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Ilpeocmaenena nepeas wacmo cepuu 0030pHBIX padOMm NO CEOICMEAM HEKOMOPLIX CUH-
memuyecKu U CneKmpoCKORUYecKu UHMePeCcHvIX Uccaed08anuil nauteii 2pynnut 3a nepuoo 2007-
2017 2e. B wacmnocmu, npugedenvl npumepsl AHaAaIu3a CHEKMPOCKORUYECKUX OAHHBIX 8 COYema-
HUU ¢ pacuemamu Memooom MOAeKYAAPHBIX opoumaneii. Mvl ucnonv3o6anu 6 0CHO6HOM CheK-
mpocKonuuecKkue Memoost I1eKMPOHHO20 NOZTOWEHUSA U eCIEeCIEEHHO20 U MAZHUMHO20 KPY20-
6020 Ouxpousma, nepuoouyecKu npumenasn ghyopecuenyuio, pocghopecuenyuio u 1P c spemen-
Hom paspewenuem. Teopemuuecku npoananuzuposansvt cnekmpul (4n + 2) 7w cucmem, a maxace
HeKomopyvle 4n7T AHMUAPOMAMUYECKUX CUCIMEM, YMO NOMO2AEn YUMAmeni0 UHmepnpemupo-
eamp cnekmpanvnule Oannvie. B nepeoit wvacmu u emopoii uacmax amozo 0630pa paccmampuea-
10mcs MOHOMEDPHbIE CUCIEMDbL, 4 6 MPEembell - mPUMeEPHbIE U MEMPAMEPHbIE CUCHIEMDbI.
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The first part of the series of review papers on the properties of some synthetically and
spectroscopically interesting studies of our group for the period 2007-2017 is presented. In partic-
ular, examples are shown on the analysis of spectroscopic data in conjunction with molecular or-
bital (MO) calculations. We have used mainly electronic absorption and natural and magnetic cir-
cular dichroism (CD and MCD) spectroscopic techniques, with occasional use of fluorescence,
phosphorescence, and time-resolved ESR. Not only the spectra of (4n + 2) &z systems, but also some
4nzanti-aromatic systems are theoretically analyzed, which helps the reader to learn how to inter-
prete the spectral data. In the first part and the second part of this review monomer systems are
considered, and in the third - trimeric and tetrameric systems.
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INTRODUCTION

Since their first synthesis of more than 110 years
ago, [1] many peoples have been involved in the re-
search of phthalocyanines (Pcs) and related com-
pounds. Pcs are an important industrial commodity
used in inks, coloring for plastics and metal surfaces,
and dyestuffs and the number of literatures and patents
in the 21% century exceeds more than 2000 per year.
The future potential uses of metalloPcs (MtPcs), cur-
rently under study, include for example photodynamic
reagents for cancer therapy and other medical applica-
tions, solar cells, electrochromic display devices, and
sensing elements in chemical sensors. We summarized
some research fields of MtPcs and related compounds
in the last 20 years from time to time as reviews [2-28]
and in book chapters. [29-62] In this review, we intro-
duce some of our representative works in the last 12
years on Pcs and related compounds, summarized
mainly on the basis of spectroscopic interest and spe-
cific properties.

MONOMERIC SYSTEMS

2-1. Nearly Planar (Low Symmetry) Systems
a) Relationship between Symmetry of Porphyrinic z-
Conjugated Systems and Singlet Oxygen (*Ag) Yields.
Previously, we reported the relationship between mo-
lecular symmetry and absorption spectra of tetraaza-
porphyrins (TAPs) and phthalocyanine (Pc) analogues
[22, 30, 63, 64]. However, the relationship between the
molecular symmetry and singlet oxygen yields (Ag)
which is important in the field of, for example, photo-
dynamic therapy was not examined. Accordingly, the
excited-state properties and singlet oxygen generation
mechanism were examined in phthalocyanines (4M;
H,, Mg, or Zn) and in low-symmetry metal-free, mag-
nesium, and zinc TAPs, that is, monobenzo-substituted
(1M), adjacently dibenzo-substituted (2AdM), oppo-
sitely dibenzo-substituted (20pM), and tribenzo-sub-
stituted (3M) TAP derivatives, whose 7 conjugated
systems were altered by fusing benzo rings (Fig.1) [65].

Figure 2 exhibits the absorption spectra of Mg
and H derivatives shown in Fig. 1. The important
point in this figure [6, 30, 65, 66] is that the compounds
with Da, symmetry do not show the splitting of both
the Soret (B) and Q bands theoretically. The Cy, type
compound such as 2AdMg also does not show splitting

but in this case the splitting is so small that seemingly
a single peak appears in both the Q and B band regions.
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Fig. 1. Molecular structures of low-symmetry TAP derivatives
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Fig. 2. Electronlc absorption spectra of Mg (Ieft) and Hz (right)
compounds
Puc. 2. DnekTpoHHbBIE CHEKTPHI MOTJIOIIEHHS COeANHEHUH
Mg(cnesa) u Hz (cipaBa)

The D2 type compound (20pMg) shows the
largest splitting, and the central energy of the split
bands is very close to that of Cy, type compound. In the
case of H, compounds, pyrrole protons are bound to
the pyrrole Ns along the short-axis. This has been con-
firmed by comparing experimental splitting of the Q
band and calculated splitting. If the pyrrole protons are
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linked to pyrrole Ns along the long axis, the splitting
of the Q band is much smaller than in the experiments.
Due to the low symmetry of the compounds, all H de-
rivatives theoretically show split absorption bands.
The luminescence, particularly phosphores-
cence spectra of porphyrins and phthalocyanines are
very rare because of the low phosphorescence effi-
ciency so that systematic data of low-symmetry por-
phyrinoids have not been reported to date. In Fig. 3, we
show the fluorescence and phosphorescence spectra of
our Mg- and H.TAPs observed in the near-IR region,
apart from 4H,. The Tix energy of the Mg complexes
decreased in the order of 1IMg>2AdMg>3Mg>20pMg>
>4Mg, which is similar to the Zn complexes [64]. In
the case of metal-free compounds, the Tix energy de-
creased in the order of 1H,>3H,>20pH>2AdH,.
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the @, dependence of the metal-free derivatives is
noteworthy. For example, while the ®, value of
2AdH; is smallest, that of 20pH: is larger than that of
4Zn, exceeding the heavy atom effect. That is, the
@, value increases with increasing splitting of the Q
band. Thus, we have succeeded in changing the ®, val-
ues by fusing benzo unit.
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Fig. 4. Relationships between the molecular structures and @4 values
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In order to clarify the singlet oxygen genera-
tion mechanism, in the first place, the excited state en-
ergies of the Mg and H, complexes are determined
(Fig. 5). In the case of the Mg complexes, the Six and
Siy energies were determined from the electronic ab-
sorption spectra, except those of 2AdMg which were
evaluated by band deconvolution analysis of the elec-
tronic absorption and MCD spectra.
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Fig. 3. The luminescence spectra of Mg (left) and H2 (right) com-
pounds. The fluorescence and phosphorescence spectra were at

ambient temperature and 77K, respectively
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Singlet oxygen yield (®,) in the presence of
these compounds were also investigated by monitoring
the singlet oxygen (*Aq) luminescence at 1275 nm, and
the values are summarized in Fig. 4. From this figure,
we can see two important features. 1) The @, values of
the Zn complexes are much larger than those of the cor-
responding Mg complexes, while the electronic struc-
tures are similar. This was easily interpreted by con-
ventional spin orbit coupling (SOC) theory, called the
heavy atom effect. 2) The ®, values strongly depend
on the shape of the & conjugated system. In particular,
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Fig. 5. Summary of the AEss and AEtT values of Mg (left) and
metal-free (right) complexes
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The Tix energies were determined from the po-
sition of phosphorescence peaks. The Ty, energies
were evaluated by reference to the AErr values of Pd
or Zn complexes (AErt: the energy splitting between
the T1x and Tyy states) [64]. This approximation that the
AE+r values among the Zn, Pd, and Mg complex is
plausible, since the magnitude of the Q band splitting
is similar for these complexes when comparing across
complexes with the same & system.

In the case of metal-free (Hz) compounds, the
Six, Siy, and Tix energies were determined from the

H. KobGasmmu

significantly on the symmetry of the ligand & structure.
In order to elucidate this phenomenon, the singlet oxy-
gen generation mechanism was discussed.

The singlet oxygen is generated via two pro-
cesses, i.e. S1-T1 intersystem crossing (ISC) of photo-
sensitizer and energy transfer from the T1 photosensi-
tizer to triplet oxygen (3Z¢) so that the @, is expressed
by Der X Disc, Where et (: kET[Oz]/(kET[Oz] + kT))
and @isc (= kisc/(kr + kic + kisc)) are the quantum yields
of energy transfer and ISC, respectively (Scheme 1).

electronic absorption and phosphorescence spectra.
However, it was difficult to obtain the Ty, energies
by directly utilizing the AE+r values of the Pd and
Zn complexes, since the Q band splitting of metal-
free complexes are different from those of the cor-
responding Zn or Pd complexes. To estimate the
AErr values of the metal-free compounds (=
AEt1(H2)), the S1x-Siy splitting (= AEss(H2)) and the
AETT(H2) values were divided into two parts, i.e.
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AEss(H2) = AEss™ + AEgs?
AEtr(Hz) = AErr™ + AEr?H,
where AEss™and AEtt™ are the Six-Siy and Tix-Tay
splitting due to the lowering of the © symmetry,
while those due to inner pyrrole protons are termed
AEss?™ and AETr?H, respectively. The AEss and AETr
values of the Zn complex were used as the AEss™and
AErr™values of the metal-free complex, since the split-
ting of the Q band was similar among Zn, Mg and Pd
complexes. From the difference between the AEss(H>)
and AEss(Zn) (= AEss™) values, AEss?™ was calculated
as 1540, 680, 1200, 1200, and 800 cm™ for 1H,,
2AdH;, 20pH;, 3H,, and 4H,, respectively. We as-
sumed that AEss®™ ~ AEr+?H, since MO calculations
suggest that the inner pyrrole protons barely change the
n MO coefficients in the HOMO, LUMO, and
LUMO+1 that associate to the Q transition. Thus, the
AE+rr(H2) value was approximated according to the fol-
lowing equation.
AETT(Hz) = AET" +AETT2H = AETT(Zn) +
+ [AEss(Hz) - AEss(Zn)]

Using this equation, the excited state energies
of the metal-free compounds were evaluated and sum-
marized at the right-hand side of Fig. 5. The important
outcome is that the AEss and AE+t values of the metal-
free complexes are much larger than those of the Zn
and Mg complexes due to the inner pyrrole protons.

As shown in Fig. 4, the @, value of 20pH is
larger than that of 4Zn, while 2AdH., being the isomer
of 20pH>, exhibited the smallest ®, value of the com-
pounds examined, indicating that the @, value depends

ky:: Flucrescence radiative decay rate constant
ky;-- Internal conversion rate constant

Kyt Intersystem crossing ratc constant

kr: Decay rale constant rom the Ty, slaie

ke [0-]: Energy trans fer rale conslanl

Scheme 1. Singlet oxygen generation mechanism in 4M and 20pM
Cxema 1. MexaHH3M TeHepalnuy CHHITIETHOTO KHCiIopoaa B 4M u
20pM

Since the T, lifetimes of our Zn complexes are
much longer than the energy transfer, [64] the energy-
transfer efficiency is almost 100%, that is, ®a ~ @,
consistent with previous studies on Pc derivatives [67-69].
Thus, it becomes evident that the S,-T, ISC is the most
important process in the relationship between the mo-
lecular structures and ®, values. In the S;-T, ISC, we
decided to focus on the ISC from the Sy, state to the T,
state (Scheme 1). While the S,, and S, states or the T,
and T, states are almost entirely degenerate in the case
of 4M and 2AdM, those of 1M, 20pM, and 3M are
split. As a result, the energy difference between the S,
and T, states (=AEg,ry) is much smaller in 1M, 20pM,
and 3M than in 4M and 2AdM, enhancing the S;,- T,
ISC. Thus, in the next step, the relationship between
the Sy -Ty, ISC and AEs,y, value was discussed. The
kisc value is represented using the wave functions of
the S, (F|@n¥®@es>>) and Ty, (= |@nVDes™>) states as
follows [70].

SX Ty 2 SX 2
kISC 8¢ | <(Dn |(Dn > | X | <(Des |HSOC |(DesTy> |

Here, <@, |, ">’ and [<®¢,” | Hsoc [Des >
denote the Franck-Condon factor and the SOC matrix

element between the S;, and T,, states, respectively.
The Franck-Condon factor correlates with the energy
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gap between the initial and final states, that is,
|<q)nsx|<1>nTy>|2 o eXp(-AEgyry) [70]. Under this energy-
gap law, the ks value is represented as follows.

Kisc = a X | (Des™ |Hsoc |Pes™) |2 x exp(-AEsxty)
Experimental relationships between the @, /zF
(~kisc when @, ~ @y5c) and exp(-AEg,r,) values are
shown in Fig. 6.

increasing the @, value by fusing benzo-units and have
found a qualitative relationship, where the large Q-
band splitting results in efficient generation of singlet
oxygen (®,). Quantitative analyses on the excited-state
energies show that the kisc value, being proportional to
exp(-AEsr,), follows the energy-gap law. Our results
can be utilized for example in the field of photody-
namic therapy (PDT). Namely, with respect to PDT,

since heavy elements generally ex-

D7 107

Zn ..
. | trolled by the symmetry of the z

4 hibit toxicity, our methodology, in
which the ®, value can be con-

1 conjugated system without heavy
elements, should be useful for pre-
paring novel photosensitizers.

b) Electronic structures of

1
0.01

Fig. 6. Relationships between the ®a/tF and exp(-AEsxty) values.
The AEsxty value is in kem
Puc. 6. B3anmocBsi3b Benmunt Oa/tF u eXp(-AEsxty). AEsxty B
-1
KCM

We see in each compounds, the @, /zF values
are proportional to exp(-AEs,ry), indicating that singlet
oxygen (*Ag) is produced via the T, state and that the
Six - Ty ISC process follows the energy-gap law. The
slope increases in the order H, < Mg < Zn, consistent
with conventional SOC theory [70]. In the case of the
zinc complexes, many EPR results indicate that ISC
fromthe S, state is selective to the z sublevel in the T,
state, rather than the T, states, because of the z com-
ponent of SOC between the dxz and dyz orbitals of the
central zinc atom which are admixed with the LUMO and
LUMO+1 of the TAP ligand, respectively [64, 71-78].
Therefore, our experimental results for the Zn com-
plexes, where singlet oxygen (*Ag) is produced via the
T,, state, is consistent with the previous EPR studies.
On the other hand, in the case of the metal-free and Mg
compounds, selective ISC to the x and y sublevels is
dominant because of the x and y components of SOC,
which originate from the admixture of the S; (or T,)
state and the (o,7*) (or (z,0*)) configurations via vi-
bronic coupling [71-78]. Thus, the selectivity between
the T, and T, states had not been clarified. Therefore,
these experimental relationships between the ®,/zF
and exp(-AEs+,) values became the first experimental
evidence of a S, - Ty, ISC process in metal-free and
Mg compounds.

Through this study, focusing on low-symmetry
TAP derivatives, the singlet oxygen (*Ag) generation
mechanism was investigated. We have succeeded in

exp(-AEg,r,)

azulene-fused porphyrins as seen
by magnetic circular dichroism
and TD-DFT calculations [79].

Scheme 2. Azulene-fused porphyrins. Ar = 3,5-di-tert- buthyl-phe-
nyl, R = 2, 4, 6-tri-tert-butylphenyl. The Ar and R groups were
substituted by phenyl and methyl groups, respectively, during

DFT and TD-DFT calculations
Cxema 2. Uccnenoannble coequaeHust Ar = 3,5-mu-mpem-0y-
tiidennn, R = 2,4,6-tpu-mpem-oyrundenmn. ['pymnmsr Ar u R
OBLTH 3aMeleHb! (PeHITFHON U METHIIFHOM TPYIIIaMH, COOTBET-
CTBEHHO, BO BpeMs pacderoB DFT u TD-DFT

It is known that the energy difference between
the HOMO and HOMO-1 (AHOMO) of normal por-
phyrins such as tetraphenylporphyrin (TPP) and octae-
thylporphyrin (OEP) is larger than that between the
LUMO and LUMO+1 (ALUMO) [71]. By lowering
the molecular symmetry of porphyrins, there may be
cases that ALUMO is larger than AHOMO. In order to
see this possibility, we have prepared compounds
shown in Scheme 2 and compared their electronic ab-
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sorption and magnetic circular dichroism (MCD) spec-
tra, and the concomitant MO calculations also sup-
ported our experimental data [79]. As will be shown
below, low-symmetry compound 2 revealed spectra
characteristic of ALUMO > AHOMO while 1 showed
spectra which suggest ALUMO ~ AHOMO.

Figure 7 shows the electronic absorption and
MCD data of the compounds in Scheme 2 and their cal-
culated stick spectra. Intense bands are observed at 684
and 1136 nm in the electronic absorption spectra of 3,
which is saddle-shaped and has C, symmetry. A deriv-
ative-shaped pseudo A-term in the 1100-1200 nm (Qoo)
region demonstrates that the two lowest energy singlet
states are accidentally near degenerate. A weaker
pseudo-A term in the 600-700 nm region points
strongly to this being the Soret band region, since there
is a smaller angular momentum change associated with

H. KobGasmmu

A split Soret band is observed in the electronic
absorption spectrum of 2, at 487 and 545 nm, while
there are also three intense peaks at 763, 898, and 1015 nm
in the Q band region. The bands at 763 and 1015 nm
are assigned as the Qyoo and Qxoo bands respectively,
while the band at 898 nm is assigned as a Qx vibronic
band, based on the sign sequence of the Faraday B
terms. The signs of the B-term envelopes are plus and
minus for the Qx and Qy bands, respectively, which
strongly implies that the AHOMO value is smaller than
that of the ALUMO. It is evident, based on the spectra
of compounds 1-3, that the intensity of the Q bands in-
creases as the number of fused azulenes increases, with
a concomitant red shift of the Q bands. The intensity of
the Q band of 3 suggests that the AHOMO value is un-
usually large for a porphyrin (AHOMO would typi-
cally be <0.2 eV in DFT based calculations).

