispersion-type Faraday A terms cor-
respond to the Q. bands, that is, the S, states are degener-
ate for 0Zn and 4Zn. On the other hand, the Q bands are
split into intense Q, (the S,—$,, (E,,) transition) and Q,
(the S;—S;, (E,,) transition) bands for the low-symmetry
TAP derivatives 1Zn (C,,; 625 and 667 nm) and 20pZn
(D,y,; 605 and 708 nm). For 3Zn, three intense bands appear
at 628, 642, and 690 nm in the Q-band region. Since relative-
ly intense vibronic bands with vibrational energies of 1300
1600 cm ™! are seen for all the zinc complexes, these bands at
642 and 690 nm are attributed to the Q,,, and Q,q, bands,
respectively, and the band at 628 nm is assigned as a vibron-
ic band. This assignment results in plausible vibrational en-
ergies in the Q, (1580 cm™') and Q, (1430 cm™") bands. In
addition, this assignment of Q, and Q, bands is unambigu-
ously supported by the Faraday B terms of opposite sign in
the MCD spectra, which are consistent with the molecular
structure having only C, axes. In the case of 2AdZn, Q-band
splitting is not evident in the electronic absorption spectrum
(654 nm), and a dispersion-type MCD signal is observed cor-
responding to the Q,, absorption band. This single Q band
is characteristic of adjacently substituted derivatives.’'* For
other low-symmetry TAP derivatives, the signs of the MCD
B-term envelopes are minus and plus for the Q, and Q,
bands, respectively, that is, the energy splitting between the
HOMO and HOMO-1 is larger than that between the
LUMO and LUMO+1.'"

To determine the energy levels quantitatively, band-de-
convolution analyses were carried out.'”?! The calculated
Q.0 and Q,,, bands are shown in Figure 2 (broken lines).
Consequently, the energy splitting of the Q band AEgs de-
creases in the order 20pZn (2380 cm™") >3Zn (1040 cm™) >
1Zn (960 cm™') >2AdZn (280 cm™'). The Q, band shifts to
the lower energy side in the order 0Zn (1.57x10*cm™)>
2AdZn (1.52x10*cm™)>1Zn (1.50x10* cm™") >4Zn (1.48 x
10*ecm™)>3Zn (1.45x10*cm™)>20pZn (1.41x10*cm™).
This order is the same as that of the AE,_, value reflecting
the size of the HOMO-LUMO energy gap. In the Soret-
band region, because of the broad bandwidth and low reso-

Compd Abs. 4 [nm] (10~*¢ [dm’mol 'cm™'])

MCD A [nm] (107° [0]y [degdm’®mol 'em'T'])

0Zn 383 (9.97), 585 (2.46), 637 (14.1)

1Zn 377 (7.37), 577 (1.51), 625 (6.89), 667 (7.73)

2AdZn 376 (10.2), 592 (3.12), 654 (16.7)

20pZn 359 (5.90), 389 (5.95), 605 (6.60), 645 (1.49), 708 (10.0)
3Zn 364 (7.68), 583 (1.98), 628 (6.51), 642 (6.66), 690 (11.6)

4Zn 295 (4.69), 364 (10.4), 611 (4.25), 648 (4.06), 677 (28.6)

1Pd 343 (5.97), 450 (1.98), 562 (2.31), 613 (6.90), 655 (7.21)

2AdPd 305 (5.88), 338 (6.21), 440 (2.24), 581 (3.60), 640 (15.1)

20pPd 310 (5.68), 453 (1.55), 547 (1.90), 593 (5.62), 632 (1.75),
692 (9.08)

3Pd 300 (7.80), 408 (2.17), 573 (3.06), 617 (6.86), 629 (7.22),
674 (9.86)

362 (0.806), 388 (—1.69), 581 (2.92), 629 (11.5), 644 (—16.9)

361 (0.721), 386 (—1.23), 608 (3.83), 665 (—5.08)

354 (0.941), 382 (—1.89), 593 (4.16), 645 (16.6), 659 (—22.9)

321 (—0.140), 353 (0.642), 388 (—0.801), 605 (4.25), 641 (—1.20), 709 (2.69)

311 (—0.237), 353 (0.886), 380 (—1.21), 583 (1.71), 623 (6.34), 643 (1.82), 660 (—1.49),
689 (—6.38)

348 (1.13), 370 (~2.18), 613 (7.55), 643 (4.36), 672 (50.2), 682 (—57.4)

361 (—0.633), 418 (0.250), 467 (—0.220), 562 (1.67), 597 (3.20), 654 (—4.01)

356 (—0.675), 410 (0.210), 455 (—0.288), 580 (3.58), 610 (2.06), 632 (9.92), 645 (—16.8)
310 (0.093), 352 (—0.409), 400 (0.155), 457 (—0.159), 549 (0.838), 593 (3.22), 628
(~1.08), 691 (—2.14)

307 (1.91), 340 (—5.83), 394 (0.149), 448 (—0.241), 574 (2.35), 610 (4.37), 646 (—1.88),
673 (—4.80)
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Figure 2. Electronic absorption (left) and MCD (right) spectra of the zinc
uated by band-deconvolution analyses are also shown (broken lines).

lution, a clear band splitting is seen only for 20pZn (359
and 389 nm). Thus, the Soret-band splitting is the largest for
20pZn, similar to the Q band.

Electronic absorption and MCD spectra of the palladium
complexes are shown in Figure 3. While the Q-band splitting
of the Pd complexes is similar to that of the corresponding
Zn complexes, the Q band shifts to the higher energy side
relative to the zinc complexes by 300400 cm™'. This blue
shift of the Q band can be interpreted as due to destabiliza-
tion of the LUMO by interaction between the LUMO of
the ligand and the d, orbital of the Pd atom.' This idea is
in accord with the small B/D values obtained for the Pd
complexes, which have been shown to originate from the in-
teraction between the LUMO and the d, orbitals.?'! The
Soret bands of the Pd complexes (around 300-360 nm) also
shift to the higher energy side compared with the corre-
sponding zinc complexes (360-390 nm). In addition, broad
absorption bands appear between the Soret and Q bands
(400-500 nm). Intense dispersion-type MCD signals corre-
sponding to these broad absorption bands suggest degenera-
cy in the excited states. As has been reported previously,
these bands may originate from metal-to-ligand charge-
transfer transition (d,—*).2!

Luminescence spectra: Luminescence measurements were
made at 77K to determine the excited state energies.

Chem. Eur. J. 2004, 10, 4422 —4435 www.chemeurj.org
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complexes in toluene containing 1x 10> pyridine. The Q, and Q, bands eval-

Figure 4 shows the luminescence spectra of the zinc com-
plexes, and data are summarized in Table 3. In the fluores-
cence of the zinc complexes (600-800 nm), the small Stokes

Table 3. Luminescence data at 77 K.