. . . a -2

the transition and weaker MCD intensity is, therefore, _I_O I

anticipated relative to the Qg bands. In contrast, the i ' 0.836 eV

absorption spectrum of 1 contains a broad Soret band 3 = o
at 468 nm with a shoulder at 526 nm and well separated = L LUMO
Qyoo and Qxo0 bands at 696 and 890 nm, respectively. >

A weak Qoo band means that ALUMO ~ AHOMO [79]. 27r

This pattern is observed in the MCD spectrum of 1 (top - | S Howo
Ieft), despl_te the large angular momentum change as- sk T oareey T o880y 0767 oV
sociated with the Q band. In contrast, however, the Qyoo T = >
MCD band at ca. 700 nm is clearly positive in sign. ] ) 3
The sign sequence of the MCD B term envelopes is,
therefore, minus and plus in terms of the [6]u signal. In b LMo ey e AD
other word, it is suggested experimentally that the DE@ gto&j ‘g“ 4
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Fig. 7. Experimental electronic absorption (bottom, left scale) and
MCD (top) spectra of 1 (left), 2 (center), and 3 (right) in Scheme 2.
Solid bars in the absorption spectra (bottom, right scale) indicate
the sums of the calculated oscillator strengths over a 1 nm range
Puc. 7. 9KCHepI/IMeHTaIIBHI:Ie SJIEKTPOHHBIE CIIEKTPLI MOIJI0MIC-
Hus (BHU3Y, ciieBa) u criektpsl MCD (BBepxy) 1 (cnesa), 2 (B
nentpe) u 3 (crnpasa) Ha cxeme 2. CIIIOIIHbIE HHTEPBAIBI B CIIEK-
Tpax NOIJIOUCHUA (BHI/I3y, cnpaBa) YKa3bIBalOT CYMMBI pac4eT-
HBIX CHUJI OCHIWJIIATOPA B AHUAIIA30HE 1 um

Fig. 8. (a) The energy levels and (b) frontier Kohn-
Sham MOs of azulene-fused porphyrins
Puc. 8. (a) Yposuu sxepruu u (b) rpannunsie MO o Kon-Ilamy
a3yNMH-KOHICHCUPOBAaHHBIX MTOP(QUPUHOB

Figure 8 shows the frontier Kohn-Sham MOs
of azulene-fused compounds and their energies. For
simplicity, we denote only the key Kohn-Sham MOs
associated with the Q band transitions. The orbital num-
bering for compounds 2 and 3 are not consecutive,
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therefore, since only the four frontier t-MOs associ-
ated with Gouterman’s four-orbital model [80] have
been selected. It is clear from Fig. 8 that the HOMOs
are delocalized over both the porphyrin and azulene
units, but that there is a set of nodes between porphyrin
and azulene moiceties, indicating the presence of anti-
bonding interactions between them. Therefore, the en-
ergy of the HOMO increases as the number of fused
azulene increases. On the other hand, the nodes of
HOMO-1 are localized mainly on the porphyrin unit
and the azulene units are linked by a bonding interac-
tion, so that the energy levels slightly decrease as the
number of azulene unit increases, resulting in an in-
crease in the AHOMO value as the number of fused
azulenes increases.

The effect of adding fused aromatic rings on
the LUMO and LUMO+1 energy was previously dis-
cussed and it was concluded that the magnitude of the
ALUMO value can be explained by using the bonding
and anti-bonding interaction on benzo-fusion into ac-
count, based on the size of the MO coefficients [64]. It
should be noted that the effect of azulene-fusion on the
LUMO level is opposite to that of benzo-fusion. In the
case of benzo-fusion, the interaction was of an anti-
bonding type, while the interaction was of a bonding
type in the case of azulene-fusion case, Fig. 8b. When
azulene is fused to porphyrins, the LUMO is, therefore,
stabilized as a bonding MO.

The trends observed in the electronic absorp-
tion and MCD data can be compared with the trends
that are predicted for AHOMO and ALUMO. For 3, the
LUMO and the LUMO+1 are accidentally degenerate
since the non-planarity caused in the z-direction by the
azulene substituents is symmetrical, so a pseudo-a
term was observed in the Qqo band region of the MCD
spectrum. The intense absorbance of the Qoo band can
be readily explained based on the large AHOMO value
[80] of 0.767 eV, since the two LUMOs are accidentally
degenerate. For 2, the ALUMO value 0of 0.835¢€V is larger
than the 0.487 eV value predicted for AHOMO. This
accounts for the plus-to-minus MCD sign sequence in
ascending energy terms that is observed in the Q band
region [16, 59, 82, 83]. However, although an analysis
of the MCD spectrum of 1 points to a AHOMO value
that is approximately the same or slightly larger than
the ALUMO value, this trend was not reproduced in
the MO calculations. The greater electronic absorption
intensity of the Qyoo band of 1 relative to the Qxoo band
was reproduced, however. It can be inferred from the
results in Fig. 8a that the increase of ALUMO on going
from compound 1 to 2 is significant since the MCD
sign pattern changed in ascending energy terms from
minus-to-plus in the case of 1 to plus-to-minus in the
case of 2.
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We have successfully clarified the relationship
between the electronic structures of azulene-fused por-
phyrins, 1-3, and their spectral properties based on an
analysis of the MCD spectral data in conjunction with
the results of TD-DFT calculations. By fusing one or
two azulene unit(s) to porphyrin, the ALUMO increased
relative to AHOMO, and this was reflected on the sign
pattern of the MCD spectra in the Qoo band region.

c) Detection of unusual AHOMO < ALUMO
relationship in tetrapyrrolic cis- and trans-doubly N-
confused porphyrins [81]

In normal Dan or D4q type metallo- and D2, type
metal-free porphyrinoids, generally AHOMO > ALUMO
relationship exists, since some degenerate orbitals in a
high-symmetry parent hydrocarbon perimeter are
raised due to a structural perturbation. When the Csg
axis of CisHi6? is replaced by a Cy in the proper rota-
tion axis in the context of Dan or Dag Symmetry with
respect to tetrapyrrolic porphyrins, only the degener-
acy of MOs with My = odd number is retained, while
that of those with M = even number is split. This out-
come means that the LUMOSs (M. =+5) are degenerate,
while the HOMOs (M. = +4) are split [80]. Accord-
ingly, the energy difference between the LUMO and
LUMO+1 (ALUMO ~ 0) is always smaller than that
between the HOMO and HOMO-1 (AHOMO). Ac-
cording to the widely accepted Gouterman’s four- or-
bital theory explaining the electronic absorption spec-
tra of porphyrins, the extent of AHOMO is manifested
in the Qg band intensity: the larger the AHOMO, the
greater the intensity [80]. Using MCD spectroscopy,
the ALUMO < AHOMO relationship appears as a mi-
nus-to-plus pattern in ascending energy [82, 83]. The the-
ory of MCD spectra furthermore predicts that the sign
pattern becomes plus-to-minus if ALUMO > AHOMO.
Utilizing the high sensitivity of MCD spectroscopy,
the electronic states of various porphyrins and Pcs have
been successfully elucidated [16, 17]. Accordingly, we
decided to apply MCD spectroscopy to core-modified
N-confused porphyrins, which have become popular
over the last 20 years, [84] due to their unique proper-
ties that are different from conventional porphyrins.
Among these, the copper(lll) complexes of cis- and
trans- doubly N-confused porphyrins (cis-1 and trans-1)
(Fig. 9) [85, 86] have attracted our attention, since
these complexes exhibit strongly perturbed absorption
spectra with broad, red-shifted transitions which are
not seen in standard tetrapyrrolic porphyrins. In order
to gain an insight into the nature of N-confused por-
phyrin electronic systems, the location of the Q transi-
tions of these porphyrins are assigned using MCD
spectroscopy. The assignments are confirmed nicely
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by quantum chemical calculations. In particular, we
found, on the basis of Michl’s MCD theory [82, 83]
that ALUMO is exceptionally larger than AHOMO,
which is the opposite relationship to regular tetrapyrrolic
porphyrins.

cis-1 R=CgFs, R = OEt
cis-1'R=H,R =H

trans-1 R =CsFs, R = OEt
trans-1'R=H,R'=H
Fig. 9. Structures and abbreviations of cis- and trans-1, and struc-
tures used for calculation (cis- and trans-1')
Puc. 9. CtpyKTypsI U COKpaIeHus yuc- U mpauc-1, a Takxe
CTPYKTYPBI, HCIIOJIB30BaHHbIE TS pacdera (yuc- u mpanc-1')

The electronic absorption and MCD spectra of
cis-1 (left) and trans-1 are shown in Fig. 10. In contrast
to regular metalloporphyrins which have an intense So-
ret band at around 400 nm and a weak Q band at around
550-600 nm, [80] both the doubly N-confused porphy-
rins exhibited strongly perturbed absorption spectra.
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Fig. 10. MCD and electronic absorption spectra of cis-1 (left) and
trans-1 (right) in CH2Cl2
Puc. 10. MCD u 35eKTpOHHBIEC CIIEKTPBI MOTJIONICHUs yuc-1
(cnesa) u mpanc-1 (cnipasa) B CH2Cl2

Comparing the longest wavelength components, cis-1
has an absorption band at 612 nm with a shoulder on
the longer side, while an absorption band is observed
at an unusually long 783 nm for trans-1.

In the MCD spectra, relatively intense signals
were observed for the lowest-energy transition reflect-
ing large angular momentum properties. A posi-
tive/negative sign sequence with increasing energy
was observed for the lowest-energy absorption band of
cis-1. This sign pattern can be assigned to coupled Far-
aday B terms, which arise from magnetically induced
mixing of nondegenerate excited states. Since the
MCD peak positions (672 and 604 nm) are very close
to the absorption shoulder (ca. 680 nm) and peak (612 nm),
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there are at least two different electronic transitions in
the 600-700 nm region of cis-1. In contrast, the MCD
pattern associated with the lowest-energy transition of
trans-1 is similar in shape to the corresponding absorp-
tion bands, indicating the presence of a single Faraday
B terms. In particular, a plus-to-minus MCD pattern in
ascending energy strongly suggests that the unusual
AHOMO < ALUMO relationship holds. A relatively
intense MCD trough was observed at 577 nm. Since
the MCD sign is opposite to that of the lowest-energy
transition, the polarization of the 577 nm transition is
different from that of the lowest-energy transition.

In order to assign the absorption bands, excita-
tion energies and oscillator strengths of the doubly N-
confused porphyrins without peripheral substituents
(cis-1'and trans-1") have been calculated using the CIS
and TDDFT methods. As can be seen from Fig. 11,
broad and red-shifted absorption bands are predicted.
The trans-isomer has a longer wavelength absorption
than the cis-isomer, in agreement with experiments.
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Fig. 11. Calculated transition energies and oscillator strength (f)
for the doubly N-confused porphyrins without peripheral substitu-
ents (cis-1' and trans-1'): (a) C1S/6-31G(d) and (b) TDDFT
(B3LYP/6-31G(d))

Puc. 11. Paccuntannbie SHEPrUM Nepexoa U CHila OCHHIUIATOpA
(f) s nBaxker N-criyTaHHBIX TOPPUPUHOB Oe3 mepruhepuIecKix
3amecrureneit (yuc-1'u mpanc-1'): (a) CIS / 6-31G (d) u (b)
TDDFT (B3LYP /6-31G (d))

To relate the spectroscopic properties to the
molecular structures, a MO analysis was carried out.
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Figure 12 shows a MO energy diagram and the frontier
MOs of cis-1' and trans-1". It can be noted that the ap-
pearance of the four frontier orbitals is similar to those
of the normal porphyrin (2). Due to the large structural
perturbation resulting from pyrrole inversions, the a,,-
type orbital and one of the e -type orbitals stabilize,
while the a,,-type and the other e -type orbital destabi-
lize in the N-confused complexes. Essentially identical
frontier orbitals and energy ordering were found even
when including peripheral substituents.
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Fig. 12. Frontier molecular orbital diagram and contour plots of occu-
pied and virtual orbitals of zinc(ll) porphyrin with Dan Symmetry (2)
and cis-1" and trans-1' obtained from the HF/6-31G(d) method
Puc. 12. I'panniia MOJIEKyISIpHOH OpOUTATILHOM qHarpaMMBI
KOHTYpHbIE I'paMKH 3aHATHIX ¥ BUPTYAIBHBIX OpOUTAICH IIMHKO-
Boro (II) mopdupuna ¢ cummerpueit Dan (2) u yuc-1' v mpanc-1',
noydenHsix mo meroay HF / 6-31G (d)

In order to gain an insight into the origin of the
electronic structures of the N-confused porphyrin sys-
tems, Fig. 13 illustrates a schematic representation of
the effect of inversion of the pyrrole rings on the four
frontier orbitals. We consider that the pyrrole inversion
only affects the location of the pyrrole nitrogen atom,
because the MO coefficients essentially preserve the
nodal properties upon inversion. Since a nitrogen atom
is more electronegative than a carbon atom, the energy
of the molecular orbitals having large coefficients on
the nitrogen atoms is lowered. In the case of the aa-
type orbital, the original porphyrin has relatively large
coefficients on the pyrrole nitrogens. When a pyrrole
ring is inverted, the size of the coefficient on the nitro-
gen becomes small, leading to destabilization of the or-
bital energy. In contrast, since there is a nodal plane on
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the pyrrole nitrogen of the ay, orbital, the MO energy
of the N-confused porphyrins becomes lower than that
of the porphyrin. When more pyrrole rings are in-
verted, this effect should be summed regardless of the
cis or trans position. The perturbation to the unoccu-
pied orbitals can also be discussed in a similar manner.
The poprhyrin’s LUMO (eg-type orbital) is doubly de-
generate by symmetry. As seen in Fig. 13, one of the
eq-type orbitals has a nodal plane on the nitrogen, while
the other has coefficients on the nitrogen. The degen-
eracy is lifted upon inversion of the pyrrole ring, since
stabilization and destabilization occur in the former
and latter orbitals. It is noted that the effect of the per-
turbation to the LUMO in the doubly N-confused sys-
tem depends on the position of inversion. In the case of
the cis-isomer, an adjacent pyrrole ring is inverted, so
that one ring destabilizes and the other ring stabilizes
the MO energy upon inversion. On the other hand, the
effect is summed in the trans-isomer. This results in a
larger energy difference between the LUMO and
LUMO+1 of the trans-isomer compared to that of the
cis-isomer, which leads to a smaller HOMO-LUMO
gap. Thus, this simple picture accounts well for the cal-
culated MO features of the doubly N-confused porphyrins.
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Fig. 13. Schematic representation of the perturbation of molecular
orbitals by pyrrole inversion
Puc. 13. CxemaTudeckoe npeacTaBlIeHHE BO3MYILEHUS MOJIEKY-
JISIPHBIX opOuTane mupposIbHON HHBEpCUeH

Thus, using N-inverted porphyrins, we could prove ex-
perimentally and using MO calculations that the
AHOMO < ALUMO relationship holds in their elec-
tronic structure.

d) Control of Chromophore Symmetry by Po-
sitional Isomerism of Peripheral Substituents [87]

Because Pc and TAP molecules are synthe-
sized by tetramerization reactions of a phthalonitrile or
fumaronitrile, a mixture of four positional isomers with
Can, Don, Coy, and Cs symmetry is obtained when un-
symmetrically substituted precursors are used. In the
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case of substituents that introduce only a small pertur-
bation into the n-conjugated systems of Pc and TAP, it
is generally accepted that there is almost no difference
in the absorption spectra of the four positional isomers.
If substituents with sufficiently large perturbations are
introduced in an unsymmetrical manner, in theory,
chromophore symmetry can be controlled. TAP is
more suitable for forming such systems than their Pc
counterparts because the peripheral substituents are
closer to the inner perimeter where most of the electron
density of the frontier = molecular orbitals is found. On
this basis, the key feature of the molecular design was
the introduction of strongly perturbing push—pull sub-
stituents into TAP. Electron-donating amino and elec-
tron-withdrawing cyano groups were selected for this

R

NC CN

R = tert-butylaming

1a.M,Mg

2a:M=H,
Ja: M =Ni :—|C)

o)

1b.M,Mg
2b:M=H,
ab: M = Ni

H. KobGasmmu

purpose. Because TAPs are synthesized by tetrameri-
zation of fumaronitrile, substituted tricyanoethylene
can provide the target TAP molecule and its positional
isomers with Can, D2n, Cay, and Cs symmetry due to the
arrangement of these substituents. The tert-butylamino
group was selected as a push substituent with the aim
of improving the solubility of the products. Since the
Q band of regular porphyrin is weak, if this combina-
tion (cyano and amino groups) in TAPs having strong
Q bands did not work, it appeared impossible to control
the chromophore symmetry by positional isomerism of
peripheral substituents in any other porphyrinoid sys-
tems. Scheme 3 shows the synthesis of push-pull TAP
compounds.

NC-@’ W/?,R NC\<\ \\/}CN NC{\( W/?CN NC—Q é R
N ‘N\ A= '

M N \N'
R'C\\ Q‘CN NC'{\K\L ,'\>~CN R{/\ }\/~R NC'Q )\éCN

1c‘M7Mg
2c. M=H,

EJG)

3¢ M=Ni

1d.M,Mg
2d: M= H,

':_ICJ

3d: M= Ni

o), o,

o

Scheme 3. Synthesis of the push—pull TAP compounds. Reagents and conditions: a) Mg(OCeH13)2, 1-hexanol, 180 °C, 3 h; b) CF3COzH,
CHCIs, 30 min; c) NiCl2-6H20, DMF, 180 °C, 1 h
Cxema 3. Cunre3 nByxtaktHbix TAP-coequnennii. Pearents u yenosust: a) Mg (OCesHa13) 2, 1-rekcanon, 180 ° C, 3 u; b) CF3CO2H,
CHCls, 30 muH; ¢) NiClz - 6H20, IM®A, 180 ° C, 1 yac

A ae, . 3a(C,) b) g - 3b (D,)
3. 498 pap 675 707 g 20 108
st o ELMERL
S8 e “Eopolif s
== TE 40
_gq B 72
1.5 .
316
| 1 | 1

300 400 500 600 700 800 400 300 400 500 800 700 200 200
c) 20 kinm d 10 hinm
> Y ase - 3o (C,) Yo 8w 666 3d (C)
g, 10| /\ g | 04137 g 465
5 g A ar ©
-\EE 10 430 159 :E ol 435 6
T=_20 | 337 x3 = S

-3.0 L 58 —=20L 757
50 749 40 -
~ G321 ) 3.0

L E & E 20
= 25 <
gl 430 T
== “2= qp

n I ! 1 I h e 0 I L L I h |

300 400 500 £00 700 800 200 300 400 200 600 700 800 200

A4 nm wnm

Fig. 14. UV/Vis absorption (bottom) and MCD (top) spectra of a) 3a, b) 3b, c) 3c, and d) 3d in CHCls, except for 3b in pyridine
Puc. 14. Yaerpaduonerosoe / Bumumoe nornoierue (Buu3y) u MCD (BBepxy) criektpsr a) 33, b) 3b, ¢) 3¢ u d) 3d B CHCls, 3a uckito-
uyerneM 3D B IUpUIHHE

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 4

13



N. Kobayashi

Isomeric structures were determined by using NMR
and occasionally single crystal X-ray data. Here, we
show the relationship between the spectroscopic prop-
erties and isomeric structures using Ni complexes, i.e.
3a (Can), 3b (D2n), 3¢ (Cz), and 3d (Cs).

The absorption spectra of 3a-3d are collected
in Fig. 14. The absorption spectra of 3a and 3c show a
single intense Q band at 713 and 749 nm, respectively,
with shoulders on the high-energy side due to the pres-
ence of vibronic bands. In contrast, there is a marked
splitting of the Q bands of 3b and 3d. Their x- and y-
polarized components lie at 771 and 655 nm, and 754
and 722 nm, respectively. The splitting energy of the
Q-band absorptions of 3b is greater than that of 3d.

In the MCD spectrum of 3a, a derivative-
shaped Faraday A term is observed with a trough and
peak at 721 and 707 nm, respectively, with the crosso-
ver point corresponding to the center of the Q-band ab-
sorption. This is the pattern that is anticipated due to
the degeneracy of the nn* excited states of 3a [16, 22,
30, 39, 71, 80]. Similarly, a derivative-shaped Faraday
A terms is observed in the Q-band region of 3¢ with a
trough and peak at 758 and 737 nm, respectively. Due
to the lack of three-fold or higher molecular symmetry
in 3c, this signal is assigned as a pseudo-Faraday 2
terms, which can be observed when molecules
possess accidentally nearly degenerate excited
states [16, 17, 22, 38, 45, 59]. On the other
hand, 3b and 3d exhibit Faraday B terms at 772
and 654 nm (3b) and at 757 and 666 nm (3d)
with a minus-to-plus sign sequence in ascend-
ing energy that corresponds to the split Q-band
absorption. These MCD spectra indicate contri-
butions of nondegenerate excited states to these
Q-band absorptions.

To carry out an in-depth analysis of the
electronic structures, molecular orbitals (MOs)
and transition energies were calculated for the 1
nickel complexes of the push—pull TAPs (3a—

Energy / eV
&
o
]

&
o
I

I EOS——

d) by using DFT and TDDFT methods. Calcu- L
lations were also performed on unsubstituted nickel
complex 4 and the Can-symmetric positional isomers of
nickel complexes with four tert-butylamino or cyano
substituents (5 and 6) as model compounds. Relative to
the unsubstituted TAP 4, the HOMO and degenerate
LUMO of 6 are stabilized due to the presence of pull
substituents (Fig. 15). The extent of the stabilization
appears to be greater for the LUMO (1.46 eV) than for
the HOMO (1.33 eV).

On the other hand, the HOMO and LUMO of
5 are both destabilized, with the destabilization being
more significant for the HOMO (1.67 eV) than for the
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LUMO (1.10 eV). The shift in the energies of the fron-
tier MOs of the push—pull TAP 3a relative to those of
4 is due to the synergetic effects of the push—pull sub-
stituents, and this causes the marked redshift of the Q
bands of 3a—d. The differences observed in the Q-band
regions of the push—pull TAPs can be directly related
to the differences in the relative energies of the frontier
n-MOs, which are predicted to provide the largest con-
tributions to the Q band transition. As has been demon-
strated in the electronic structures of porphyrinoids, a
16-atom 18 electron CisHi6* cyclic perimeter is used
to describe the optical properties based on the M. = +4
and £5 nodal patterns of the HOMO and LUMO, re-
spectively, and this can also be regarded as the parent
perimeter for the push—pull TAP molecules. The Disn
symmetry of the perimeter model is first perturbed to
form the Dan symmetry of the TAP structure, and is
then further modified to form the respective lower
symmetries of 3a—d due to the significant perturbations
introduced by the push—pull substituents. The same
nodal pattern sequences can still be clearly observed in
the frontier MOs shown in Fig. 16. Evidence for the
retention of the perimeter model properties can be ob-
tained experimentally based on a relative intensifica-
tion of the MCD signals in the Q-band region due to
the AML =+ 9 properties.
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Fig. 15. Partial molecular orbital energy diagrams of 3a, 4, 5, and
6 (B3LYP/6-31G(d))
Puc. 15. InarpaMmsbl mapuuansHONH MOJIEKYIAPHOH OpOUTAEHON
suepruu 33, 4, 5u 6 (B3LYP /6-31G (d))

Taking particular note of the nodal planes
through the meso-nitrogen atoms of the degenerate
LUMO of 3a and the LUMO and LUMO+1 of the
other isomers, it can be readily demonstrated that these
MOs vary only with respect to differences in conjuga-
tion along the x and y axes. The energy diagrams of the
excited states can be explained by considering the in-
teractions of the push—pull substituents with the differ-
ing nodal patterns of the LUMO and LUMO+1. In the
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cases of 3a and 3c, the push and pull substituents cause
a destabilization and stabilization of the orbital ener-
gies, respectively, and equally perturb the excited state
to result in the degenerate and nearly degenerate ex-
cited states of 3a and 3c, respectively. On the other
hand, the push—pull substituents in 3b and 3d do not
equally perturb the LUMO and LUMO+1, causing sig-
nificant energy difference between these MOs (the
AEumo value). The smaller AE umo value of 3d is re-
lated to the lower molecular symmetry of 3d. The
TDDFT results reproduce the observed single and split
Q-band absorptions as would be anticipated on this basis.
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Fig. 16. Partial molecular orbital energy diagrams of 3a—d
(B3LYP/6-31G(d))
Puc. 16. InarpaMMbl mapuuaibHONH MOJIEKYISIPHON OpOUTANBEHON
suepruun 3a-d (B3LYP /6-31G (d))

As seen in Fig. 14, the absorption spectra of
isomeric tetraazaporphyrinoids which differ in the po-
sition of push-pull substituents could be explained nicely
by concept and theoretical calculations. This type of
data might be difficult to obtain in other systems such
as regular porphyrins and Pcs, since the Q band of the
former is essentially forbidden and therefore very weak
and the substituent effect is weak in the latter.

e) Phosphorus(V) Tetraazaporphyrins: Por-
phyrinoids Showing an Exceptionally Strong CT Band
between the Soret and Q bands [88]

More than a quarter century ago, it was re-
ported that the absorption spectra of tetra-tert-bu-
tylated and octa-phenylated MgTAPs differ in the band
position and intensity and even in shape slightly [89].
Namely, both the Q and Soret bands of the latter is a
few times stronger than that of the former, and a small
band appears at the longer wavelength side of the Soret
band of the latter. Since phenyl groups is considered to
be an electron-donor, we inferred that this small band
may be a CT from phenyl groups to the TAP core. If

H. KobGasmmu

this is the case, the CT band may shift to longer wave-
length with concomitant increase in intensity by intro-
ducing electron-rich element on the phenyl groups and
more positive element in the center of the TAP skele-
ton, since the CT transition becomes easier. From this
concept, we inserted P(V) ion in the center of the TAP
skeleton and OMe, tert-butyl, F, and CF; groups at the
para-positions of eight phenyl groups of octaphenyl-
tetraaaporphyrin (Fig. 17), and examined whether this

is true or not [88].
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Fig. 17. Octaphenyl P(V)TAPs substituted at the para-positions of
phenyl groups
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Compounds la-d were prepared from the cor-
responding Mg complex after demetallation by acid.
For the introduction of a phosphorus ion into the center
of the TAPs, phosphorus oxybromide was used as a
precursor. At the end of the reaction, the reaction mix-
ture was quenched with dichloromethane/methanal,
which provided dimethoxy-substituted (as axial lig-
and) P(V)TAPs. Finally, the counter anion was re-
placed by excess NaClO,. Figure 18 shows the elec-
tronic absorption spectra of 1a-d, together with that of
octa-p-(tert-butyphenyl) MgTAP. The UV-vis spec-
trum of MgTAP 2a is characteristic of metallated TAPs
with D, symmetry, and as reported previously, a weak
band appeared at ca. 460 nm (Fig. 18, bottom). Inter-
estingly, the absorption envelope of P(V)TAP 1a is
quite different from that of the Mg complex 2a. A Q
band-like absorption was observed at 664 nm, and the
phosphorus(V) ion assisted slightly to shift the position
of the Q band. The envelope of the Soret band resem-
bles that of the Mg complexes, with a peak appearing
at 342 nm. However, a broad, intense absorption band
appeared between the Soret and Q bands at 534 nm
only for P(V)TAP. Therefore, 1a can absorb across the
entire UV-visible region (in particular, the absorption
coefficient is more than 2-10* M* cm! across 500-700 nm
in CHCl,) as a single chromophore. The color of a so-
lution of 1a in dichloromethane is purple rather than
the typical green color of aryl-substituted free-base and
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metallated TAPs. The absorption band at 534 nm can-
not, of course, be assigned to the Q band, and its posi-
tion is close to that of a CT transition in 2a, but the
apparent intensity is about 2-4 times stronger. Simi-
larly, 1b-d having different para-substituents also
showed intense CT-like bands between the Q and Soret
regions, indicating that the central phosphorus ion en-
hances the substituent effect even though the substitu-
ents are located at the para positions of the phenyl
groups, outside the m-conjugation system of the TAP.

1b (OMe)
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Fig. 18. UV-vis absorption spectra of 1a—d and 2a in CHzCl2
Puc. 18. Yusrpaduonerossie criekTpbl noriomenus 1a — d u 2a B

CH:ClI

The difference of the CT-like bands between
electron-withdrawing (CFs, 1d) and electron-donating
(OMe, 1b) groups (92 nm, 3400 cmt) was larger than
that of the Q bands (43 nm, 1000 cm™). The small dif-
ference for the Q band suggests that the peripheral sub-
stituents only marginally affect the electronic structure
of the HOMO and LUMO. On the other hand, the
peaks at around 550-450 nm apparently contain a tran-
sition associated with the aryl moiety, since they
change in both intensity and position depending on the
substituents at the para positions of the phenyl groups,
suggesting that they are CT bands between the aryl
moiety and the TAP core. P(V)TAPs la-b containing
electron-donating groups have a Q-band intensity
smaller than that of the CT bands, whereas P(V)TAPs
1c—d containing electron-withdrawing groups display
the opposite absorption properties, where the intensity
of the Q bands are larger than the CT bands. For exam-
ple, in the case of the CFs-substituted P(V)TAP 1d, the
Q band is sharp and intense, whereas the CT band is
relatively small, resembling that of typical metallo-
TAPs (i.e. 2a). Since similar phenomena were ob-
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served in the case of tetraazachlorin—fullerene conju-
gates [90], the electronic communication between the
peripheral aryl moieties and the P(V)TAP core was in-
ferred to be altered by the substituents.
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Fig. 19. Plots of (a) position of the CT bands, (b) position of the Q
bands, and (c) ratio of Aq to Acr versus Hammett -values de-

rived from the P(V)TAPs. (d) Configuration interaction diagrams

for the CT and Q transitions

Puc. 19. I'paduku (a) nonoxenus mosoc CT, (b) mosnoxeHus no-
noc Q u (c¢) orHomenust AQ k ACT no cpaBHEHHUIO CO 3HAYCHHU-
smu 6 Xammera, nonyuenasive u3 P (V) TAP. (d) Koudurypa-
HUOHHBIC JUarpaMMbl B3aPIMO}1€I>iCTBPIi[ JJIA TIEPEXO010B CTu Q
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More interestingly, both the position and inten-
sity of the peaks of P(V)TAPs exhibit a noteworthy
correlation with the Hammett o, value of substituents
on the aryl moieties (Fig. 19). Plots of the position of
both the Q- and the CT-like bands versus the Hammett
op Value of the substituents constitute a straight line for
la-d. Plots of the ratio of the intensity of the Q bands
to that of the CT bands versus the Hammett o, value of
the substituents also constitute a good straight line.
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Fig. 20. Partial molecular energy diagram and orbitals of
PhsP(V)TAP (1e) and PhsMgTAP (2e) (top) and their calculated
absorption spectra (bottom). Calculations were performed at the

LC-BLYP/6-31G*//B3LYP/6-31G* level
Puc. 20. lnarpamma napimaibHON MOJIEKYIISIPHOM SHEprUH 1 OpOu-
taym PhsP (V) TAP (1e) u PhsMgTAP (2e) (BBepXy) 1 HX paccunTaH-
HBIE CIIEKTPHI TIOTTIOMICHHS (BHH3Y). PacueTs! mpoBoAMIICE Ha ypOBHE
LC-BLYP/6-31G *// B3LYP/6-31G *

Partial MO energy diagrams of the model
structures are shown in Fig. 20. For both TAPs, the
HOMO, LUMO, and LUMO+1 are dominated by the
TAP orbitals, and these orbitals corresponded to the
-, €gy-, and ey-like orbitals in Gouterman's model
[80], respectively. Therefore, these calculated transi-
tions at 674 and 670 nm (for P(V)TAP 1e) and 663 and
660 nm (for MgTAP 2e) can be assigned to the exper-
imental Q bands. In the UV region of the calculated
spectrum of 2e, two close, intense bands were obtained
at 309 and 308 nm, energetically comparable to the ob-
served Soret bands. These bands are composed of tran-
sitions from the HOMO-1, HOMO-2, HOMO-3,
HOMO-4, HOMO-5, and HOMO-7 to the LUMO and

H. KobGasmmu

LUMO+1 (almost degenerate), and particularly from
the HOMO-1 to the degenerate LUMOs. The HOMO-
1to HOMO-7 are delocalized over the entire complex,
indicating that the intramolecular charge transfer (CT)
transitions including the phenyl (or aryl) moiety are not
negligible for these bands. However, the TAP moiety
of the HOMO-1, HOMO-5, and HOMO-7 originate
from the a,,-type orbitals. The band calculated at 359 nm
is relatively weak, composed of transitions from the
HOMO-1 to HOMO-7, HOMO-19, and HOMO-24 to
the degenerate LUMOs. The HOMO-19 and HOMO-
24 are partially localized on the lone pairs of the meso-
nitrogens, supporting the conclusion that these transi-
tions have some n—n* transition character. This assign-
ment and the weak band of 2a at 459 nm is therefore
assigned ambiguously to an n—x* transition. The aryl
moieties also contribute to these bands, and the contri-
bution of the CT transition is crucial for the intensity
of this band.

The introduction of the phosphorus(V) ion into
the TAP center stabilizes all of the MOs, but does not
affect the symmetry of the HOMO, LUMO, and
LUMO+1. The calculated HOMO-LUMO energy gap
of P(V)TAP le is similar to that of MgTAP 2e, so that
we can infer that the position of the Q band of la
changes slightly when the P(V) ion is introduced. In
the region between 450 and 350 nm, the calculated
transitions (409, 403, 394, and 388 nm) of 1e are more
complex than those of 2e. The MCD spectrum of la
was quite complicated at around 500 nm (not shown),
whereas that of 2a showed a clear Faraday 2 term at
509 and 444 nm. Thus, these experimental differences
appeared to be reproduced by this calculation on 1e,
due perhaps to the deformation of the macrocycle
and/or a weak interaction between P(V) and the TAP
core. These transitions comprise the n—n* transitions
and CT transitions, as mentioned for the magnesium
complex 2e. Moreover, these bands were estimated to
be stronger than those of 2e in the longer wavelength
region. The contribution of the HOMO-1 to HOMO-4
dominates, and as can be judged from the size of the
coefficient of MOs in Fig. 20, the MOs are mainly lo-
calized on the peripheral phenyl groups. These results
reproduce clearly the experimental absorption spec-
trum of 1a, where the intense CT band appears in the
longer wavelength region compared to 2a. In other
words, the absorption features of 1e can be interpreted
as typical metalloTAPs, but the position and intensity
of the CT bands have been markedly altered after the
introduction of the P(V) ion.