Compd Ap [nm]® Ap [nm ] AEg; [cm™']
0Zn 641 932 4900
1Zn 671 999 4900
2AdZn 660 987 5100
20pZn 712 1106 5000
3Zn 689 1084 5300
47Zn 676 1122 5900
1Pd - 927 -
2AdPd - 929 -
20pPd - 1012 -
3Pd - 1001 -

[a] A and Ap denote fluorescence and phosphorescence maxima.
[b] Energy difference between fluorescence and phosphorescence peaks.

shift is characteristic of robust, rigid Pc derivatives. Indeed,
two vibronic bands whose vibrational spacings are 600-730
and 1350-1480 cm™! are detected. These vibrational energies
are close to those observed in the electronic absorption
spectra and thus support the band assignments. In the near
IR region (900-1300 nm), phosphorescence of all zinc com-
plexes is observed with a weak vibronic band (vibrational

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 4425
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Figure 3. Electronic absorption (left) and MCD (right) spectra of the palladium complexes recorded in toluene/CHCI; (1/1). The Q, and Q, bands evalu-

ated by band-deconvolution analyses are also shown (broken lines).

energy ca. 700 cm™'). The T, energy decreases in the order
0Zn (932nm, 1.07x10*cm™)>2AdZn (987 nm, 1.01x
10*cm ™) >1Zn (999 nm, 1.00x10*cm™')>3Zn (1084 nm,
9.23x10°cm™")>20pZn (1106 nm, 9.04x10°cm™")>4Zn
(1122 nm, 8.91 x 10° cm™"). This order is the same as that of
the AE,_, values, with the exception of 4Zn, that is, the Cou-
lomb integral between the HOMO and LUMO electrons is
relatively large for 4Zn. The
energy difference between the
S, and T,, states AEg;, which

zfs parameters D g and E g

Time-resolved EPR: TREPR measurements were carried
out for the Zn and Pd complexes to obtain information on
the electronic structures in the T, state. TREPR spectra of
the zinc complexes are shown in Figure 5, and the zero-field
splitting (zfs) parameters D and E, and sublevel population
ratios used in the spectral simulations are summarized in
Table 4. These spectra exhibit an AAA/EEE polarization

Table 4. Observed EPR parameters D, Eqs and g, with sublevel population ratios P,:P,:P, and calculated

originates mainly from the ex-

Compd D [107%cm™]  Dgyeq [10°ecm™] |E| [10cm™] | Ecrea] [107°em™]  g.. P,:P,:P.
change integral between the 0Zn 29.0 28.0 533 3.201 (13.0") 1.999 0:1:0:0.9
HOMO and LUMO electrons, 7, 26.0 255 4.00 3.80 1.999  0.2:0:0.8
was evaluated from the fluores- 2adzn 26.8 26.5 8.54 10.8 1.998 0:0.4:0.6
cence and phosphorescence 20pZn 235 213 5.17 4.76 1.999  0.2:0:0.8
peaks. The AEST value in- 3Zn 22.8 21.3 2.92 4.49 ) 1.999 0.2:0:0.8
creases in  the order 0Zn 4Zn 21.8 21.1 6.09 4.261%(7.96!°!) 1.995 0:0:1

o o 1Pd —221 - 5.00 - 1.968  0.1:0:0.9
(4900 cm™)~1Zn (4900cm™) <  20ppa  —141 - 0 - 1985 0:0:1
20pZn (5000 cm ') <2AdZn 3pd —215 - 0 - 1.971 0:0:1

(5100 cm™") < 3Zn (5300 cm™") <
4Zn (5900 cm™). Since the
AEgr values of unsubstituted
ZnTAP and ZnPc are 5400-
6000 cm~',®?I the relatively small AEs value for 0Zn may
originate from the phenyl groups. As a result, the AEsr
value of 4Zn is largest in these Zn complexes, which is con-
sistent with the large Coulomb integral. For the Pd com-
plexes, only phosphorescence peaks were observed
(Table 3), which were shifted to the higher energy side com-
pared with the corresponding Zn complexes by 700-
800 cm !, similar to the electronic absorption spectra.

4426 ———
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[a] E values calculated by using the e,, orbital shown in Figure 9. [b] E values calculated by using the linear
combination of the e,, and e,, orbitals as the LUMO, whose nodes lie along the meso-meso direction.

pattern, which is reproduced by selective intersystem cross-
ing (ISC) to the z sublevel of the T, state. Here, the E and
A polarizations denote emission and absorption of micro-
waves, respectively, and originate from nonequilibrium pop-
ulation in the triplet sublevels. This selectivity originates
from the z component of SOC between the d,, and d,, orbi-
tals of the zinc atom, which are admixed with the LUMOs
of the ligand.®*
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Figure 4. Luminescence spectra of the zinc complexes in toluene contain-
ing 1x 1072 pyridine at 77 K.

The zfs of Pc and TAP complexes originates from the
magnetic dipole—dipole interaction between the HOMO and
LUMO electrons, and spin—orbit interaction between the T,
and T;, states. Since the deviation of the observed g, value,
Ag.. (=g..—2.0023), is negligibly small (< 0.006), it is consid-
ered that the observed zfs is little influenced by the SOC be-
tween the T,, and T}, states, and therefore reflects the mag-
netic dipole—dipole interaction.®?! The D value, which re-
flects the anisotropic interaction between unpaired electrons
towards the out-of-plane axis (z), decreases in the order
0Zn (290x1072cm™)>1Zn (2.60x1072cm™")>20pZn
(235x10%cm ™) >3Zn  (228x102cm')>4Zn  (2.18x
102 cm™) with expansion of the m-conjugated systems,
except for 2AdZn (2.68x 1072 cm™). This indicates that the
nt electron is delocalized over the fused benzo rings in the
T, state. The relatively large D value of 2AdZn is qualita-
tively interpreted in terms of the m-electron distribution.
Since the MO calculations indicate that the m-electron den-
sity on the pyrrole rings without fused benzo rings is larger

Chem. Eur. J. 2004, 10, 4422 —4435 www.chemeurj.org

3Zn

4Zn

Figure 5. TREPR spectra (dotted lines) of the zinc complexes in cyclo-
hexanol (toluene containing 0.1 M pyridine was used for 4Zn) together
with their simulations (solid lines). These spectra were observed at 20 K
and 1 ps after laser excitation.

than that on the benzo-fused pyrrole rings, the magnetic
dipole—dipole interaction between unpaired m electrons is
larger for adjacent pyrrole rings than for opposite pyrrole
rings.?*?! To allow a quantitative discussion, the zfs due to
the magnetic dipole—dipole interaction between the HOMO
and LUMO electrons was calculated under the half-point
charge approximation (Table 4).***! Indeed, the calculated
D values reproduce the experimental trends nicely.