Finally, the relationship between the CT and Q
bands theoretically interpreted. Here, if we accept the
above MO calculation results (Fig. 20) and experi-
mental data shown in Figs. 18 and 19, we can consider
as follows. The Q excited state is of E, symmetry (we
use the notation of Dan symmetry). The CT excited
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state appears to be also of E, symmetry, since the CT
transitions are mostly from au- and az-type orbitals
delocalized over the whole molecule, including the phe-
nyl groups, to the TAP-centered ey and egy orbitals,
leading to two E, excited states. Thus, the Q and CT
transitions can arise from configuration interaction be-
tween a CT state and a w-* state. In order to show this,
we have plotted, in Fig. 19d, the CT and Q band posi-
tion, together with the estimated energy of the pure n-n*
state (horizontal continuous line) and the hypothetical
CT state (continuous straight line of unit slope). If these
states mix through configuration interaction, the experi-
mental points should lie on the broken lines. The points
in Fig. 19d appear to be consistent with this model. The
positions of the straight lines are only guesses, but the
overall picture seems to be essentially correct.

Based on the combination of spectroscopic and
theoretical results, the effect of the P(V) ion in the TAP
was found to be an enhancement of a CT band between
the Soret and Q bands, without perturbing the -conju-
gated system of the TAP. Thus, our conjecture that the
CT band of octaphenylated MgTAP may be shifted to
longer wavelength and intensified by inserting more
positive central element was correct. The P(V)TAPs
can absorb light across the en-
tire UV-vis region, while the O
position and intensity of these
absorption envelopes can be
tuned rationally.

f) Modulation of the Mo- o ﬁ O
lecular Spintronic Properties of
Adsorbed Copper Corroles [91] Cu-TPC

Molecular pintronics is an emerging research
field, in which organic molecules are placed between
electrodes, and the electron conductance is controlled
by the free circulation of the electron spin of a single
molecule [92-94]. The modulation of conductance
through molecules in this manner has been demon-
strated by molecular-level scanning tunneling micros-
copy (STM) measurements of Kondo resonance sig-
nals, which are associated with the exchange coupling
between the unpaired spins of the paramagnetic mole-
cules and the conduction band electrons of the metal
substrate. For example, when porphyrinoids were ad-
sorbed on metal surfaces, the unpaired m-orbitals of
metal complexes tend to play an important role in spin-
sensitive electron transfer, because m-radical orbitals
are delocalized and can be coupled more efficiently
with the conduction band [95, 96]. Corroles are por-
phyrin analogues with a direct pyrrole—pyrrole link,
which can stabilize higher oxidation states of the coor-
dinated transition metal ions. In recent decades, there
has been extensive research on corrole complexes,
since the ligands may have a non-innocent character in
which a one-electron dianionic radical rather than the

a
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normal closed-shell trianion binds to the central metal
[97]. Copper corroles stand out as the most notable in
this regard [97-100]. It has been demonstrated that con-
siderable electron density can flow into the copper
3dx2-y2 orbital from the HOMO of the corrole ligand -
system; this specific d—= interaction can lead to a sad-
dling distortion that is observed in both X-ray crystal
and DFT-optimized structures [99]. Since the spin
states of copper corroles are determined by the d—= in-
teraction, special attention has been paid to how the
spin-state properties can be modulated by modifying
the corrole ligand. Accordingly, we demonstrated that
a triplet ground state can be switched on in a manner
that may be suitable for spintronics by introducing
fused benzene rings on the corrole periphery, and that
the spin properties are further modulated on the Au(l11)
substrate by a rotation of the meso-aryl groups [91]. A
bicyclo[2.2.2]octadiene (BCOD)-fused copper corrole
(Cu-BCOD) has been prepared, which can readily be
converted into a tetrabenzocorrole (Cu-Benzo) in
quantitative yield by heating in vacuo (Fig. 21). A cop-
per 5,10,15-triphenylcorrole (Cu-TPC) has also been
prepared so that the effect of fused-ring-expansion on
the Kondo resonance signals can be readily analyzed.

b

o L8
a ) = & { ) +4CH=CH
e
Cu-BCOD Cu-Benzo

Fig. 21. (a) Structure formula of Cu-TPC. The orange ball repre-
sents the central Cu(l1l) ion. (b) Cu-BCOD was converted into
Cu-Benzo via a retro-Diels—Alder reaction during a sublimation
process with the extrusion of ethylene molecules. The dark-green
ball represents the central Cu(ll) ion. The BCOD and Benzo moi-
eties are highlighted in yellow (1) and blue (2), respectively (Fig.
21 in color see http://journals.isuct.ru/ctj/article/view/1061)
Puc. 21. (a) Crpykrypnas ¢popmyna Cu-TPC. OpanxeBslii map
npencraBisiet coboit nentpanbueiii non Cu (I11). (b) Cu-BCOD
0611 mpeBpateH B Cu-0eH30 MOCPEICTBOM PEAKIHU PETPO-
Junbca-Anbaepa Bo BpeMst poliecca CyOoIMManny ¢ IKCTpy3ueit
MOJIEKYJ dTHiIeHa. TeMHO-3eNIeHbIi map mpeacTaBisieT co00H
nenTpanbHblil noH Cu (II). Yactu BCOD u Benzo BeineneHst
xenTbM (1) u cuauM (1) Berom cooTrBercTBeHHO (Puc. 21 B
usere cmotpu http://journals.isuct.ru/ctj/article/view/1061)

The molecule was transferred to a Au(l1l) sub-
strate using a sublimation method under ultra-high vac-
uum conditions, by heating the sample in a Ta boat at
~300 °C During the sublimation process, Cu-BCOD
was converted into the Cu-Benzo molecule via a retro-
Diels—Alder reaction involving the extrusion of four
ethylene molecules from the fused BCOD rings as
shown in Fig. 22b. This was confirmed by time-of-
flight (TOF) secondary ion mass spectrometry (MS).
In contrast, the sublimation of Cu-TPC resulted in no
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molecular decomposition. An STM image of an iso-
lated Cu-Benzo molecule adsorbed on Au(lll) (Fig. 22a)
exhibits three characteristic protruded areas together
with a square-like region. The STM image simula-
tions were calculated for a sample bias voltage of -
0.8V (Fig. 22b), using a Vienna Ab initio Simulation
Package (VASP)-optimized molecular structure (Fig. 22c).
The simulation image contains three protruded spots
similar to those observed in Fig. 22a. The distance be-
tween the two bright spots in Fig. 22a is ~13.0 A,
which is close to the separation of the centers of the
meso-aryl rings of 12.6 A shown in Fig. 22c. In the rest
of the molecule, a square-like protruded area can be
identified, which is similar to that observed in the STM
image. Each protruded spot has a node in the middle.

H. KobGasmmu

However, the node is not visible in the observed STM
image. This discrepancy may be related to a tilting of
the phenyl rings upon adsorption. The aryl ring marked
A'in Fig. 22a will be referred to as the y-axis meso-aryl
rings, while the other two will be referred to as the x-
axis meso-aryl rings. In contrast, Cu-TPC molecules
form a chain on the Au(lll) surface. In the unit cell
marked by the white square, two Cu-TPC molecules
rotated by 180° with respect to each other (see Fig. 22d).
The optimized model structure is shown in Fig. 22f to-
gether with a simulated STM image for a bias voltage
of -0.8V (Fig. 22e), which indicates that three meso-
aryl rings appear protruded as is also observed for Cu-
Benzo molecules.
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Fig. 22. STM image and Kondo resonance of Cu-TPC and Cu-Benzo. (a) STM topographic image, (b) simulated STM image and (c) optimized
structural model of Cu-Benzo monomer on Au(111). Corresponding tunneling conditions of Vsampie = -0.8 V and lumel = 0.3 nA. Scale bars, 10 A
and color scales indicate height information. In c, large (small) grey spheres represent C (H) atoms, while blue and gold spheres correspond to N and
Cu atoms, respectively. (d—f) Same as a—c but for a Cu-TPC chain on Au(111) surface. The box indicates the unit cell that appears periodically in the
chain. Prominent features are marked by dots in d, whose corresponding protrusions in the simulation are shown by arrows with the same color. The
color scheme of atoms in f is same as that in c. (g) dI/dV spectra obtained for Cu-Benzo monomer at positions A-D in a. (h) Comparison of the
dI/dV spectra at the ligand positions of Cu-Benzo on Au(111) (1, black), on Cu(111) (Il, blue) and Cu-TPC on Au(111) (I, green). Red curve in i
shows the result of the Fano fitting. (i) Temperature dependence of the Fano dip of Cu-Benzo measured in the temperature region of 4.7-32 K. (j)
Width of the dip at half maximum (2G) versus temperature for the Kondo dip near the Fermi level. The solid curve indicates the fitted curve. The
error bars were estimated by measuring the scattering of the data in the heat cycles repeated eight times (Fig. 22 in color see http://jour-
nals.isuct.ru/ctj/article/view/1061)

Puc. 22. CTM-u3o06pakenue u pesoHatc Konno ast Cu-TPC u Cu-Benzo. (a) Tonorpaduueckoe nzobpaxenne CTM, (b) Monenupyemoe n3o0pa-
serre CTM # (¢) onmTuMIBHpOBaHHast CTPYKTypHas Moziens MoHoMepa Cu-6er3o Ha Au (111). CooTBeTCTBYIOIME YCIOBHS TyHHETHMPOBAHIS
Vemple = -0,8 B 1 Tunnel = 0,3 HA. I1Ixana, 10 A n upetosas nikana ykassisaror HHGOpMAanuio o Bbicote. B ¢ Gonbiume (MasieHbKHe) cepble chepbl
nperncrapiioT atomsl C (H), Torma xax cuape 1 30710161e cepbl cootBercTBYIoT aromaM N 1 Cu coorsercrBeHHo. (d — f) To *e, 9To 1 a—Cc, HO st
nerm Cu-TPC na moBepxaocTH Au (111). I[Torne yka3piBaeT Ha 3eMEHTapHYIO sSUeiKy, KOTopas IIEpHOIMUECKH MOSIBIIIETCS B LIENOUKe. XapaKTep-
HBIC YEPTHI OTMEUCHBI TOYKAMH Ha d, COOTBETCTBYIOIINE BLICTYIIBI B CUMYJIALMH ITOKa3aHbI CTPEJIKAMU TOI'O K€ [IBETA. HBGTOBEUI CX€Ma aTOMOB Y
frakas ke, kak y c. (g) crektps! dI / dV, momydennsie nyst Cu-6er3o MoHOMepa B nosioxkeHmsIX A — D B a. (h) CpaBaenwe criektpo dI / dV B momno-
skeHrsIX JmranaoB Cu-6emso Ha Au (111) (I, geprsiit), Ha Cu (111) (11, cummit) 1 Cu-TPC nHa Au (111) (I1I) 3enensiit). KpacHast kprBast B 1 TOKa3bl-
BaeT pe3ynbTar noaroHku Dano. (i) TemneparypHast 3aBrcrMocTs npoBaita Pano mrt Cu-Benzo, mmepennas B obmactu Temmeparyp 4,7-32 K. (j)
[IInpraa nposasa Ha IOJIOBHHE MakcuMyMa (2G) B 3aBUCHMOCTH OT TeMriepaTtyps 1t posasia Konmo Bommsn yposas Gepmu. Cruommsas Kpy-
Bas IOKa3bIBACT IMOAOIHAHHYIO KPUBYIO. CToJ0HKH OIIMOOK OBLIH OLCHCHBI ITYyTEM U3MCPEHUS PACCEIHUA JaHHBIX B LIMKJIaX HArpeBa, IIOBTOPECH-
HbIX BoceMb pa3 (Prc. 22 B uBere cmotpu http://journals.isuct.ru/ctj/article/view/1061)
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The spin states of Cu-Benzo and Cu-TPC mol-
ecules were investigated by detecting the Kondo reso-
nance using STM. The Kondo effect is caused by the
interaction between the conduction band electrons and
localized spins [101]. The Kondo resonance appears in
the scanning tunneling spectroscopy (STS) spectrum
near the Fermi level either as a sharp peak or dip, which
is determined by the Fano resonance effect-type inter-
ference between the tunneling electron [102]. The STS
spectra obtained for Cu-Benzo molecule at the A-D
positions (Fig. 22a) are provided in Fig. 22g. At posi-
tions A and B, on the y-axis meso-aryl ring and the cen-
tral Cu atom, no STS features are observed. In contrast,
spectra obtained at positions C and D of the corrole lig-
and show signals at the Fermi level, whose narrow
width and shape are consistent with a Kondo dip fea-
ture. The peak-width change with sample temperature
(see Fig. 22i,j) was examined to prove that the zero-
bias peak originates from Kondo resonance. The peaks
are fitted with the Fano functions, the result of which
is shown as solid curves in Fig. 22j. An examination of
the peak width shows clear variation with sample tem-
peratures. The observed data (solid circles) were suc-
cessfully fitted using this formula. The fitted curve is
shown in Fig. 22j as a solid line, which gives Tx~105K.
This is consistent with the assignment of the zero-bias
peak to Kondo resonance [101]. The STS spectrum
measured for Cu-TPC exhibits no Kondo feature at the
ligand position (111 of Fig. 22h). This indicates the ab-
sence of molecular spin and provides direct spectro-
scopic evidence for the singlet ground state. When
electron paramagnetic resonance (EPR) spectra were
measured, Cu-TPC and Cu-BCOD were found to be
EPR silent, as would be anticipated for a Cu(l1l) singlet
ground state, while the EPR spectrum of Cu-Benzo in
frozen CHCI; exhibits a highly distinctive Cu(Il) dimer
signal [103, 104]. Thus, experimentally, the oxidation
state of Cu in Cu-TPC and Cu-BCOD was found to be
+3, while that in Cu-Benzo +2.

To examine electronic and spin states more
precisely, geometry optimizations and calculation of
electronic states were carried out for singlet and triplet
ground states of Cu-TPC, Cu-BCOD and Cu-Benzo
using the hybrid B3LYP functional with 6-31G(d) ba-
sis sets. As anticipated, the singlet ground state was
predicted to be more stable for Cu-TPC and Cu-BCOD
(by 0.4 and 2.6 kcal-mol™, respectively), but not for
Cu-Benzo (by 5.1 kcal-mol™). For all three complexes,
the geometry of the singlet ground state is predicted to
be significantly more saddled than the triplet states in
a manner that is consistent with Kahn’s concept of or-
thogonal magnetic orbitals [105]. The theory is gener-
ally based on the symmetry of the orbitals on the metal
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and the ligand that contain unpaired electrons. In a pla-
nar structure, the metal orbital is strictly orthogonal to
the ligand w-radical orbital and this results inan S = 1 triplet
state. On the other hand, when the orbitals of the metal
and ligand are not strictly forbidden by symmetry and
hence partially overlap, as in a saddled structure, there
is antiferromagnetic coupling resulting in an S = 0 sin-
glet state, which cannot be distinguished from dative
bond formation. This concept can be applied to metal-
locorroles as well due to the similar frontier 7-MOs in
shape [97]. Almost all of the crystal structures that
have been reported for copper corroles have saddled
conformations due to the d-m interaction [106]. For
Cu-Benzo, however, a planar conformation is observed
in the crystal structure.

When the B3LYP-optimized structures are
compared with the crystal structures by the displace-
ments of the 23 core ligand atoms, the saddling confor-
mation of the Cu-TPC macrocycle can be clearly ob-
served in the edge-on view, similar to the optimized
structure for the singlet ground state as shown in Fig. 23a.
Interestingly, the asymmetric unit cell of Cu-Benzo
contains two molecules with different conformations.
One has a saddled structure, which also closely
matches the optimized singlet structure (Fig. 23b),
whereas the other one adopts a planar conformation
that overlaps perfectly with the optimized triplet struc-
ture. The crystal and optimized structures of the planar
conformation of Cu-Benzo are essentially identical, in-
cluding that of the three meso-aryl groups (Fig. 23e).
The meso-aryl groups of Cu-Benzo are almost perpen-
dicular to the mean corrole plane with an average dihe-
dral angle of 82.9° (Fig. 23d), while the dihedral angle
for Cu-TPC is only 48.8° (Fig. 23¢). The spin density
plots for the planar triplet state (Fig. 23f) demonstrate
that there is ferromagnetic coupling between the cop-
per 3dxz-y2 Orbital and the benzocorrole w-orbital. There
is almost no spin density on the meso-aryl groups, since
they lie orthogonal to the corrole plane.

Copper corroles represent an unusual excep-
tion among metallocorroles, because saddled struc-
tures have been a shared feature of all of the complexes
reported to date, even in the absence of steric crowding
at the ligand periphery. It has been widely accepted that
copper corroles are saddled, since there is an energeti-
cally favorable 3dx..y> and ligand =—HOMO interac-
tion. Upon fused-ring-expansion to form Cu-Benzo,
however, there are significant changes in the relative
energies of the frontier MOs in a manner that discour-
age overlap between the 3dy..y» orbital of the metal ion
and the occupied frontier m-orbital, which has large
MO coefficients on the pyrrole nitrogens, and this fa-
vors a planar conformation.
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Fig. 23. Comparison and analysis of the crystal and optimized
structures. (a) The distortions of Cu-TPC and (b) Cu-Benzo in the
crystal and B3LYP-optimized structures are compared. The dis-
placements from the mean plane of the 23 ligand atoms are illus-
trated in clothes-line diagrams. The four pyrrole moieties are la-
belled as A, B, C and D. The colored pyrrole moieties represent
crystal structure (1), optimized singlet structure (2) and optimized
triplet structure (3). The dihedral angles between meso-aryl
groups and 23 ligand atoms’ least square planes (the colored
plane) in the crystal structures of Cu-TPC (c) and planar Cu-
Benzo (d). (e) Overlay of planar crystal (green) and B3LYP-opti-
mized triplet structure (yellow) of Cu-Benzo. (f) Spin density plot
of Cu-Benzo for the S = 1 triplet state (isospin = 0.001), calcu-
lated with B3LYP/6-31G(d) level of theory (Fig. 23 in color see
http://journals.isuct.ru/ctj/article/view/1061)

Puc. 23. CpaBHeHue U aHAIN3 KPUCTAJUIMUECKUX U ONITUMU3HPO-
BaHHBIX CTPYKTYD. (a) CpaBHenune uckaxennit Cu-TPC u (b) Cu-
0eH30 B KpHucTaumieckoid 1 B3LYP-onTuMu3upoBaHHOH CTPyK-
Typax. CMeIIEeHHs OT CpeTHEH TUIOCKOCTH 23 aTOMOB JIMTaH/1a T10-
Ka3aHBI Ha AHarpamMMax 0ebeBoi BepeBKH. UeThIpe MUPPOTIBHBIX
¢dparmenTa o6o3HaueHs! Kak A, B, C u D. LiBeTHbIe muppoasHbIE
(bparMeHTbI IPEeICTaBILIIOT COO0M KPUCTAINIECKYIO CTPYKTYPY
(1), oNTUMU3MPOBAHHYIO CHHIJIETHYIO CTPYKTYPY (2) ¥ ONTUMU-
3MPOBAHHYIO TPHILIETHYIO CTPYKTYPY (3). J[ByrpaHHble yribl
Me>1<11y ME30apHIbHBIMU prl’[l’laMl/I " INIOCKOCTAMH HAMMCEHBIINX
KBaJIpaToB 23 aTOMOB-JIMTaHI0B (HBeTHaH HIIOCKOCTL) B KpUCTal-
nmaeckux crpykrypax Cu-TPC (c) u mockux Cu-Benzo (d). ()
HaiosxeHne miockol KpUCTATMYECKOH (3€IEHOH) U ONTUMH3H-
poBanHoit mo B3LYP tpumnernoii crpykryps! (3kenroit) Cu-
Benzo. (f) I'paduk crimroBoii minotHoct Cu-Benzo ans Tpuruiet-
Horo coctosHus S = | (u3ocnuH = 0,001), paccuntanHbIi Ha
yposte teopuu B3LYP / 6-31G (d) (Puc. 23 B 1iBeTe cMOTpH
http://journals.isuct.ru/ctj/article/view/1061)

H. KobGasmmu

As has been reported previously, the frontier
n-MOs of corroles are very similar to the aa, az, and
eq frontier 7-MOs of porphyrins, despite the loss of one
meso-carbon atom on the inner ligand perimeter. Thus
a perimeter-model approach can be adopted to study
trends in their energies [83]. Michl referred to the two
frontier MOs derived from the HOMO and lowest un-
occupied molecular orbital (LUMO) of the parent pe-
rimeter in which angular nodal planes lie on the y-axis
as the a (aw) and -a (egy) MOs, while those which lie
on antinodes are referred to as the s (azu) and -s (egx)
MOs [82, 83, 107, 108]. For Cu-TPC, saddling enables
the s MO with large MO coefficients on the pyrrole ni-
trogens to mix significantly with the 3dx..y. orbital of
the central metal, so that the electron spins are paired.
This overlap can be seen in the angular nodal patterns
of the HOMO and LUMO of Cu-TPC in Fig. 24a. The
electronic structure of Cu-Benzo (Fig. 24b,d) is pre-
dicted to be markedly different from that of Cu-TPC
(Fig. 24a,c), since the triplet state is predicted to be
more stable than the corresponding singlet state. The
a-spin a MO is the singly occupied molecular orbital
(SOMO), since its energy is higher than that of the a-
and B-spin s MO (Fig. 24d). This can be attributed to a
destabilization of the energy of a MO due to the anti-
bonding effect of fused-ring-expansion on the =-
system. The B-spin a MO is unoccupied and hence is
the LUMO of Cu-Benzo (Fig. 24d). The macrocycle is
oxidized to form a corrolate n-cation radical with an
unpaired spin and a central Cu(ll) ion.

The theoretical considerations discussed above
can account for the experimental observation of the
Kondo resonance. For the Cu-TPC molecule, it is pre-
dicted that the ligand m-orbital is paired and no Kondo
resonance is formed, which agrees with the absence of
the Kondo feature for this molecule. For the Cu-Benzo
molecule, a ground state is calculated, which is con-
sistent with the observation of the Kondo resonance
measured at the corrole ligand position. The SOMO
level can be attributed to the spin impurity of Kondo
resonance. It could be argued that the partial filling of
the SOMO level may be due to charge transfer from
the Au(l11) substrate as is the case with CuPc and NiPc
on Ag(lll) [109].

In summary, fused-ring-expansion of the cor-
role ligand has been demonstrated to result in a unique
spin state, in a manner that could lead to applications
in molecular spintronics. When the Cu-BCOD mole-
cules were sublimed onto the Au(lll) surface from a
heated Ta boat, they were converted into Cu-Benzo
molecules in quantitative yield by a retro-Diels—Alder
reaction. The destabilization of the a MO of Cu-Benzo
results in a planar structure and the oxidation of the lig-
and leads to the formation of an uncoupled spin and
hence a triplet ground state.
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Fig. 24. Contour plots and energy levels of the B3LYP-optimized structures. (a,b) Frontier MO contour plots and corresponding energy
values of Cu-TPC (a) and Cu-Benzo (b). Michl’s @, s, -a and -s nomenclature is used to describe the frontier t-MOs with ML = +4 and
+5 nodal patterns. (c,d) Schematic energy diagram of the frontier MOs of Cu-TPC (c) and Cu-Benzo (d). Occupied and empty MOs are
highlighted with blue and grey lines, respectively, and blue circles, triangles and brown crosses are used to denote the s and -s MOs, a
and -a MOs and the dxz-y2 MOs, respectively. The predicted HOMO-LUMO gaps are denoted with red diamonds and are plotted against
a secondary axis (Fig. 24 in color see http://journals.isuct.ru/ctj/article/view/1061)

Puc. 24. KoutypHble rpaduku ¥ SHEPreTHYeCKHE YPOBHHU CTPYKTYP, ONTUMHU3HpoBaHHbIX 110 B3LYP. (a, b) 'pannust MO rpaHiu4dHOTO
KOHTYypa U cooTBeTcTBYIoMmue 3HaYeHus snepruu Cu-TPC (a) u Cu-6en3o (b). Homenknarypa Michl a, S, -a u -S uicnosb3yercs st
omucanus norpaHnaHbix T-MO ¢ ML =+ 4 u + 5 y3noBbeiMu cxemami. (¢, d) CxemaTHyeckast SHepreTuueckas JuarpaMma morpaHiaHbIX
MO Cu-TPC (c) u Cu-Benzo (d). 3ansteie u myctbie MO BBIIEISIOTCS CHHUMH U CEPBIMHU JINHUSIMH COOTBETCTBEHHO, @ CHHHE KPYXKKH,
TPEYTrOJIbHUKU ¥ KOPUIHEBBIE KPECTHI UCTIONB3YIOTCs Muist o0o3HadeHnss MO u S, -S, MO u MO u dxz-y2 cooTBeTcTBeHHO. [Ipenckas3an-
seie mpoMesxkyTkd HOMO — LUMO 0603Ha4eHbI KpacHBIMH OpHIDTHAHTaMH U HAHECEHBI Ha Tpa(uK OTHOCUTEIBHO BTOPHYHOI ocH
(Puc. 24 B uBete cmotpw http://journals.isuct.ru/ctj/article/view/1061)

2-2. Non-Planar Deformed Systems

a) Deformed Phthalocyanines: Synthesis and
Characterization of Zinc Phthalocyanines Bearing
Phenyl Substituents at the 1-, 4-, 8-, 11-, 15-, 18-, 22-,
and/or 25-Positions [110]

In 2001, we reported on a highly deformed o.-
octaphenylated H,Pc and H.TAP [111]. However, at
that time, the relationship between deformation and
spectroscopic and electrochemical properties could not
be studied since Pc compounds with lesser number of
phenyl groups could not be prepared. In 2005, we suc-
ceeded in preparing Pcs containing two, four, and six
phenyl groups at what we call a-positions and system-
atically examined these relationship [110]. Figure 25
shows the chemical structures of the six ZnPcs pre-
pared for this study, of which compounds 3 and 4 con-
tain four phenyl groups and are positional (geomet-
rical) isomers. These compounds were all character-
ized by NMR and X-ray crystallography.

22

Figures 26 and 27 depict colormap analyses
[112] of the extent of ring deformation. The displace-
ments of the ligand atoms are calculated relative to the
4N-plane generated by the four pyrrole nitrogens on
the inner ligand perimeter. Figure 27 confirms this ob-
servation. As expected, 5 and 6 have highly deformed
structures at neighboring isoindole units where two
phenyl groups overlap. In particular, the structure of 6
is similar to that of H,PcPhsg, where alternating up and
down displacements of the isoindole units results in a
saddled structure [111]. The maximum deviation of the
pyrrole B-carbon atom is about 1.18 A for 6 (Fig. 27),
which is comparable to that in HoPcPhg, while those of
near-planar Pcs are within about 0.15 A. The deviation
is somewhat less for 5, amounting to 0.76 A at the site
with largest deviation and 0.34 and 0.69 A at sites ad-
jacent to this. Although the structures of 5 and 6 are in
line with what was anticipated, the crystal structure of
adjZnPcPhy (4) is not. 4 maintains a relatively high de-
gree of planarity in the crystalline state (Figs. 26 and 27),
despite the existence of phenyl overlaps.
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Fig. 26. Colormap analyses of the crystal structures of 2, 4, 5, and 6.
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26 in color see http://journals.isuct.ru/ctj/article/view/1061)

Puc. 26. AHaim3 IBETOBOM KapThl KPHCTAIUTIIECKUAX CTPYKTYD 2, 4,
5 u 6. ATOMBI BOZIOpO/Ia 1 IepUPEPHUUECKAE H OCEBBIC 3aMECTH-
TCIIHU OJ1s1 ACHOCTH Ol'lyLl.[eHbI. benbie oTMeTKH yKaSI;IBa}OT Ha (1)6—

HUJI3aMCIICHHBIC aTOMBI YTJIEpOJAa

The color map analysis of 4 resembles that of 2 (Fig.
26). Figure 27 demonstrates that 4 takes on a ruffled
rather than a saddled structure, in which the meso-ni-
trogen atoms lie outside the 4 N-plane. DFT geometry
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Fig. 27. Linear display of the out-of-4N-plane deviations from
planarity for the core atoms of 2, 4, 5, and 6 from top to bottom,
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optimizations were conducted for 2, 4, 5, and 6 using
the B3 LYP functional with 6-31 G(d) basis sets, with
the results illustrated in the right-hand column of Fig.
27. The nonplanarity of 5 observed in the X-ray crystal
data (Fig. 27) indicates that the phenyl-substituted sites
deviate significantly from planarity and that the non-
substituted isoindole is near-planar.

Figure 28 shows the absorption and MCD
spectra of 1-6 in pyridine. The wavelength data are
tabulated in Table. All of the complexes, with the ex-
ception of 3, exhibit an intense, unresolved, Q-band in
the 650-850 nm region, which shifts to the red as the
number of phenyl groups is increased. 1 has a sharp Q-
band at 674 nm and the corresponding MCD signal is
a typical derivative-shaped Faraday A term, while near-
planar phenyl-substituted 2 and 3 show slightly red-
shifted Q-bands relative to 1.

The Q-band shifts are summarized in Fig. 29a.
The Q-band of 3 splits into two components. The split-
ting is less than 350 cm™, so the corresponding MCD
signal can be regarded as a pseudo A-term.

Taking the midpoint of the split Q-band as the
Q-band energy of 3, the Q-band shifts from 1 to 2 and
from 2 to 3 are around 170 and 190 cm, respectively.
The substituent effect of the phenyl groups clearly
shifts the Q-band slightly to the red [113]. Partial pe-
ripheral substitution usually results in an approxi-
mately linear shift of the Q-band energies as the num-
ber of substituents is increased [114, 115]. It should be
noted that although both 3 and 4 contain four phenyl
groups, the Q-band of 4 occurs at longer wavelength,
by about 270 cm. Figure 29a demonstrates that line-
arity is only valid for the relatively planar 1-3, and that
marked deviations from linearity are observed for the
deformed complexes 4—6. The shift increases to around
270, 540, and 940 cm™ for 3—4, 45, and 5—6. The
Q-band shift increases for 4, 5, and 6 are therefore pri-
marily due to the increasing ligand folding.

In the Soret band region (ca. 300-450 nm) of
1-3, one broad band is observed at around 345 nm, ac-
companied by a less intense, somewhat complex set of
MCD signals. In addition, a characteristic band ap-

pears at around 400 nm for nonplanar Pcs (i.e., 4-6),
with the band at 429 nm for 6 being especially prom-
inent. The origin of these bands is ascribed to the
HOMO—LUMO+3 transition, which is parity-forbid-
den for planar D4y complexes but becomes allowed
when ring deformation removes the center of sym-
metry [116, 117].
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It is well established that the HOMO and
LUMO energies of Pc derivatives correlate well with
their first oxidation and reduction potentials [118-120].
The redox potential data of 1-6 in o-dichlorobenzene
(o-DCB) are plotted in Fig. 30.

Compound 1 is too insoluble in 0-DCB for sat-
isfactory voltammograms to be obtained. Two oxida-
tion and reduction couples were observed for all of the
other compounds, with 5 and 6 giving significantly
more distinct redox curves in the oxidation region com-
pared to near-planar 2—4, since aggregation is probably
accelerated upon oxidation for the less substituted Pcs.
From the differences between the various redox poten-
tials, all processes are clearly one-electron and can be
assigned to either ring oxidation or ring reduction,
since Zn' does not undergo redox processes within this

Table. The absorption and MCD data of 1-6 in pyridine
Taonuya. Agcopounss u MCD nannble 1Js 1-6 B nupuaune

Compound Absorption® McD™

ZnPc, 1 345 (0.33) 609 (0.20) 674 (1.35) 380 (—0.03) 610 (0.33) 668 (2.15) 678 (—2.55)

ZnPcPh,, 2 345 (0.48) 616 (0.29) 682 (1.82) 384 (—0.04) 616 (0.49) 675 (2.18) 688 (—2.78)

oppZnPcPh,, 3 343 (0.47) 378 (0.42) 623 (0.21) 395 (—0.03) 623 (0.32) 682 (1.19) 699 (—1.71)
642 (0.22) 683 (1.10) 699 (1.29)

adjZnPcPh,, 4 343 (0.54) 636 (0.35) 704 (1.92) 417 (~0.04) 635 (0.43) 695 (1.43) 713 (~1.85)

ZnPcPhg, 5 340 (0.43) 394 (0.28) 656 (0.27) 346 (~0.02) 421 (—0.03) 656 (0.27) 714 (0.66)
732 (1.33) 744 (—0.78)

ZnPcPhg, 6 429 (0.26) 697 (0.21) 786 (0.83) 340 (~0.01) 448 (—0.04) 708 (0.16) 737 (0.20)

762 (0.17) 808 (—0.38)

[a] | [nm] (10~e [dm®mol~*cm™). [b] | [nm] (10~°[q], [degdm®mol *em™T7Y).
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potential window [121]. In the case of fused-ring ex-
panded Pcs, including naphthalocyanines and anthra-
cocyanines, the HOMO energies increase with de-
creasing Q-band energies, while the LUMO energies
remain relatively stable [30]. A similar trend is ob-
served for compounds 2-6, where the first oxidation
potential shifts negatively, while, in contrast, the first
reduction potential does not shift appreciably from
complex to complex. The first oxidation potentials are
+0.10 and -0.20 V (versus Fc*/Fc) for 2 and 6, respec-
tively, indicating destabilization of the HOMO by 0.30 V.
The first reduction potentials shift to the negative by
only 0.08 V on going from 2 to 6. As a consequence,
the energy gap between the first oxidation and reduc-
tion potentials decreases from 1.73 to 1.51 V on going
from 2 to 6, as would be anticipated given the observed
red-shift of the Q-band. On going from 2 to 3, the first
oxidation potential shifts by 0.04 V, while the first re-
duction potential remains almost identical (-1.63 V
versus Fc*/Fc), which indicates that the phenyl groups
also cause a slight destabilization of the HOMO levels,
although the ring deformation effects are much more
significant. As shown in Fig. 30, the second oxidation
potentials also shift to the negative on going from 2 to

H. KobGasmmu

6, but the second reduction potentials do not shift from
ligand to ligand. The relationship between the number
of phenyl substituents and the Q-band energies and po-
tential gaps between the first oxidation and reduction
couples is shown in Fig. 29. Clearly, there is a close
relationship between the Q-band energy and potential
gap, since both values decrease as the number of phe-
nyl groups is increased. Linearity is maintained only
for the planar derivatives, however, with the nonplanar
complexes showing significant deviations from the
trend. The potential gap of 4 is smaller than that of 3,
as was observed in the analogous Q-band energy val-
ues. Thus, the electrochemical results confirm that mo-
lecular deformation causes significant destabilization
of the HOMO energies, a consequence of which is the
bathochromic shifts of the Q-band.