On the other hand, the |E| value, which reflects the ani-
sotropic interaction between unpaired electrons towards the
in-plane axes (x and y), decreases in the order 2AdZn
(8.54x10cm™)>4Zn  (6.09x102cm ') >0Zn  (5.33x
107 cm™") >20pZn (517x102 cm™") >1Zn (4.00 x
102 em™")>3Zn (2.92x107% cm™"), without having any cor-
relation with the D value. The large | E| value of 4Zn with
D,, symmetry is interpreted in terms of the Jahn-Teller
effect. Langhoff et al. have shown that the | E| value of por-
phyrins is largest when the nodes lie along the meso-meso
direction.”” In fact, the T, optimum structure of ZnPc calcu-
lated using the ZINDO/1 Hamiltonian indicates that the
nodes of the LUMO lie along the meso—meso direction, and
that the Jahn-Teller structural distortion is very small (dis-
tances between the meso—meso nitrogen atoms differ by ca.
0.06 A between the x" and y' axes). In a similar manner, the
largest |E| value of 2AdZn originates from the nodes of
the LUMO along the meso-meso direction. These experi-
mental trends are well reproduced by the half-point charge
calculations (Table 4).24%!
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It is noteworthy that the D value of 2AdZn decreases
with increasing temperature (D(20 K)=2.68x10%cm'—
D(250 K)=2.60x10"2ecm™!, Figure 6) without a significant
change in the |E| value,® while this kind of temperature
dependence is not seen for 1Zn and 20pZn (for 0Zn and

2.68

264

D/10%m™

2.60

100 200
T/K
Figure 6. Temperature dependence of the D values of 2AdZn. The

change in the D value was reproduced using Equation (1) (solid line).

3Zn, no TREPR signal was observed at high temperature).
This decrease in D value is reasonably interpreted as due to
a change in the population between the T,, and nearby T,
states, since the half-point charge calculations indicate that
the calculated D value of the Ty, state (2.41x107>cm ™", the
HOMO-LUMO+1 configuration) is smaller than that of
the T,, state (2.65x1072cm™!, the HOMO-LUMO configu-
ration).” In this case, the observed D value D, is repre-
sented by Equation (1).*’)

D s4(2AdZn) = {D(T,,)P, + D(T,,)P,}/(P, + P>) (1a)
P, = exp(AE/2kT), P, = exp(—AE/2kT) (1b)

Here, D(T;,) was reasonably assumed as the D value at
20 K. The changes in D, were well reproduced by using
Equation (1) (solid line in Figure 6), from which the AE;;
and D(T,,) values were evaluated as 2.5x10* and 2.30x
102 em™!, respectively. Thus, the T, energy of 2AdZn is
very close to the T, energy, similar to the S;, and S;, states.

Of the Pd complexes, TREPR signals were detected for
1Pd, 20pPd, and 3Pd (Figure 7),"! while no TREPR signal
could be observed for 2AdPd. These TREPR spectra exhibit
an EEEE/AAA polarization pattern, where the intense E
signal at the lowest magnetic field is assigned to the Am,=2
transition, while the other signals correspond to the Am,=1
transitions. Although these spectra are reproduced by selec-
tive ISC to the z sublevel of the T, state, similarly to the
Zn complexes, the | D | and Ag,, values of the Pd complexes
are much larger than those of the Zn complexes (Table 4).
These EPR parameters are characteristic of porphyrinic
complexes with an open-shell atom™ ! and originate from
the z component of SOC between the T, and T, states, re-
flecting the AE;; value. It has been shown that the zfs of
PdPc and Pd porphyrin complexes with a small AE; value
is too large to be observed by X-band EPR (ca.
0.3 cm™).P"¥ Indeed, since the experimentally obtained
AE;r value of 2AdZn is very small, the absence of a
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Figure 7. TREPR spectra (dotted lines) of the palladium complexes in
toluene/CHCI; (1/1) together with their simulations (solid lines). The
spectra were observed at 10 K and 0.7 ps after laser excitation.

TREPR signal for 2AdPd can be interpreted by the large
zfs (outside range of X-band EPR). The |D| and Ag,,
values increase in the order 20pPd <1Pd < 3Pd, in contrast
to the AEgs value. The D values of the Pd complexes are an-
alyzed in terms of the AE-; value below.

Discussion

Electronic structures of frontier orbitals: In this section, the
relationship between frontier orbitals and m-conjugated sys-
tems is discussed in terms of the CV results and MO calcula-
tions.

The first oxidation potential shifts to negative potentials
in the order 0Zn>1Zn >2AdZn~20pZn >3Zn >4Zn. The
difference in the first oxidation couple between 2AdZn and
20pZn of only 0.02 V indicates that the potential shift de-
pends only on the size of the m-conjugated system, and that
the HOMO is destabilized by expansion of the & system. On
the other hand, the first reduction potential shifts to nega-
tive values in the order 0Zn~1Zn~20pZn>2AdZn~
3Zn>47Zn. In contrast to the HOMO, since the LUMO
energy appears to have no dependence on the number of
fused benzo rings, it is necessary to clarify the relationship
between the LUMO energy and the m-conjugated system.
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Accordingly, to characterize the frontier orbitals quantita-
tively, MO calculations were carried out with the PPP, PM3,
and ZINDO/S methods.**>! Since the results of these calcu-
lations were similar in terms of the effects of the fused
benzo rings on the TAP skeleton, we will discuss the expan-
sion of m-conjugated system using the typical MO energies
and frontier orbitals calculated within the framework of the
PPP method (Figure 8a and Figure 9). The HOMO becomes
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energetically destabilized with increasing size of the m-con-
jugated system, which is consistent with the CV results (Fig-
ure 8b). On the other hand, destabilization of the LUMO
and LUMO+1 depends on the symmetry of the m-conjugat-
ed system, and the variation in the LUMO energy elegantly
resembles that seen for the first reduction potential in the
CV measurements (Figure 8b). The behavior of the MO en-
ergies will now be discussed in terms of the electron distri-

bution of MOs.

In the case of the HOMO of
0Zn, since the electron densities
at the Cg positions of the pyr-
role rings are large, the HOMO
is destabilized by fused benzo
rings. In addition, the electron
distributions at the Cy positions
are independent of the pyrrole
rings for 0Zn. Therefore, the
HOMO destabilization due to
the fused benzo rings is inde-
pendent of the pyrrole ring to
which the benzo group is fused,
and exhibits a good relationship
with the size of the m-conjugat-
ed system.