In order to enhance the interpretation of the
above spectroscopic and electrochemical properties,
the molecular orbital and excitation energies were cal-
culated using the ZINDO/S method. The Q band of 1
was predicted in the visible region (ca. 720 nm), com-
posed mainly of HOMO-LUMO transitions (ca. 90%).
The lowest-energy bands (the Q-bands) of 6 are calcu-
lated to lie at 788 and 781 nm, while the experimentally
observed wavelength is 786 nm. The Q-band energy
increases with decreasing number of phenyl groups:
747 and 741 nm and 733 and 728 nm for 5 and 4, re-
spectively. These are also in close agreement with the
experimental values (732 and 704 nm for 5 and 4, re-
spectively). Similarly to 1, the HOMO—LUMO tran-
sitions account for about 90% of the Q-band excited
state in the Cl calculations for 2—6, which indicates that
the ring deformations do not significantly change the
composition of the Q-band.
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Fig. 31. Frontier MO energy diagram for 1-6
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Figure 31 shows the frontier MO energy dia-
gram of 1-6. Since both the LUMO and LUMO+1 or-
bitals contribute significantly to the Q-bands, the aver-
age energy of the LUMO and LUMO+1 levels should
be regarded as the LUMO energy during analysis of the
impact of trends in the HOMO-LUMO gaps on the ab-
sorption spectra. The energy gap between the HOMO
and “midpoint” LUMO levels is 3.77, 3.75, 3.72, 3.71,
3.67,and 3.60 eV for 1-6, respectively. The same trend
is observed in the Q-band energies as phenylation in-
creases on going from 1 to 6. It should be noted that
the LUMO and LUMO+1 energies split even in the
case of 1 because of the presence of the axial pyridine
ligand. The largest splitting was calculated for 3 and
the second largest for 5, reflecting the lower symmetry
of the phenyl substitutions in these complexes. Unlike
the LUMO energy, the LUMO+1 energies do not shift
markedly from complex to complex. The Q-band of 6*
(* means phenyl-removed structure) was calculated to
lie at 783 nm, which is close to the wavelength calcu-
lated for 6 (788 nm), suggesting that the presence of
the phenyl groups has only a limited effect on the Q-
band energy. Similar results were obtained for 2-5,
with the lowest energy bands appearing almost at iden-
tical positions for the phenyl-substituted and unsubsti-
tuted derivatives. For example, the lowest-energy
bands for 2-5 were calculated to lie at 729, 736, 733,
and 747 nm, respectively, and those for 2*-5* at 723,
723, 730, and 747 nm, respectively. This result can be
understood by considering the distribution of the nodal
patterns of the HOMO, LUMO, and LUMO+1. As de-
picted in Fig. 32, the nodes of these three MOs are lo-
calized on the Pc ligand rather than the phenyl groups.
Therefore, the destabilization of the HOMOs origi-
nates not from the phenyl substitution, but from ring
deformation. The MO calculations can also be used to
assign the moderately intense band observed at around
429 nm in the absorption spectrum of 6. This band is
also observed for 5, together with an accompanying
MCD B-term (Fig. 28). INDO/S calculations predict
that these transitions originate mainly from the
HOMO—LUMO+3 transition (68%), with an oscilla-
tor strength of 0.17 in the case of 6. The molecular
symmetries of the x systems of 1 and 6 can be assumed
to be Dsn and Doy, respectively. The HOMO—
—LUMO+3 transition of 6 is therefore symmetry-al-
lowed, while the corresponding transition for 1 is par-
ity-forbidden with a calculated oscillator strength of
0.00. Since this transition contains 29% of the
HOMO—LUMO+4 transition and MO coefficients of
LUMO+4 are spread over the entire complex, includ-
ing the phenyl groups, the presence of the phenyl
groups plays an important role in increasing the band
intensity in this region of the spectrum. In the calcula-
tion for 6*, the calculated oscillator strength of the 429 nm
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band is roughly halved. The presence of this band pro-
vides another piece of evidence that the structure of 6
is highly deformed even in solution. Although we have
reported these kinds of ligand deformation-induced
transitions previously for an octaphenylated FePc in
which parity-forbidden MLCTs become allowed due
to ring deformations [116], this became the first exam-
ple of a m-7* band of a Pc & system induced by saddle-
type deformation.

LUMO+4

LUMO+3

LUMO+2

111

LUMO+1

108
Fig. 32. Selected views of MOs of 1 (left) and 6 (right). The
LUMO+2s (111 and 223 for 1 and 6, respectively) are pyridine-
centered orbitals
Puc. 32. Betopannsie Bugst MO 1 (cneBa) u 6 (cripaBa). LUMO +
2s (111 1 223 anst 1 v 6 COOTBETCTBEHHO) SIBIIAIOTCS THPUINH-
[CHTPUPOBAHHBIMHU OPOUTAIAMH
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We have synthesized various phenyl group-
substituted ZnPcs which differ in the extent of the ring
deformation, and compared their Q band position,
splitting, and electrochemistry, in combination with
the results of MO calculations. The Q-band shifts to the
red with increasing number of phenyl groups, and a
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negative shift of the first oxidation potential was ob-
served. The trends in the redox potentials from com-
plex to complex correlate reasonably well with the re-
sults of the calculated MO energies. Configuration in-
teraction calculations based on the INDO/S Hamilto-
nian reproduced the major experimentally observed
spectral features. Calculations for 2*—6* (2-6 with the
phenyl groups removed and replaced with hydrogen at-
oms) also showed similar Q-band energies. This study
therefore revealed that sizable red shifts of the Q-band
in highly deformed Pcs are brought about mainly by
the ring deformations. In addition, the reduced sym-
metry results in the HOMO—LUMO+3 transition,
which is parity-forbidden in the case of 1, gaining sig-
nificant intensity at about 430 nm in the absorption
spectrum of 6.

b) Azaphenalene Phthalocyanines (APPcs):
Phthalocyanine Analogues with Six-Membered-Ring
Units Instead of Five-Membered-Ring Units [122]

The electronic structure of Pcs is delineated as
an annulenic 18z-electron, aromatic conjugation sys-
tem comprising four isoindole units and four bridging
nitrogen atoms at meso-positions. Modification of their
electronic structure by substitution of the isoindole
moieties with other aromatic units can significantly
tune their electronic structures. Among such modified
species, core-modified analogues, in which one or two
five-membered isoindole rings are replaced with other
aromatic rings, have been rather scarce, except for
hemiporphyrazine and its derivatives [123]. Here, we
embedded six-membered rings to Pc core (Scheme 4)
instead of five-membered rings of isoindole rings, and
examined their structures and electronic properties [122].
From a mixed-condensation reaction of 1,8-naphtha-
lenedicarbonitrile and 4,5-di-tert-butylphenyloxyphthalo-
nitrile in the presence of hydroguinone and nickel ace-
tate at 300 °C for 15 min, nickel complexes of Pc (1)
and mono- (APPc, 2) and diazaphenalene phthalocya-
nines (AP2Pc) were obtained in 9, 26, and 13% vyield,
respectively (Scheme 4, conditions a). As depicted in
Scheme 4, two structural isomers can be expected for
the disubstituted species AP2Pc. In adj-APch (3) two
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azaphenalene moieties are arranged adjacently, whereas
opp-AP.Pc (4) has two azaphenalene moieties ar-
ranged at opposite sites. Based on analysis of the 'H
NMR and absorption spectra, the obtained AP,Pc spe-
cies was characterized as the adj-isomer 3. The ab-
sence of 4 under these solvent-free reaction conditions
was mainly due to preferable formation of a “half-Pc”
intermediate [124], comprising two isoindole units and
a similar subunit composed of two azaphenalene units.
After several attempts to obtain 4, we found that a con-
densation reaction in guinoline with ammonium mo-
lybdate as a catalyst provided all four compounds
(Scheme 4, conditions b) in 11, 30, 15, and 1.4 % yield
for 1-4, respectively. The X-ray data of 6 were ob-
tained but others were not succeeded, so that the extent
of deformation was inferred from the optimized struc-
tures. Figure 33 shows the deviation of the atoms from
the 4N-mean plane for 2-4. Compared with the planar
structure of 1, the optimized structures of the APPcs
are severely distorted. The displacement of all of the
atoms from the 4N-mean plane clearly reveals ruffle-
like distortion for 2 and saddle-like molecular distor-
tion for 3 and 4, as depicted in this figure. The three
isoindole moieties of 2 were arranged in a fairly planar
manner, whereas the azaphenalene moiety was tilted
by approximately 30° from the 4N mean plane. On the
other hand, an optimized structure of the free base of 2
and the crystal structure of 6 both exhibit planar con-
formations, indicative of the flexibility of the APPc
structure. Compared with Pcs, the cavity size of 2 be-
comes larger due to the broader C-N-C bond angle of
the azaphenalene moiety relative to isoindole moieties.
Considering that the coordination bond length of low-
spin Ni"-N is approximately 1.96 A in the case of Pc
and porphyrin complexes [125], the molecular distor-
tion of 2 is considered to be caused mainly to fit a
nickel ion into the cavity of 2. Introduction of more
azaphenalene units causes greatly enhanced saddle-
like distortion, as in the case of AP,Pcs 3 and 4, which
is also mainly due to the smaller size of the low-spin
Ni'" ion compared to their cavity size.

“mf‘@ f“gb

/

b

M

N

/’ N/

,(r ’\“’\/5) kJ«/K g /}

AFRPc adf -AP,Pc opp -AP,Pc
2. M- Ni 3: M= Ni ;M = Ni
6 M-2Zn

Scheme 4. Synthesis of azaphenalene phthalocyanines. Conditions: a) Ni(OAc)2, hydroquinone, 300 °C, 15 min. b) Ni(OAc)z,
(NH4)2M00s4, quinoline, 330 °C, 15 min. ¢) Zn(OAc)z2, hydroquinone, 260 °C, 20 min
Cxema 4. Cunres asapenanerdranonpanunos. Yenosus: a) Ni (OAC)2, ruapoxunoH, 300 ° C, 15 mus. 6) Ni (OAC)2, (NH4)2M00s4,
xuHonuH, 330 ° C, 15 muH. B) Zn (OAC)2, runpoxusoH, 260 ° C, 20 mux
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Fig. 33. Views of the skeletal deviation of the atoms from the 4N
mean plane for a) 2, b) 3, and c) 4. O and e indicate carbon at-
oms of azaphenalene units and isoindole units, respectively. 0 and
m indicate nitrogen atoms at meso-positions and coordinating ni-
trogen atoms, respectively
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Fig. 34. Electronic absorption (bottom) and MCD (top) spectra of
a)1,b)2,¢)3,and d) 4 in CHCIs
Puc. 34. CriekTpsl 31eKTPOHHOTO ToTnonieHus (BHu3y) 1 MCD
(BBepxy) a) 1, b) 2, ¢) 3u d) 4 8 CHCI3

The absorption and MCD spectra of com-
plexes 2—4 were collected in CHCIs in the absence of
aggregation (Fig. 34). In the absorption spectra the AP-
Pcs exhibit a fairly broad absorption in the Q-band re-
gion. Relative to the Q-band absorption of NiPc com-
plex 1 at 675 nm, the APPc complexes exhibit a signif-
icant redshift, indicating that the electronic structures
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of APPcs are quite similar to that of Pc and that a mac-
rocyclic 18z-electron conjugation system is predomi-
nant in APPcs. Complex 3 shows a broad single Q band
at 871 nm with a shoulder at 773 nm, whereas the Q-
band absorptions of 2 and 4 are split into two at 816
and 740 nm, and 992 and 763 nm, respectively (Fig.
34). The energy separation of the Q bands of 4 is
greater than in 2 and 6. In the MCD spectra, APPcs 2
and 4 exhibit negative and positive signs in ascending
energy, which correspond to the split Q-band absorp-
tion (Fig. 34). These signal patterns are assigned as
Faraday B terms based on the MCD theory, which indi-
cates that the excited states of these molecules are
nondegenerate [22, 59, 82, 83]. The negative sign of
the lower-energy Q band suggests that the energy dif-
ference between the HOMO and HOMO-1 (AHOMO)
is larger than that of the LUMO and LUMO+1
(ALUMO). On the other hand, compound 3 shows a
dispersion-type signal with negative and positive signs
in ascending energy. This signal pattern in the Q-band
region is typical of Faraday A terms, which suggests a
degeneracy of the excited states, and the sign of the Q
band indicates that AHOMO> >ALUMO. Faraday A
terms are generally observed for Pc and its derivatives
with higher symmetry than Cs. Therefore, the pattern
observed for 3 is more likely assigned as pseudo Fara-
day A terms, which can be observed when a molecule
exhibits low symmetry but the excited states are nearly
degenerate, that is, when two Faraday B terms lie close
in energy. Molecular orbital calculations were also per-
formed, and found that the absorption spectra of 2-4
are described using the Gouterman’s four orbital model
as a theoretical framework [80]. In the cases of 2 and
4, the two transitions appear at separate positions (729
and 647 nm for 2 and 886 and 734 nm for 4), whereas
they are close in energy in the case of 3 (780 and 768
nm). These results correlate well with the observed dif-
ferences in shape of the Q bands in the absorption spec-
tra and with the Faraday B terms for 2 and 4 and pseudo
Faraday A terms for 3 in the MCD spectra.

The redox data were also collected and com-
pared with calculated MO energy diagrams (Fig. 35).

Plots of the potentials clearly indicate a sizable
negative shift of the first oxidation potential upon an
increase in the number of azaphenalene units (0.42,
0.085, -0.13, and -0.23 V vs. Fc*/Fc for 1-4, respec-
tively), whereas the first reduction potential shows
very little variation (-1.39, -1.35, -1.41, and -1.28 V vs.
Fc*/Fc for 14, respectively). The AE values thus de-
crease in the same order (1.81, 1.44, 1.28, and 1.05 V vs.
Fc*/Fc for 1-4, respectively). These results are in good
agreement with the observed redshift of the lower-en-
ergy Q band in this order.
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Fig. 35. Partial MO energy diagram and frontier orbitals of a) 1,
b) 2, ¢) 3 and d) 4 derived from the DFT calculations. Experimen-
tally obtained first reduction and oxidation potentials (right axis)
are also plotted using circles and triangles, respectively

Puc. 35. I[lapuuansHas sHepreruueckas auarpamma MO u rpa-
HHUYHbBIe opOurtanu a) 1, b) 2, ¢) 3 u d) 4, monyueHHbIe U3 pacue-
ToB DFT. [Tony4eHHbIe SKCIIEPUMEHTAIILHO MEPBBIE MOTEHIIUABI

BOCCTAHOBJICHUA U OKHUCJICHUS (npaBaﬂ OCL) TaK>XXC HAHCCCHBI C

HCITOJIb30BAHUEM KPYKKOB U TPEYTOJIBHUKOB COOTBETCTBEHHO

Partial MOs related to the Q-band absorptions
are also depicted in Fig. 35. The amplitude of the fron-
tier MO coefficients of the APPcs exhibit similarities
to that of 1. For each compound, the HOMO is delo-
calized over the molecule, whereas the LUMO and
LUMO+1 are localized along the x- and y-molecular
axes, respectively. Upon increasing the number of aza-
phenalene units, the HOMOs are energetically destabi-
lized to a certain extent (-4.95, -4.65, -4.35, and -4.26 eV
for 1-4, respectively), whereas the LUMO energies ap-
pear to be less dependent on the number of azaphena-
lene units, consistent with the electrochemical results.
Because of the delocalization of the LUMO and
LUMO+1 along the x- and y-molecular axes, alteration
in these MOs of APPcs largely depends on the posi-
tions of the azaphenalene moieties. In the case of 2,
only the LUMO+1 is destabilized in energy, which
causes orbital nondegeneracy with an energy separa-
tion (ALUMO) of 0.12 eV. In the case of 3 both the
LUMO and LUMO+1 are equally destabilized and de-
generate, with a ALUMO value of 0.05 eV, due to the
presence of two azaphenalene moieties on both the x-
and y-molecular axes. In the case of 4 only the
LUMO+1 is destabilized (ALUMO =0.13 eV), due to
the presence of azaphenalene moieties on the same mo-
lecular axis. Changes in the energy of the frontier or-
bitals observed for the series of APPcs are essentially
similar to those of benzene-fused low-symmetry Pcs

H. KobGasmmu

[64-66,77]. This indicates that, despite the greatly dis-
torted structures, the variation of the frontier MOs of
APPcs from those of Pcs with Dy symmetries can be
understood in terms of their molecular symmetries.
The contribution of the exterior naphthalene moieties
of the azaphenalene units to the macrocyclic-conjuga-
tion system is similar to that of the exterior benzene
and naphthalene rings of naphthalocyanine and anthra-
cocyanine [126].

Thus, the azaphenalene units were success-
fully incorporated into Pc-like macrocyclic-conjuga-
tion systems. Despite the significant distortion of the
molecules, caused mainly by coordination of the cen-
tral nickel ion, the electronic structures of these novel
analogues were more similar to those of Pcs than hem-
iporphyrazines. The electronic structures and, hence,
their optical and electrochemical properties largely de-
pended on the number and positions of the azaphena-
lene units. Based on MO calculations, a series of
changes in the frontier MOs was found to be similar to
that seen for benzene-fused low-symmetry Pcs but the
extent of the destabilization of the HOMO and redshift
of the Q bands were much more significant.

¢) Crystal Structures and Electronic Proper-
ties of Saddle-Distorted and Protonated Pcs [127]

The properties of protonated Pc species result-
ing from the acid—base reaction have been little known
because of their low basicity arising from the rigid ring
structure as compared with the porphyrin ring [128]. In
sharp contrast to the protonation of the porphyrin ring,
which always occurs at pyrrole nitrogen atoms [129, 130].
Pcs may undergo protonation at two different sites: the
isoindole nitrogen atom and the meso-nitrogen atom.
To date, the protonation of Pcs has been limited to
overly acidic conditions such as in concentrated sulfu-
ric acid and in trifluoroacetic acid (TFA) because of the
small formation constants of protonated species. More-
over, there have been no reports on either the detection
of inner protonation at the isoindole nitrogen atom or
of the crystal structure determination of protonated
Pcs. As an application of distorted Pcs, we decided to
use octaphenylated Pcs (PhgPcs) under acidified con-
ditions, and found properties that has not been found in
normal flat Pcs.

To elucidate the protonation reaction of PhgPcs
in solution, we measured absorption spectral changes
upon addition of TFA to the solution of PhgPcs in
CH.Cl; and benzonitrile (PhCN). The titration of
H2PhgPc by TFA in CHCI; allowed us to observe the
one-step spectral change, with isosbestic points as
shown in Fig. 36a.
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Fig. 36. Absorption spectral changes upon addition of TFA to the
solution of a) H2PhgPc (1.2 x 105 M) and b) [ZnPhgPc] (1.0 x 10°° M)
in CH2Cl2
Puc. 36. CniextpanbHble H3MEHEHNUS TOTIOMIEHHS TIPH 100aBIe-
unn TFA k pactopy a) HaPhsPc (1,2 x 10°° M) u b) [ZnPhsPc]
(1,0 x 105 M) B CH2Cl>

The Job continuous variation method clearly indicates
that this spectral change has 1:2 stoichiometry (not
shown). From the one-step 1:2 stoichiometry equilib-
rium, we determined the equilibrium constant of dipro-
tonation of the phthalocyanine ring K to be 1.2-108 M-
2 and 4.8-10° M2 in CH,Cl, and PhCN, respectively
(Scheme 5).

K
{a) HyPhgPc + 2HA === [H,PhgPc]2H(A ),

K

n c+ n G u
b) ZnPhgPc + HA Zn(PhaPcH)™A

K
[Zn{PhgPcHY*AT] + HA =—= [Zn{PhgzPcH-?*(A)]
Scheme 5. The protonation equilibria of a) H2PhsPc and b)
[ZnPhsPc] by acid (HA)
Cxema 5. IIporounoe pasaosecue a) H2PhgPc u 6) [ZnPhsPc]
kucnoroit (HA)

This apparent one-step diprotonation is as-
cribed to the high basicity of the inner-monoprotonated
Pc, which is due to the more deformed structure, akin
to the monoprotonated porphyrin [129b].

In sharp contrast to H,PhgPc, a two-step spec-
tral change was observed in the course of the titration
of [ZnPhgPc] with TFA in CH.Cl,, with two isosbestic
points (Fig. 36b). These spectral changes were as-
signed to monoprotonation and diprotonation of the Pc
ring in the light of previous work [128]. The first spec-
tral change was induced by adding one equivalent of
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TFA, clearly showing that monoprotonation occurred.
The equilibrium constants of mono- and diprotonation
(K1 and K3, Scheme 5b) were determined to be 1.4-10°
and 27 M? in PhCN, respectively. The absorption
spectra of the single crystals of [HiPhgPc]Br. and
[ZnCI(PhgPcH)] in CH:CI. agreed with those obtained
by absorption titration experiments (red lines in Fig.
36a,b), which clearly indicates that the protonated
PhgPcs are stable even in a non-acidic solution owing
to the large formation constants of the protonated species.

In the case of planar free-base Pcs, the proto-
nation of the meso-position is energetically more favor-
able [128]; however, inner protonation (-9.5 kcal-mol™) is
more stable than outer protonation (-4.5 kcal-mol™?) for
the saddle-distorted H,PhgPc, as suggested by DFT cal-
culations. This energy reversal can be explained by the
compensation for destabilization arising from the
structural distortion by stabilization of hydrogen bond
formation among N-H protons of the isoindole rings
and bromide ions, as seen in the crystal structure (alt-
hough not shown, two bromide ions are located just
above and below the center of four pyrrole nitrogens of
H,PhgPc). In the *H NMR spectrum of the single crystals
of [HsPhsPc]Br, in CDCls, a singlet signal at 8 = 6.4 ppm
was assigned to the isoindole N-H, since the peak dis-
appeared. upon addition of a drop of D,O. The H
NMR spectrum of [ZnCI(PhgPcH)] shows more com-
plex signals than that of [ZnPhgPc], probably owing to
the lowering symmetry induced by the proton at the
meso-nitrogen atom. This situation was confirmed by
the observation of an exchangeable proton with a sig-
nal at 6 = 12.3 ppm, which was assigned to the proton
bound to the meso-nitrogen atom. The coordination of
the chloride ion to the zinc center of [ZnCI(PhsPcH)]
in solution was confirmed by electrospray ionization
mass spectrometry (ESI-MS), which detected a peak
cluster arising from [ZnCl(PhgPc)]" (m/z 1222.4) in its
deprotonated form in the negative detection mode.

We measured the magnetic circular dichroism
(MCD) spectra of protonated PhgPcs in CH,ClI; to re-
veal the electronic structures of both inner- and outer-
protonated PhgPcs (Fig. 37).

[HsPhgPc]Br, adopts D.q symmetry owing to
saddle deformation of the ligand caused by steric con-
gestion at the ligand periphery. The spectral features
are similar to those of a D4, metallophthalocyanine de-
rivative, because a four-fold axis of symmetry is re-
tained in the central part of the core and the LUMO
therefore remains doubly degenerate [80]. An intensi-
fication of the lower-energy Q band was observed in
the MCD spectrum relative to the absorption spectrum,
owing to the larger orbital angular momentum change
associated with the Q transition [16, 17]. Only the 2,
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term arising from the Q band of [H4PhgPc]Br; can be
readily identified owing to extensive configurational
interaction between the B1 and higher-energy nm*
states. The presence of an axial ligand and a protonated
meso-nitrogen atom lowers the symmetry of
[ZnCI(PhgPcH)] to Ci. Therefore, the Q band shifts to
longer wavelength (845 nm) relative to the correspond-
ing D24 [ZnPhgPc] complex (786 nm) [110] A trough
of MCD intensity (846 nm) corresponds almost exactly
to the absorption maximum of the Q band (845 nm),
thus confirming the presence of well-separated Fara-
day Bo terms, as would normally be anticipated when
there is a large zero-field splitting of the Q and B1 nn*
states owing to the absence of a Cs or higher axis of
symmetry [16]. A minus-to-plus pattern is consistently
observed in ascending energy terms in the Q-band re-
gion of each MCD spectra. which is consistent with a
greater splitting of the occupied MOs than would be
anticipated for [HsPhsPc]Br, based on the Dayg sym-
metry of the chromophores and for [ZnCI(PhsPcH)]
based on the results of molecular orbital calculations
[16, 17, 55, 81-83].

In summary, the first crystal structures of Pcs
protonated at the meso- and isoindole nitrogen atoms
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were determined by using saddle-distorted phthalocy-
anines. The saddle distortion of PhgPc facilitates the
protonation of the phthalocyanine ring. The outer pro-
tonation of [ZnPhgPc] afforded the stable monoproto-
nated form with small structural change, while the in-
ner-diprotonated [H.PhsPc]Br, shows a significantly
deformed structure. The presence of two possible sites
for protonation differentiates Pc from porphyrin in
terms of protonation pattern and resultant characteris-
tics. The saddle-distorted structure of H.PhgPc enables
the inner protonation by virtue of the hydrogen bond-
ing among isoindole protons and the counteranion, as
is also true for saddle-distorted porphyrins [129b].
These results describe two types of protonated Pcs in
terms of their structures and their spectroscopic and
electrochemical properties.

d) Azepiphthalocyanine—An Unprecedented
Large Twist of a #~Conjugation System upon Core-
Modification with a Seven-Membered Ring Unit [131]

In the above b), six-membered units were in-
troduced and its effect on the structure and spectro-
scopic units were discussed [122]. Further motivation
to reveal the role of the ring unit in the core led us to a
synthesis of a novel core-modified Pc analogue with a
larger seven-membered ring unit. Thus, aromatic di-
carbonitrile bearing cyano groups in a 1,4-relationship
was utilized for a Pc synthesis to give azepiphthalocy-
anine (AZPPc) having a seven-membered ring unit in-
stead of a five-membered ring unit. This molecule ex-
hibited a significantly twisted structure and large split-
ting of the Q band absorption, indicative of its azachlo-
rin-like conjugation system.

A mixed-condensation reaction of 4,5-di-p-
tert-butylphenyloxyphthalonitrile (1a) and 2,2'-bi-
phenyldicarbonitrile (2) in the presence of anhydrous
nickel acetate and ammonium molybdate in quinoline
at 330 °C provided a mixture of Pc (3a) and AZPPc
(4a, Scheme 6). 4b was similarly obtained from a re-
action using 4,5-di-p-tert-butylphenylphthalonitrile.
The *H NMR spectra of 4a and 4b in CDCl; at room
temperature exhibit three signals due to the a-benzo
protons at 8.55, 8.53, and 8.37 ppm and at 9.06, 9.04,
and 8.81 ppm, respectively, while the tert-butyl pro-
tons are observed at 1.34, 1.33, and 1.31 ppm and at
1.37,1.35, and 1.31 ppm. These signal patterns suggest
C. symmetric molecular structures. The *H-*H COSY
experiments on 4a and 4b enable assignment of the bi-
phenyl proton signals at 7.86, 7.58, 7.29, and 6.58 ppm
and at 7.91, 7.60, 7.36, and 6.68 ppm, respectively. Sig-
nificant up-field shifts of biphenyl protons at 6.58 ppm for
4a and at 6.68 ppm for 4b infer the presence of dia-
tropic ring current effects arising from macrocyclic ar-
omatic conjugation systems.
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twist of the azepine moiety (Fig. 40). This is

7 N .
R‘\\f\\ . AR R = Q\,ﬂ\r clearly different from Pcs [16, 19, 22, 37, 38],
f o Ol oA, ~ i \;’V *{:ﬂ" 4 4y APPcs [122], and periphery expanded low-
j]\:[ on % Woow n o+ o n W7 symmetry Pc analogues [63, 118], in which
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R=tBuPhO 1a 2 S hrrd M = over the whole molecules. A change in the
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Scheme 6. Synthesis of AZPPc 4a and 4b
Cxema 6. Cunre3 AZPPc 4a u 4b

The structure of 4b was unambiguously eluci-
dated by X-ray crystallographic analysis (Fig. 38). The
biphenyl moiety is nearly orthogonal from the mean
plane, which is determined by four coordinating nitro-
gen atoms, mainly due to the strain caused around the
seven-membered ring and the steric congestion of the
biphenyl moiety, while the rest of the molecule takes a
slightly distorted ruffle conformation. The central
nickel ion does not have a significant effect on this de-
formation, considering that the structural optimization
on model compounds of a free-base and a zinc complex
suggests similar distorted structures. Hydrogen atoms
at C3 and C12 positions lie above and below the mo-
lecular plane, which results in the observed up-field
shift of these proton signals in the *H NMR spectra.
The single bond nature of the C1-C2 and C13-C14
bonds, 1.514(5) and 1.501(5) A, respectively, infers a
small contribution of an azepin-like conjugation sys-
tem in this molecule. On the other hand, the double
bond nature of the C1-N1 and N1-C14 bonds,
1.366(5) and 1.372(5) A, respectively, and the small
bond length alternation between these bonds are indic-
ative of the major contribution of these bonds for the
[18] annulene-like conjugation system.

The absorption spectra of 4a and 4b in CHCl;
exhibit significantly split Q-bands in both the higher and
lower energy regions relative to the Q bands of 3a at 675
nm in CHCI3 (Fig. 39). The tail of the absorption extends
to 1000 nm, and 4a and 4b cover a broad range in the
Vis/NIR region, in which conventional Pcs do not ex-
hibit absorption. These absorption spectra are also
clearly different from those of periphery expanded low-
symmetry Pc analogues, which exhibit similar split Q
band absorptions in the lower energy region than Pcs.
[63, 64,118, 119]. The MCD spectrum of 4a shows neg-
ative and positive envelopes (Faraday B terms) in as-
cending energy corresponding to the split Q bands in the
absorption spectrum (Fig. 39). The peak position of the
negative envelope deviates to the red by 387 cm rela-
tive to the Amax OF the lower energy Q band absorption.

The TDDFT calculations indicate that the ab-
sorption spectrum of AZPPc can be basically illus-
trated using Gouterman’s four orbital model as a theo-
retical framework [80]. The coefficient of the frontier
orbitals is delocalized over the molecule with the ex-
ception of the biphenyl moiety, which is due to the
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£BuPh:

cant twist at the azepine moiety causes desta-
bilization of the HOMO and LUMO+1. The
HOMO-LUMO gap thus becomes smaller, while the
HOMO-LUMO+1 gap becomes larger.

4b

Fig. 38. Crystal structure of 4b, top view (top) and side view (bot-
tom). tert-Butylphenyl substituents and hydrogen atoms are omit-
ted for clarity in the side view
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These results are in good agreement with the observed
large splitting of the Q bands and the Faraday B terms.
This variation of the frontier molecular orbital diagram
is essentially similar to those of azachlorin-type mole-
cules [132], indicating that the electronic structure of
AZPPc is rather similar to that of an azachlorin molecule
than that of Pc.
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Fig. 40. Frontier molecular orbital diagrams of model compounds
of 3a (left) and 4a (right)
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TDDFT calculations at the B3LYP/6-31G(d)
level reproduce the observed absorption spectra well
and predict two energetically different bands in the Q
band region at 729 and 647 nm with the oscillator
strengths of 0.33 and 0.23, respectively. These two the-
oretical bands mainly consist of transitions from the
HOMO to LUMO and from the HOMO to LUMO+1,
respectively.

In conclusion, AZPPc synthesized by using
2,2'-biphenyldicarbonitrile as a key synthetic precursor
showed enhanced distortion of the molecular structure
due to the steric congestion of the seven-membered
ring and biphenyl moiety. The X-ray structure revealed
that the seven-membered unit is nearly perpendicular
to the macrocyclic plane. The inner seven-membered
ring unit has less contribution to merge the 18z annu-
lenic conjugation system and the peripheral conjuga-
tion system of the biphenyl unit. This results in varia-
tion of the frontier molecular orbital diagram as exem-
plified by the high-lying HOMO and LUMO+1. The
absorption spectrum of AZPPc is thus better illustrated
by the azachlorin-like electronic structure.

e) Superazaporphyrins: Meso-Pentaazapen-
taphyrins and One of Their Low-Symmetry Deriva-
tives [133]

As aring-expanded pentapyrrolic Pc congener,
only the compound called superphthalocyanine (SPc),

H. KobGasmmu

consisting of five isoindole units, is known [134]. The
first SPc was reported more than 40 years ago [1344].
SPcs are attractive in modern technology in that they
show a Q band in the near-IR region beyond 900 nm.
To date, researchers in the fields of, for example, solar
cells and photodynamic therapy, have tried to obtain
stable compounds having strong absorption in the near-
IR region. This absorption may be attained by going
from smaller to larger compounds, since the absorption
bands generally shift to longer wavelengths (reduction
of the HOMO-LUMO gap) [16, 22, 30]. However,
when easily prepared Ncs and Acs are used, the prob-
lem has been the instability of the larger compounds as
they generally decompose within a few days [30, 126].
Herein, we report the synthesis and properties of the
so-called superazaporphyrins (SAzP) which consist of
five pyrrole units (Scheme 7). In particular, it is shown
why they are stable even though their Q band appears
beyond 800 nm. After SPc, SAzP is the second exam-
ple of a compound consisting of five pyrrolic rings and
meso-nitrogen atoms.
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Scheme 7. Synthesis of the superphthalocyanine (SPc) 1, supera-
zaporphyrins (SAzPs) 5a-c, and the low-symmetry SAzP 6. Rea-
gents and conditions : a) Na, NH3 (gas), nCsH11:0H, 105 °C, 3 h;
b) UO2(OAC)2-2DMF, 190 °C, 1 h
Cxema 7. Cunres cynepdranonuanuna (SPc) 1, cynepaszanopdu-
puHoB (SAzPs) 5a-C u SAzP 6 ¢ Hu3KO# cuMMeTpueii . PeareHTsl
u ycnosus: a) Na, NHs (ra3), nCsH110H, 105 ° C, 3 1
b) UO2(OAC)2 2DMF, 190 ° C, 1 4

An unsubstituted SPc containing a linear and
rigid O=U=0 central core (1) was obtained by conden-
sation of 2 in the presence of UO,(OAC),-2DMF in
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DMF in 23% yield. The SAzPs 5 were obtained by ura-
nium-templated cyclization of five molecules of 4
which were synthesized from the fumaronitrile 3
(Scheme 7). Although SPc 1 is known to be obtained
practically only when substituent-free 2 is used. In the
case of the low-symmetry 6, which contains one isoin-
dole and four pyrroline rings, a mixed condensation
was carried out using 2 and 4 a at a mole ratio of 1:1 at
190 °C for lhour.