On the other hand, the be-
havior of the LUMOs e,, and
€, 1s complex because of the
degeneracy. In the e, (or e,)
orbital, the electron densities at
the C; positions are larger in
the pyrrole rings on the y (x)
axis than those on the x (y)
axis. Therefore, the effect of
fused benzo rings on the x axis
is different from that on the y
axis. For example, in 1Zn, in
which the benzo ring is fused
on the y axis of 0Zn, only the
€,, orbital, which becomes the
LUMO+1, is destabilized,
while no change occurs in the
energy of e,, which becomes
the LUMO, and this results in
energy splitting between the
LUMO and LUMO+1
(Figure 10). Addition of a
benzo ring to 1Zn results in two
isomers, 20pZn and 2AdZn. In
the former, the second benzo
ring is also fused on the y axis.
Therefore, only the LUMO+1
energy is destabilized, while the
LUMO energy is essentially not
influenced by the fused benzo
ring (Figure 10). On the other
hand, since the second benzo
ring is fused on the x axis, the
effect on 2AdZn is clearly dif-
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Figure 10. Effects of fused benzo rings on the LUMO and LUMO +1 energies.

ferent from that on 20pZn.*Y Compared with 1Zn, the
LUMO originating from the e,, orbital of 0Zn is destabi-
lized, while the LUMO+1 originating from the e,, orbital
of 0Zn is hardly influenced. Thus, the LUMO energy is very
close to the LUMO +1 energy for 2AdZn (Figure 10). From
the viewpoint of the 0Zn—2AdZn transformation, benzo
rings are fused on both the x and y axes, so that the e,, and
e,, orbitals are destabilized to a similar extent. This appears
to be the reason why the LUMOs, S;, and T, states of
2AdZn are almost degenerate in spite of the C,, molecular
symmetry. In the case of 3Zn, the destabilization of the
LUMO +1 is twice that of the LUMO, because one and two
benzo rings are fused on the x and y axes, respectively. For
4Zn, the LUMOs are degenerate due to the D,, symmetry.
Consequently, the effects of fused benzo rings on the degen-
erate LUMO energies of 0Zn are reasonably explained.

By using this model, the destabilization of the HOMO
and LUMO levels can be evaluated from the CV results. In
the case of the first oxidation potential, the potential shift is
approximately proportional to the number of fused benzo
rings (ca. 0.14 V per benzo unit, dotted line in Figure 11),
which reflects the destabilization of the HOMO. The first
reduction potential only shifts when the benzo ring is fused
on the x axis, that is, in the transformations of 1Zn—
2AdZn, 20pZn—3Zn, and 3Zn—4Zn. The fact that the
first reduction potentials of 0Zn, 1Zn, and 20pZn are
almost identical, while those of 2AdZn and 3Zn are also
very close to each other, indicates that this model is appro-
priate. The shift in reduction potential is closely proportion-
al to the number of fused benzo rings on the x axis (ca.
0.18 V per benzo unit, broken line in Figure 11), which cor-
responds to the destabilization of the LUMO.

The destabilization of the LUMO (ca. 0.18 V per benzo
unit) is larger than that of the HOMO (ca. 0.14 V per benzo
unit), while the S,, and T,, energies, consisting of the
HOMO —LUMO configuration, shift to lower energy for
the 0Zn—4Zn transformation. This is reasonably interpret-
ed by the degeneracy of the LUMOs. While the a;, orbital
energy destabilizes due to the four fused benzo rings, the e,
and e,, orbital energies are destabilized by only two benzo
rings fused on the y and x axes (in other words, the effect
on the e, orbitals is dispersed since they are degenerate), re-
spectively, leading to the red shift of the S, and T, energies.
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Since, as described above, the
) :? destabilization energies of the

C» 2 LUMOs were evaluated from
“,gj the shift of the first reduction
\ - potential, we attempted to eval-
i‘,», ‘L,/ uate the ALUMO values exper-
‘ﬁﬁﬁ*/ 2 ;‘T Q imentally. First, it is reasonable
' to assume that the LUMO and

.(Q. LUMO+1 energies are desta-
..)AS. bilized by fusing benzo rings on
Pa) the x and y axes, respectively.
Accordingly, the ALUMO

value is expressed as

1500(N,—N,) cm™', where N,

and N, denote the number of

fused benzo rings on the y and
x axes, respectively. Consequently, the ALUMO values were
evaluated as 3000, 1500, and 1500 cm™' for 20pZn, 1Zn,
and 3Zn, respectively, while the LUMOs were degenerate in
the case of 0Zn, 2AdZn, and 4Zn. The ALUMO values ex-
hibit a good relationship with the AEgs values. While some
electronic effects of fused benzo rings have already been re-
ported in terms of CV measurements and MO calcula-
tions,* ¥ these studies focused mainly on the size of the 7-
conjugated system under the same symmetry. Therefore, the
present study is the first experimental demonstration of the
electronic relationship between fused benzo rings and MO
energies.

Excited singlet states: To quantitatively examine the elec-
tronic absorption spectra of the zinc complexes, CI calcula-
tions were performed with the ZINDO/S Hamiltonian.?
Calculated spectra are shown in Figure 12, and the calcula-
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Figure 11. Relationships between the redox potentials (e: first oxidation,
o and m: first reduction) and number of fused benzo rings. The AE, g
values denote the difference in the first oxidation or reduction potential
between 0Zn and the other Zn complexes. The @ and m data correspond
to the number of benzo rings fused on the x and y axes, respectively. The
first reduction potentials of 1Zn and 20pZn are similar to that of 0Zn,
while those of 2AdZn, 3Zn, and 4Zn shift to negative values.
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Figure 12. Absorption wavelengths and oscillator strengths obtained by
CI calculations on the zinc complexes.

tion results, including direction of transition dipoles and
configurations, are summarized in Table 5. While the Q
band of 0Zn and 4Zn consists of degenerate transitions, the
Q bands of the low-symmetry TAP derivatives split, with
the energy splitting decreasing in the order 20pZn >1Zn >
3Zn>2AdZn. Furthermore, the Q, band shifts to lower
energy in the order 0Zn>2AdZn>1Zn>4Zn>3Zn>
20pZn. These experimental trends in the Q band regions
are reproduced sufficiently by the CI calculations, while
there are too many transitions in the Soret-band region for
quantitative interpretations.'”! The main electronic proper-
ties obtained from the calculations are as follows. 1) The
transition dipole moments of Q, and Q, bands are orthogo-
nal to each other, and lie along the short (x) and long (y)
axes, respectively. 2) The Q bands consist mainly of the
HOMO—-LUMO (or LUMO+41) (>8%) and
HOMO-1—-LUMO+1 (or LUMO) configurations, which
is consistent with the good relationships between the AE,
and S;, energies, and between the AEg and ALUMO
values. 3) The oscillator strength of the Q, band is smaller
than that of the Q, band. This is reasonably interpreted by
the fact that the configuration interaction is larger in the Q,
band (HOMO—-LUMO+1 and HOMO—-1—LUMO) than
in the Q, band (HOMO—LUMO and HOMO-1-—
LUMO+1) because of the smaller energy difference in the
former.

Excited triplet states: The |D| values of the Pd complexes
are much larger than those of the Zn complexes. These
large | D| values are characteristic of the z component of a
large SOC between the Ty, and Ty, states.’' ™! In this sec-
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tion, we evaluate the AE;; values quantitatively. The ob-
served D value D is represented by Equation (2), where
Dgs and Dgoc denote D values due to the magnetic dipole—
dipole interaction and SOC, respectively.

D gq(Pd) = Dgs + Dsoc ()

By using D values of the Zn complexes as the Dgg values,
Dgoc values [=D g q(Pd)—Dq(Zn)] were evaluated as
—0.247, —0.166, —0.238 cm™" for 1Pd, 20pPd, and 3Pd, re-
spectively. Under the second-order perturbation theory, the
Dsoc is expressed as Equation (3),*”) where Z is a matrix el-
ement of the SOC, related to both the SOC constant (§=
1610 cm™') and the LUMO (LUMO+1) coefficients of d,,
(d,.) orbitals of the Pd atom, Cy,, (Cy,.).”?

Dsoc = —Z° JANE+r (3a)
iZ = ‘Scdyz Cdxz <dyz|lz|dxz> (3b)

The Z values have been experimentally evaluated as 24 +
5 and 33+4 cm™! for Pd porphyrin and PdPc complexes, re-
spectively.”*? Since the extended Hiickel MO calculations
indicated that the Z value is hardly dependent on the size
and type of m-conjugated systems,* their average value
(29+5cm™') was employed for our complexes. Thus, the
AE;r values were experimentally evaluated as 850300,
1300 +£400, and 8804300 cm ™' for 1Pd, 20pPd, and 3Pd, re-
spectively, and are therefore much larger than that of
2AdZn (250 cm™). These AE;; values exhibit a good paral-
lel relationship with the ALUMO and AEg values, as sum-
marized in Figure 13.
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Figure 13. Summary of the ALUMO, AEg, and AE | values.
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Table 5. Calculated transition energies, oscillator strengths £, and configurations of the zinc complexes.

Compd A[nm] #[em™'] f Polarization®! Configuration!®!

0Zn 640 15630  0.63 169—170 (85)  168—171 (9)
640 15630  0.63 169—171 (85)  168—170 (9)
400 24980  0.512 165—170 (38)  168—170 (19)  165—171 (18)
400 24980  0.510 165—171 (38)  168—171 (19)  165—17 0 (18)
362 27650  1.349 168—171 (46)  165—171 (21)  168—170 (13)
362 27650  1.348 168—170 (46)  165—170 (21)  168—171 (13)
291 34350  0.624 169—174 (54)  157—170 (12)  157—171 (10)
291 34350  0.622 169—175 (54)  157—170 (10)  157—171 (12)
269 37200  0.140 169—175 (23)  157—170 (20)
269 37200  0.143 169—174 (23)  157—171 (21)

1Zn 675 14810 0814 x 162—163 (89)  161—164 (6)
623 16050  0.558 y 162—164 (85)  161—163 (9)
423 23620 0505 y 160—163 (62)  161—163 (12)  159—165 (6)
402 24890 0356 x 161—164 (44)  160—164 (36)  161—165 (5)
393 25480 0944 y 161—163 (70)  160—163 (19)  162—164 (5)
354 28290 0991 x 161—-164 (37) 160—164 (44)  158—164 (5)
337 29690 0582 x 158—164 (60)  162—166 (16)  158—165 (10)
318 31460 0973 y 158—163 (76)  162—167 (5) 158 —166 (5)
293 34130 0222y 162—167 (42)
291 34330 0170 x 162—168 (65)
280 35750 0123 y 162—167 (30)  151—163 (23)

2AdZn 657 15230 0.867 X 155—156 (89)  154—157 (5)
643 15550 0772y 155—157 (90)  154—156 (5)
407 24560  0.693 Y 154—156 (69)  153—157 (14)  154—158 (5)
367 27270 0223y 153—157 (74)  154—156 (16)
367 27280 0.746 X 154—157 (74)  153—156 (12)  152—157 (4)
345 28990 0258 Y 155—159 (62)  151—157 (21)
337 29690  0.698 X 152—157 (49)  151—-156 (22)  155—160 (6)
305 32830  1.031  y 155—161 (41)  152—156 (35)  151—157 (6)
298 33590  0.604 X 152—157 (23)  151—156 (48)
283 35310 0313 X 155—162 (34)  155—164 (21)  144—157 (26)
275 36320 0208 ) 146—156 (24)

20pZn 708 14120 1113 «x 155—156 (91)  154—157 (3)
615 16270 0557 y 155—157 (85)  154—156 (10)
428 23380 0751 y 154—156 (74)  152—156 (9) 155—157 (6)
339 29520 0918 x 154—157 (81)  152—157 (10)
333 30030  1.679 y 152—156 (80)  154—156 (8) 155—157 (4)
332 30080 0.497 x 155—160 (75)  152—157 (15)  154—157 (3)
313 32000 0530 x 155—160 (21)  152—157 (52)  151—158 (8)
287 34800 0180 y 155—162 (59)  155—164 (28)
287 34900 0511  x 145—156 (46)  155—169 (13)  153—158 (8)
273 36660 0115 y 155—166 (37)

3Zn 686 14580  1.085 x 148—149 (92)
644 15540  0.806 y 148—150 (90)  147—149 (4)
414 24170 0297 y 147—149 (83)
357 28030 0442 x 147—150 (86)  146—150 (5)
344 29080 0.168 y 144—149 (72)
337 29720 0426 x 148—154 (68)  146—150 (15)
334 29970 0570 y 145—150 (49)  146—149 (26)  148—152 (7)
327 30630 0152 x 148—154 (24)  146—150 (24)  145—149 (33)
325 30730 0229 y 148—153 (77)
311 32130 0980 y 146—149 (44)  145—150 (31)  148—153 (5)
304 32840 0314 x 146—150 (27)  145—149 (40)
295 33870  0.616 x 148—155 (21)  144—150 (37)  144—152 (8)
281 35560 0394 y 148—157 (37)  138—149 (21)
273 36700 0142  x 142—149 (27)  134—149 (34)
272 36830 0.641 x 144—150 (19)  142—149 (7)

4Zn 678 14760  1.096 141142 (91)  140—143 (4)
678 14760  1.096 141-143 (91)  140—142 (4)
323 30960  0.227 137142 (52)  140—142 (22)  141—146 (10)
323 30960  0.227 137—143 (52)  140—143 (22)  141—147 (10)
305 32780 1.973 140—142 (39) 137—142 (22)  139—145 (6)
305 32780 1.973 140—143 (39)  137—143 (22)  138—145 (6)
276 36230  0.546 141—-150 (52)  133—142 (17)  134—143 (8)
276 36230  0.546 141-151 (52)  133—143 (17)  134—142 (8)

[a] For 2AdZn, the x" and y’ axes lie along the meso—-meso direction and are short and long axes, respectively.
[b] Percentage contribution of the configuration is given in parentheses. [c] 0Zn (HOMO=169), 1Zn
(HOMO =162), 2AdZn (HOMO =155), 20pZn (HOMO =155), 3Zn (HOMO =148), 4Zn (HOMO =141).

4432

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusion

We have prepared a series of
TAP derivatives with various -
conjugated systems by fusing
benzo rings and quantitatively
characterized the electronic
structures. The ALUMO, AEg,
and AE;; values were found to
have a parallel relationship.
The shift of the first oxidation
and reduction potentials, and
the relationship between the
frontier orbitals and fused
benzo rings were quantitatively
characterized in terms of the
CV measurements and MO cal-
culations. In particular, the
ALUMO values were evaluated
experimentally for the first time
and could be reasonably ex-
plained by using the magnitude
of the MO coefficients. In the
S, states, the AFEg values were
estimated from electronic ab-
sorption and MCD spectra, and
MO calculations succeeded in
reproducing the experimental
trend. In the T, states, it was
shown that the AE [y values can
be evaluated by analyzing the
temperature dependence of the
zfs and SOC of the Pd com-
plexes. These methods for eval-
uating the molecular properties
are useful not only for under-
standing the porphyrin and Pc
complexes, but also for prepar-
ing novel functional molecules.

Experimental Section

Instrumental techniques: Electronic
absorption spectra were measured
with a Hitachi U-3410 spectrophotom-
eter. MCD measurements were made
with a JASCO J-720 spectrodichrome-
ter equipped with a JASCO electro-
magnet producing magnetic fields of
up to 1.09 T with parallel and antipar-
allel fields. Fluorescence spectra were
recorded with a Hitachi F-4500 spec-
trofluorimeter. Near-IR phosphores-
cence measurements were performed
with a monochromator (JASCO CT-
25CP) and a photomultiplier (Hama-
matsu Photonics R5509-42), which was
cooled at 193 K by a cold nitrogen gas
flow system (Hamamatsu Photonics
R6544-20).5" The photon signals, am-
plified by a fast preamplifier (Stanford
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Research SR445), were measured by the single-photon counting method
using a photon counter (Stanford Research SR400). Samples were excit-
ed by an Nd:YAG laser (Spectra Physics INDI-30; 355 nm; 7 ns fwhm).
Toluene of spectral grade containing pyridine and a 1:1 mixture of tolu-
ene and chloroform of spectral grades were used as solvents for the Zn
and Pd complexes, respectively.

TREPR measurements were carried out on a Bruker ESP 300E spec-
trometer.”®! An Oxford ESR 900 cold gas flow system was used for con-
trolling the temperature. Samples were excited at 585 nm by a dye laser
(Lumonics HD 500) pumped with an excimer laser (Lumonics EX 500)
or at 532 nm by a Nd:YAG laser (Spectra Physics INDI-30). The TREPR
signals from the EPR unit were integrated by a LeCroy 9450A oscillo-
scope. For TREPR measurements, cyclohexanol or toluene of spectral
grade containing 0.1M pyridine and a 1:1 mixture of toluene and chloro-
form of spectral grades were used as solvents for Zn and Pd complexes,
respectively.

CV measurements were made under a dry nitrogen atmosphere using a
Hokuto Denko HA-501 potentiostat/galvanostat connected to a Hokuto
Denko HB-105 function generator. Differential pulse voltammetry ex-
periments were performed with a Yanaco Model P-1100 electric analyzer.
Conventional three-electrode cells were used, in which a glassy carbon
electrode (area 0.07 cm?) and a platinum wire were used as the working
electrode and auxiliary electrode, respectively. The reference electrode
(AgCl/Ag) was corrected for junction potentials by reference to the fer-
rocenium/ferrocene (Fc*/Fc) couple. In an o-dichlorobenzene (o-DCB)
solution containing 0.1M tetrabutylammonium perchlorate (TBAP), the
Fc*/Fc couple was observed at approximately 0.51+0.02 V vs AgCl/Ag.

Computational methods: MO calculations were carried out by using the
PPP, PM3, or ZINDO/S methods.”**! The CI calculations were also per-
formed with the ZINDO/S Hamiltonian by means of the program Hyper-
Chem. R.5.1.! For CI calculations, all singly excited configurations of up
to 10 eV were included. Band deconvolution of the spectral data was car-
ried out with the program SIMPFIT developed by Stillman et al.**! The
zfs in the T, state was calculated under a half-point charge approxima-
tion,”! in which the HOMO and LUMO coefficients obtained by the
PPP calculations were employed.?* Simulations of the T; TREPR spec-
tra were carried out by following the procedure already reported.”!

Synthesis: All new low-symmetry TAPs in Scheme 1 were obtained by
mixed condensation between two types of dinitrile. Yields of the TAP de-
rivatives were calculated on the basis of the total nitrile mixture.
Octa-2,3,7,8,12,13,17,18-phenyl-5,10,15,20-tetraazaporphinato(2— ) zinc(m)***!
(0Zn): A 1-pentanol solution (3 mL) containing diphenylmaleonitrile!*!
(110 mg, 4.77 x10~* mol) and a small amount of lithium was refluxed for
1 h. After adding an excess of zinc acetate, the solution was refluxed for
30 min. The solvent was evaporated, the remaining mixture washed with
methanol, and the residue purified by chromatography on alumina and
silica gel with pyridine as eluent. Recrystallization from CHCly/ethanol
gave 0Zn as a dark green powder in 18 % yield (21 mg). Elemental analy-
sis (%) caled for CgHyNgZn: C 77.92, H 4.09, N 11.36; found: C 77.74,
H 4.40, N 11.14; '"H NMR (400 MHz, CDCl;+1% CsDsN): 6 =7.59-7.50
(m, 24H; m-Ph, p-Ph), 8.39 ppm (dd, 16 H; o-Ph).
[2%,2*-Dioctyloxybenzo[b]-7,8,12,13,17,18-hexaphenyl-5,10,15,20-tetraaza-
porphinato(2—)]zinc(m)  (1Zn), [2%2},7%,7-tetraoctyloxydibenzo[b,g]-
12,13,17,18-tetraphenyl-5,10,15,20-tetraazaporphinato(2—) Jzinc(11)
(2AdZn), and [2%,2%,12%,12*-tetraoctyloxydibenzo[b,/]-7,8,17,18-tetraphen-
yl-5,10,15,20-tetraazaporphinato(2—)]zinc(m) (20pZn): Diphenylmaleoni-
trilel®” (670 mg, 2.90x10mol) and 4,5-dioctyloxyphthalonitrile!?
(609 mg, 1.58x10~* mol) were dissolved in a 1-pentanol solution (10 mL)
containing lithium, and the solution was refluxed for 1 h under nitrogen.
After evaporation of the solvent, the residue was subjected to chroma-
tography on silica gel with toluene as eluent and separated into two com-
ponents: metal-free adjacently dibenzo-substituted TAP and a mixture of
metal-free monobenzo-substituted and oppositely dibenzo-substituted
TAPs. These metal-free compounds and an excess of zinc acetate were
refluxed in DMF for 1h, and the resultant Zn complexes purified on
silica gel and Bio-beads gel (S-x1) columns with CHCl; as eluent. Recrys-
tallization from CHCl;/methanol produced 1Zn, 2AdZn, and 20pZn as
green powders in 0.8% (15 mg), 3.3% (34 mg), and 0.7% (7 mg) yield,
respectively. 1Zn: FAB MS: m/z: 1140 [M+1]*; elemental analysis (%)
caled for C;,HgNgO,Zn: C 75.81, H 5.83, N 9.82; found: C 75.08, H 5.76,
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N 9.58; 'H NMR (400 MHz, CDCl;+1% CsDsN): 6=8.69 (s, 2H; ArH),
8.44 (d, 4H; o0-Ph), 8.36 (m, 8H; 0-Ph), 7.69 (t, 4H; m-Ph), 7.60-7.47 (m,
14H; m-Ph, p-Ph), 4.48 (t, 4H; OCH,), 2.09 (quin, 4H; OCH,CH,), 1.68
(quin, 4H; OCH,CH,CH,), 1.52-135 (m, 16H; OCH,CH,CH,-
CH,CH,CH,CH,), 0.92 ppm (t, 6H; CH;); 2AdZn: FAB MS: m/z: 1294
[M+1]%; elemental analysis (%) caled for CgHy,NsO,Zn: C 74.20, H
7.16, N 8.65; found: C 73.65, H 7.12, N 8.54; 'HNMR (400 MHz,
CDCl;+1% CsDsN): 0=8.86 (s, 2H; ArH), 8.65 (s, 2H; ArH), 8.40
(d, 4H; o-Ph), 8.31 (d, 4H; o0-Ph), 7.68-7.64 (m, 4H; m-Ph), 7.56-7.44
(m, 8H; m-Ph, p-Ph), 4.56 (t, 4H; OCH,), 4.47 (t, 4H; OCH,), 2.12-2.04
(m, 8H; OCH,CH,), 1.73-1.63 (m, 8H; OCH,CH,CH,), 1.52-1.33
(m, 32H; OCH,CH,CH,CH,CH,CH,CH,), 0.93-0.89 ppm (m, 12H;
CH;). 20pZn: FAB MS: m/z: 1294 [M+1]*; elemental analysis (%)
caled for CgHg,NgO,Zn: C 74.20, H 7.16, N 8.65; found: C 73.62, H 6.97,
N 8.46; '"H NMR (400 MHz, CDCl;+1% CsD;N): 6=8.70 (s, 4H; ArH),
8.45 (d, 8H; o-Ph), 7.68 (t, 8H; m-Ph), 7.56 (t, 4H; p-Ph), 4.47 (t, 8H;
OCH,), 2.08 (quin, 8H; OCH,CH,), 1.67 (quin, 8H; OCH,CH,CH,),
1.52-1.34 (m, 32H; OCH,CH,CH,CH,CH,CH,CH,), 0.91 ppm (t, 12H;
CH,).

[22,2%,74, 7,123, 12> -Hexaoctyloxytribenzo[ b,g,/]-17,18-diphenyl-5,10,15,20-
tetraazaporphinato(2—)]zinc(m) (3Zn): Diphenylmaleonitrile”! (80 mg,
35x10*mol) and 4,5-dioctyloxyphthalonitrile® (385 mg, 1.00x
107 mol) were dissolved in a 1-pentanol solution (5 mL) containing lithi-
um, and the solution refluxed for 1 h under nitrogen. After evaporation
of the solvent, the residue was purified on silica gel (toluene as eluent)
and Bio-beads gel (S-x1, CHCI; as eluent) columns to give metal-free tri-
benzo-substituted TAP. This metal-free compound and an excess of zinc
acetate were refluxed in DMF for 1 h. The reaction mixture was purified
on silica gel, Bio-beads gel (S-x1), and alumina columns with CHCI; as
eluent. Recrystallization from CHCly/methanol afforded 3Zn as a green
powder in 5.3% yield (27 mg). FAB MS: m/z: 1449 [M+1]*; elemental
analysis (%) caled for CggH;1sNgO¢Zn: C 72.93, H 8.21, N 7.73; found: C
72.89, H 8.35, N 7.59; '"H NMR (400 MHz, CDCl;+1% C;D;N): =891
(s, 2H; ArH), 8.87 (s, 2H; ArH), 8.68 (s, 2H; ArH), 8.43 (d, 4H; o-Ph),
7.69-7.65 (t, 4H; m-Ph), 7.55 (t, 2H; p-Ph), 4.59 (m, 8H; OCH,), 4.49 (t,
4H; OCH,), 212 (quin, 12H; OCH,CH,), 1.71 (quin, 12H;
OCH,CH,CH,), 1.53-1.35 (m, 48H; OCH,CH,CH,CH,CH,CH,CH,),
0.95-0.91 ppm (m, 18H; CHj).
Octa-2,3,9,10,16,17,23,24-octyloxyphthalocyaninato(2—)zinc(m) (4Zn): A
1-pentanol solution containing lithium and 4,5-dioctyloxyphthalonitrile!*?
(609 mg, 1.58x 107> mol) was refluxed for 1 h under nitrogen. After addi-
tion of an excess of zinc acetate, the mixture was refluxed for 30 min.
After evaporation of the solvent, the residue was subjected to chroma-
tography over silica gel with CHCl; as eluent to give 35 mg (5.5 % yield)
of 4Zn as a green powder. Elemental analysis (%) caled for
CoeH,44NgOgZn: C 71.90, H 9.05, N 6.99; found: C 71.50, H 9.00, N 6.89;
"H NMR (400 MHz, CDCl;+1% CsDsN): = 8.95 (s, 8H; ArH), 4.62 (t,
16H; OCH,), 2.15 (quin, 16H; OCH,CH,), 1.74 (quin, 16H;
OCH,CH,CH,), 1.57-1.34 (m, 64H; OCH,CH,CH,CH,CH,CH,CH,),
0.93 ppm (t, 24H; CH,).
[2%,2*-Dioctyloxybenzo[b]-7,8,12,13,17,18-hexa(p-tert-butylphenyl)-
5,10,15,20-tetraazaporphinato(2—) Jpalladium(m) (1Pd): Bis(p-tert-butyl-
phenyl)fumaronitrile! (110 mg, 3.21 x 10~ mol) and 4,5-dioctyloxyphtha-
lonitrile!*? (44 mg, 1.1 x10~* mol) were dissolved in a 1-pentanol solution
(4 mL) containing lithium, and the solution refluxed for 1 h under nitro-
gen. After evaporation of the solvent, the residue was subjected to chro-
matography over silica gel with toluene and hexane/CHCI; (1/1) as elu-
ents to give metal-free monobenzo-substituted TAP (24 mg). This metal-
free compound and PdCl, (135mg, 7.61x10™* mol) were refluxed in
chlorobenzene/DMF (1/1, 3 mL) for 2 h. After removal of the solvent by
evaporation, the residue was purified on silica gel and Bio-beads gel (S-
x1) columns with CHCI; as eluent. Recrystallization from CHCly/hexane
yielded 1Pd as a dark green powder in 9% yield (15 mg). ESI-TOF MS:
mlz: 1518 [M+1]*. Elemental analysis (%) caled for CyeH,,N;O,Pd: C
7594, H 7.57, N 7.38; found: C 75.69, H 7.62, N 7.24; 'HNMR
(400 MHz, CDCL,): 0=8.49 (s, 2H; ArH), 8.26 (m, 12H; o-Ph), 7.70 (d,
4H; m-Ph), 7.58 (m, 8H; m-Ph), 4.40 (t, 4H; OCH,), 2.08 (quin, 4H;
OCH,CH,), 1.67 (quin, 4H; OCH,CH,CH,), 1.55-1.37 (m, 70H;
OCH,CH,CH,CH,CH,CH,CH,, tBu), 0.94 ppm (t, 6H; CHj).

[2%,2, 72, 7*-Tetraoctyloxydibenzo| b,g]-12,13,17,18-tetra(p-tert-butylphen-
y1)-5,10,15,20-tetraazaporphinato(2—) Jpalladium (1) (2AdPd),
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[22,2%,12%,12*-tetraoctyloxydibenzo| b,/]-7,8,17,18-tetra(p-tert-butylphen-
y1)-5,10,15,20-tetraazaporphinato(2—) Jpalladium () (20pPd), and
[22,2%,7%,7°,12%,12*-tetraoctyloxytribenzo[ b,gI]-17,18-bis(p-tert-butylphen-
yD)-5,10,15,20-tetraazaporphinato(2—) Jpalladium(m) (3Pd): Bis(p-tert-bu-
tylphenyl)fumaronitrile!® (409 mg, 1.19x 10~ mol) and 4,5-dioctyloxyph-
thalonitrile"?! (249 mg, 6.47 x 10~ mol) were dissolved in a 1-pentanol so-
lution (12 mL) containing lithium, and the solution refluxed for 1 h under
nitrogen. After removing the solvent, the residue was purified by silica
gel (toluene, CHCL;, and hexane/CHCI, as eluents) and Bio-beads gel (S-
x1 or S-x2, CHCI, as eluent) columns, and separated into three fractions:
metal-free oppositely dibenzo-, adjacently dibenzo-, and tribenzo-substi-
tuted TAPs. These metal-free compounds and PdCl, were refluxed in a
mixed solution of chlorobenzene and DMF for 2 h. After evaporation of
the solvent, the residue was purified on silica gel and Bio-beads gel (S-x1
or S-x2, CHCl; as eluent) columns, and by preparative TLC (silica,
hexane/CHCI; as eluent). Recrystallization from CHCly/methanol gave
20pPd, 2AdPd, and 3Pd as dark blue powders in 2.7% (14 mg), 7.5%
(38 mg), and 5.5% (19 mg) yield, respectively. 2AdPd: ESI-TOF MS:
m/z=1560 [M+1]*; elemental analysis (%) caled for CooH;5,NgO,Pd:
C 73.89, H 8.01, N 7.18; found: C 73.69, H 8.18, N 7.22; 'HNMR
(400 MHz, CDCL;): 6=8.51 (br, 2H; ArH), 8.26-8.14 (brm, 10H; o-Ph,
ArH), 7.69 (d, 4H; m-Ph), 7.51 (d, 4H; m-Ph), 4.45-4.30 (brm, 8H;
OCH,), 2.10 (brm, 8H; OCH,CH,), 1.73 (brm, 8H; OCH,CH,CH,),
1.59-1.37 (brm, 68H; OCH,CH,CH,CH,CH,CH,CH,, tBu), 0.96 ppm
(m, 12H; CH;). 20pPd: ESI-TOF MS: m/z: 1560 [M+1]*; elemental
analysis (%) calcd for CyH;,,NgO,Pd: C 73.89, H 8.01, N 7.18; found: C
73.97, H 825, N 7.23; 'HNMR (400 MHz, CDCl;): 6=8.39 (s, 4H;
ArH), 8.30 (d, 8H; o-Ph), 7.68 (d, 8H; m-Ph), 4.45 (t, 8H; OCH,), 2.13
(quin, 8H; OCH,CH,), 1.72 (quin, 8H; OCH,CH,CH,), 1.59-1.39 (m,
68H; OCH,CH,CH,CH,CH,CH,CH,, tBu), 0.95ppm (t, 12H; CHj;).
3Pd; ESI-TOF MS: m/z: 1602 [M+1]*; elemental analysis (%) calcd for
CyH 3,N5O¢Pd: C 71.95, H 8.43, N 6.99; found: C 71.63, H 8.25, N 7.09;
'HNMR (400 MHz, CDCL): §=8.40 (br, 6H; ArH), 8.30 (d, 4H; o-Ph),
7.71 (d, 4H; m-Ph), 447 (brm, 12H; OCH,), 2.15 (brm, 12H;
OCH,CH,), 1.77 (brm, 12H; OCH,CH,CH,), 1.60-1.40 (m, 66H;
OCH,CH,CH,CH,CH,CH,CH,, tBu), 0.97 ppm (m, 18H; CHj).
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