Fig. 41. The molecular structure of 5b. The thermal ellipsoids are
shown at 50 % probability. a) Top view and b) side view (periph-
eral substituents omitted). Hydrogen atoms and solvent molecules
are omitted for clarity
Puc. 41. MornekymsipHast cTpykrypa 5b. TermmoBbie 3Iuncou;pt
TIOKa3aHbl ¢ BEpOSITHOCTHIO 50%. a) BUI cBepxy U b) Bux cOoKy
(nepudepryeckne 3aMECTUTEIH OIYIIEHBI). ATOMBI BOJOPOAA U
MOJIEKYJIBI PACTBOPUTEIIA OMYIICHBI 11 ACHOCTH

Formation of the compounds was first con-
firmed by HR/ MALDI-FT-ICR/MS and 'H NMR
spectroscopy. Compound 1 showed only two *H NMR
signals assignable to the o and B protons of the isoin-
doles (6 = 9.15 and 8.09 ppm), whereas 5a—c showed
only two sets of signals arising from the ortho and meta
protons of the phenyl groups, thus suggesting a highly
symmetrical structure in solution. The compound 6
showed both o and  protons of the isoindoles and or-
tho and meta protons of the phenyl groups in the ex-
pected ratio (1:1:8:8), all at different positions, thus re-
flecting the low symmetry of the molecule. Single
crystals of 5b suitable for X-ray crystallography were
grown by slow diffusion of n-hexane into a toluene so-
lution of 5b (Fig. 41). The crystal structure of 5b re-
veals that the macrocycle comprises five pyrroline
rings linked by five nitrogen atoms, with the UY' ion
sitting in the center of the SAzP 5N mean plane (A5N
< 0.005 A). 5b is not planar, but has a severely saddled
structure, as reported for the crystal structure of SPc
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[134b]. No significant bond-length alternation was ob-
served for the C-N and C-C bonds of the core structure
of 5b, as would be anticipated for a nonplanar heteroar-
omatic w system.
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Fig. 42. MCD (top) and electronic absorption (middle) spectra of
1 (dotted lines), 5a (solid lines), and 6 (dotted broken lines). Inset:
Magnified MCD spectrum of 5a. Theoretical absorption spectra
(bottom); the solid lines are those calculated by the TD-DFT
method. Calculations were carried out for the free-base dianion
species without tert-butyl groups at the B3LYP/6-31G* level of
theory
Puc. 42. Criextpst MCD (BBepXY) U 2JIEKTPOHHOTO MOTJIOMICHUS
(B meHTpe) st 1 (MyHKTUPHBIE JIMHUH), 5a (CIUIONIHEIC JINHIH) 1
6 (MyHKTHpHBIE TYHKTHPHBIC TUHIK). BeTaBka: yBeTMYeHHBIH
cnektp MCD mnis 5a. TeopeTrdeckue CrieKTPhI TOTIIOMICHHS
(BHI/ISy); CIUIOIIHBIC JIMHUM - 3TO TE€, KOTOPBIC paCCUUTaHbl METO-
nom TD-DFT. PacueTsl npoBOMIINCH JIJTsl pA3HOBUIHOCTEH na-
HHUOHOB CO CBOOOIHBIM OCHOBAaHHEM 0€3 TPeT-OyTHIIBHBIX TPYIIII
Ha yposte teopun B3LYP / 6-31G *

Figure 42 shows the electronic absorption and
MCD spectra of compounds 1, 5a, and 6. The SPc 1
exhibited Q- and Soret-like bands at 915 nm and 424 nm,
respectively, which are at longer wavelengths than
those of normal Pcs (ca. 650-700 nm and 330-350 nm,
respectively), and the corresponding dispersion-type,
Faraday A MCD curves, thus experimentally support-
ing the fact that the excited state is orbitally degenerate.
The SAzP 5a exhibited these bands at 878 and 437 nm.
Therefore, in going from 1 to 5a, the Q band shifted to
a shorter wavelength, while the Soret band shifted to a
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longer wavelength, both of which are phenomena sim-
ilar to those observed in going from Pc to octaa-
ryltetraazaporphyrin [38], A weak absorption on the
longer-wavelength side of the Soret band, at about 500-
600 nm, is characteristic of AzPs having many phenyl
groups [89]. The substitution effect at the aryl position
is relatively weak so that the positions of the Q bands
of 5a-c are close together. The low-symmetry 6
showed a Q band at 884 nm, which is between that of
5a (878 nm) and 1 (915 nm), thus suggesting indeed
that 6 is an intermediate compound between 1 and 5a.
The dispersion-type MCD curves corresponding to the
Q bands of 5a and 6 are theoretically Faraday A and
pseudo Faraday A terms, respectively [16, 17, 107, 108].
In the case of 6, it is thought that the splitting of the Q
band is so small that the superimposition of two oppo-
sitely-signed Faraday B terms give seemingly A-term-
like MCD signals.

To enhance the interpretation of the electronic
absorption spectra, MO calculations have been per-
formed for unsubstituted and pyrrole proton-deproto-
nated Pc, uranium ion-free and pyrrole proton-depro-
tonated 1, 5a, and 6 without tert-butyl groups, that is,
[Pc]?, [1]%, [5']%, and [6']%, at the DFT level. This
analysis omitting the metal is due to the fact that it is
difficult to evaluate accurately the electron density of
f-block metals such as uranium. Calculated stick ab-
sorption spectra are attached at the bottom of Fig. 42,
with obtained MO energy levels and isosurface plots of
some frontier MOs shown in Fig. 43. The calculated Q
bands, which are transitions mainly from the HOMO
to LUMO and LUMO+1, were estimated at wave-
lengths close to the experimental values for the com-
pounds. In addition, as can be judged from the config-
uration (not shown), the contribution of the four fron-
tier orbitals is large in both the Q- and Soret-band re-
gions, thus indicating that these bands can be explained
using Gouterman’s four-orbital model [80]. The calcu-
lated Q-band intensity increases on going from [5']> to
[1]%, that is, with increasing size of the m system, as
generally observed among tetraazaporphyrins of vary-
ing sizes [126].

As shown in Fig. 43, the LUMO and LUMO+1
of [1]* and [5']* are degenerate, similar to [Pc]%,
whereas the degeneracy is lifted slightly in the case of
[6']%. In going from [Pc]* to [1]%, that is, from cyclic
tetramer (Pc) to pentamer (1), the energy of the four
frontier orbitals is stabilized, but since the stabilization
of the LUMO is larger than that of the HOMO, the Q
band shifts to a longer wavelength. Comparison be-
tween the cyclic pentamer [5']* and [1]* reveals a sim-
ilar change as observed when the cyclic tetramers Pc
and Nc are compared. In going from Pc to Nc, with in-
creasing m-molecular size by fusion of the benzo rings,
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both the HOMO and LUMO destabilize and the Q band
shifts to a longer wavelength. However, even the LU-
MOs and HOMO of [1]* (SPc 1) lie lower in energy
than those of Pcs. This lower energy of the HOMO ap-
pears to be the reason for high stability of the SAzPs 5
and SPc 1. Although the SAzPs 5 and SPc 1 have their
Q bands at around 840-880 nm and 915 nm, respec-
tively, they appear to be much more stable than Ncs
[54, 126].
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Fig. 43. Energies and some frontier orbitals of [Pc]%, [1]%, [5a']*
and [6']>. Calculations were performed at the B3LYP/6-31G*
level of theory
Puc. 43. DHepruy ¥ HEKOTOPbIE IIOrPaHMyHbIE opouTamu [Pc]?,
[1]1%, [5a"]? u [6']%. PacueTbl MPOBOAMINCEH HA YPOBHE TEOPHH
B3LYP/6-31G *

Cyclic voltammograms of the tetra-tert-butyl-
substituted HzPc (tBusH2Pc), SPc 1, and 5a were meas-
ured in 0-DCB. The tBusH2Pc showed redox couples
at 0.26, -1.44, and -1.79 V (Eiox-Eied = 1.70 V),
whereas the SPc 1 exhibited couples at 0.24, -0.94,
-1.29, -1.69 V (E1ox-E1red = 1.18 V). Although the oxi-
dation potentials are similar, the reduction of the SPc 1
is much easier (by AE = 0.50 V) than that of tBusH2Pc,
thus indicating marked stabilization of the LUMOs of
the SPc 1. This result implies that the origin of the nar-
row HOMO-LUMO gap of 1 is attributable to the low-
lying LUMOs. The SAzP 5a showed redox couples at
0.48, -0.85, and -1.18V (Eiox-E1rea = 1.33 V), thus re-
vealing that the frontier orbitals of 5a are further stabi-
lized compared with those of the SPc 1, and provides
support for the predicted MO energy level. Thus, the
longer-wavelength shift of the Q bands of the SAzP 5
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and SPc 1 is attributable to the stabilization of the fron-
tier orbitals, particularly the LUMOs. The position of
the Q band of general Pcs (ca. 650-700 nm), 5, and 1 is
also in accord with the order of the (E1ox-Exred) Values.

In conclusion, superazaporphyrins (SAzPs)
consisting of five pyrroline-2,5-diimine units and a
uranium atom, and one of their low-symmetry deriva-
tives were synthesized , by using pyrroline-2,5-diimine
as a precursor. We also reinvestigated superphthalocya-
nine (SPc) using methods which were not used 35-40 years
ago. X-ray crystallography revealed a distorted macro-
cyclic structure for the superazaporphyrins. Decaaryl
SAzPs showed Q bands at approximately 840-880 nm,
and the spectra could be interpreted by Gouterman’s
four-orbital model [80]. Both SAzPs and SPcs are aro-
matic and can be explained by the (4n+2) aromaticity
rule, where n = 5. MCD spectroscopy and MO calcu-
lations strongly suggest that the Q-excited state is dou-
bly degenerate. Although the Q bands of SAzPs and
SPcs appear at longer wavelengths than those of Ncs,
electrochemical measurements and MO calculations
indicated that they are relatively air stable, since the
energy of both the LUMOs and HOMO is lower than
those of Pcs and Ncs.

2-3. Subporphyrin (SubP) and SubPc Systems

a) Synthesis and Characterization of meso-Tri-
arylsubporphyrins [135]

Porphyrins normally consist of four pyrrole
rings linked by meso-carbons at the a.-pyrrole carbons.
Tetraphenylporphyrins (TPPs) and octaethylporphy-
rins (OEPs) have been examined most intensively due
to their easy synthesis, in the case of TPPs, and rele-
vance to biologically important porphyrins, in the case
of OEPs. However, porphyrin congeners that consist of
three pyrrole units (subporphyrin, SubP) were not
known, although ring-contracted phthalocyanine con-
geners named subphthalocyanine (SubPc) consisting
of three isoindole rings was first reported in 1972 and
a few hundreds of papers have been reported since then
[38, 136].

A series of meso-triarylsubporphyrins were
synthesized in 4-8% yields by using tripyrrolylborane
as the template for an Adler reaction (Scheme 8).
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Scheme 8. Synthetic pathway to triarylsubporphyrins
Cxema 8. CuHTeTHYECKHH ITyTh K TPHAPHICYOrIOpupruHamMm

36

Typically, for example, 2a was prepared as fol-
lows. Other 2b-2f were obtained in a similar manner.
Tripyrrolylborane 1 (0.1 g, 0.48 mmol) was dispersed
in propionic acid (35 mL). The solution was added
slowly dropwise to a refluxing solution of benzaldehyde
(ca. 0.1 mol/L, 3.5 mmol) in propionic acid (35 mL) over
45 min. The progress of the reaction was monitored by
periodically measuring the absorption spectra of the re-
action solution. The solution was then heated under re-
flux for a further 3-4 h until the absorbance of a PhsubP
(2a) peak at 373 nm ceased to increase. The solvent
was removed. The residue was dissolved in CHCI; and
then passed through a short column of Celite to remove
undissolved materials. Subsequently, purification was
performed using silica gel chromatography.

2) H,TPP
3) (2) Hz

Absorbance

HO‘ ‘%COCZHb

400 500 800 700
wavelength / nm
Fig. 44. Electronic absorption spectrum recorded at the end of the
condensation reaction of PhsubP (2a). The solvent consists of a
few drops of propionic acid solution diluted by CHClz. The peaks
at 373, 422, and 510 nm are associated with (1) PhsubP (2a), (2)
H2TPP, and (3) a boron dipyrromethene derivative, respectively
Puc. 44. DneKTpOHHBINA CIIEKTpP MOTJIONICHHUS 3alTUCaHHBIH B
KOHIIE peakinu koHaeHcanuu PhsubP (2a). Pacteopurens co-
CTOUT U3 HECKOJIBKHX Karlelb pacTBoOpa HpOHHOHOBOﬁ KHUCJIOTHI,
pasbasnennoit CHCls. ITuku npn 373, 422 1 510 HM CcBsI3aHBI ¢
(1) PhsubP (2a), (2) H2TPP u (3) npon3BOAHBIM JUIIHPPOMETEH-
60pa, COOTBETCTBEHHO

300

Figure 44 shows the absorption spectrum of
the reaction solution diluted by CHCIs. Three intense
peaks are seen and these are assigned to the target 2a,
tetraphenylporphyrin free-base, and a BODIPY com-
pound. In the *H NMR spectrum, the B-position *H
peak is observed at 8.1 ppm in the case of 2a due to the
heteroaromatic nature of the subporphyrin m-system.
The downfield shift is not as great as that observed for
TPP (8.75 ppm), since the diamagnetic ring current ef-
fect is reduced due to the domed structure and the inner
ligand perimeter being comprised of a 14z- rather than
an 18m-electron conjugation system. In order to con-
firm the structure, x-ray analysis was carried out for 2f
(Fig. 45). (2f) Exhibited a domed conformation with
the boron atom coordinated in tetrahedral fashion by
the three pyrrolic nitrogen atoms and an oxygen atom
of the methoxy group (Fig. 45a, b). The bowl depth as
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defined by the distance from the boron to the mean
plane of the six B-position carbon atoms is 1.430 A,
which is significantly deeper than the 1.175 A depth
observed by Osuka and co-workers [137] for the cor-
responding methoxy ligated tribenzosubporphyrin.

The angles data also provide strong evidence
for a shallow domed tripyrrolic cyclic structure. The
average O(axial oxygen)-B-N(pyrrole) angle is 113.8°,
which is slightly lower than the 115.6° angle reported
for subAP (hexaethyltriazasubporphyrin) [138]. In
contrast, the N-B-N angle is ca. 104.8°, which is higher
than the 102.7° value observed in the case of subAP.
These data reflect the fact that the depth of the dome is
shallower than that of SubAP and this, in turn, is related
to the smaller central hole size of subAP due to the
shorter N(meso)-pyrrole-(a) distance. One of the most
distinct differences from TPP is that the C(meso)-
C(pyrrole(a))-C(pyrrole(B)) angle is much larger
(133.2°) than that of ZnTPP (124.6°) [139]. As a result,
the phenyl substituents are gently tilted from the sub-
porphyrin plane with a dihedral angle of ca. 50.3°,
while the phenyl dihedral angles are generally in the
70°-90° range in the case of TPP [140].

© L I
A~

p 4

Fig. 45. (a) Top and (b) side view of the X-ray structure of
TFsubP (2f) and (c) side view of the boron dipyrromethene by-
product (see Fig. 44, for the molecular structure)

Puc. 45. (a) Bun cBepxy u (b) cOOKy peHTI€HOBCKO# CTPYKTYpBI
TFsubP (2f) u (c) Bux c60Ky MOGOYHOTO MPOIYKTa AUMHPPOME-
TeHa 6opa (MOJEKYISIpHasl CTPYKTypa CM. Ha puc. 44)

The redox couples of 2a-f were collected in o-
DCB (Fig. 46). The first reduction occurred at ca. -2.1
to -1.8 V vs Fc*/Fc, while the first oxidation potentials

H. KobGasmmu

were detected at 0.45-0.85 V. Since the central boron
atom does not participate in the redox process within
the potential range used in this experiment, the ob-
served redox couples are ascribed to the subP ligand.
Both oxidation and reduction couples shift depending
on whether the meso-substituents are electron donating
or withdrawing.

TLsubP (2b) 7

MOsubP (2e}

Current Relative Values

~

Fig. 46. Redox potentials obtained from DPV experiments on subPs
Puc. 46. OxkuciauTenbHO-BOCCTAHOBUTENBHBIE TOTEHIIUAIIBI, TIOJTY-
YeHHbIE U3 dKcriepuMeHToB DPV Ha subPs

For example, the redox couples of compounds
having electron withdrawing groups appear at more
positive potentials. The potential difference between
the first oxidation and reduction is in the 2.52-2.64 V
range (or 2.58+0.06 V), which is larger than those ob-
served for meso-tetraarylporphyrins (ca. 2.25+0.05 V)
[141], reflecting the ring contraction effect. This is
consistent with the appearance of the UV-visible ab-
sorption bands at shorter wavelengths than those for
the standard tetrapyrrole porphyrins (Fig. 47). Com-
parison of the redox potentials with those of ZnTPP
(first oxid) 0.30 and (first redn) -1.75 V vs Fc*/Fc)
[142] suggests that the HOMOs of the subPs are more
stable, while the LUMOSs are destabilized.

The electronic absorption and MCD spectra of
all six monomeric subPs and (3PysubP),0 (3) are dis-
played in Fig. 47, while Fig. 48 provides greater detail
for the absorption spectra in the Q band region. The
strong absorption in the 370-380 nm region is clearly
similar to the Soret band of TPP and therefore almost
certainly arises from a transition directly analogous to
the B transition within Gouterman’s four-orbital model
[80]. This band appears at a shorter wavelength in the
case of compounds with electron withdrawing substit-
uents. The weaker absorption band in the 400-540 nm
region can be assigned by direct inspection as almost
certainly arising from a transition directly analogous to
the Q transition within Gouterman’s four-orbital
model, since it is about an order of magnitude less in-
tense. The Soret and Q bands, therefore, lie at consid-
erably shorter wavelengths (ca. 30-50 and 70-100 nm,
respectively) than the corresponding bands in the spec-
tra of metallotetraphenylporphyrins (ca. 410-420 and
500- 610 nm) [80].
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The absorption coefficient of the Soret band is
ca. 25% that of ZnTPP in the same solvent [135b]. The
absorption spectra of the six subPs are generally simi-
lar in shape, with the exception of the Qqo band where
there is greater intensity for compounds with electron
donating meso-substituents (Fig. 48). The weak Qqo in-
tensity is related to the fact that the first and second
HOMOs and LUMOs are degenerate or near degener-
ate. In the context of tetrapyrrole porphyrins, Gouter-
man’s four-orbital model predicts that this results in a
m-system, which mimics that of a D¢, Symmetry cyclic
polyene, by having an allowed B and a forbidden Q
band based on orbital angular momentum changes of
AM_ = 1 and +9, respectively [80]. It is known that
the Qoo bands of TPPs are generally weaker than those
of octaethylporphyrins where there is greater separa-
tion of the first and second HOMOs. As a result, in
TPPs, generally the Qg band is weaker than the Qg
vibrational band, while, in OEPs, the Qq, and Q,,; band
have comparable intensities.

In contrast with the electronic absorption spec-
tra, the MCD spectra differ markedly from compound
to compound. Although the absorption coefficient ratio
of the Soret band to Q band in the absorption spectra is
about 10:1, the relative Q band intensities in the MCD
spectra are much larger, thus reflecting the greater or-
bital angular momentum associated with the excited
state of a forbidden AM_ = £7 transition (by analogy
with Gouterman’s four-orbital model for standard
tetrapyrrole porphyrins). The MCD spectra of the Q
band region can be divided into two distinct groups.
The subPs with electron donating groups show an in-
tense -ve/+ve pattern in ascending energy (i.e. positive
Faraday A term), while those with electron withdraw-
ing groups are more complex with a concomitant de-
crease in intensity. The Soret band region MCD spectra
can be divided into groups on a similar basis. The spec-
tra of subPs with electron donating groups such as 4-
methoxy and tolyl groups contain a -ve/+ve pattern as
in the Q band region, while in contrast the spectra of
subPs with electron withdrawing groups such as
pyridyl and 4-(trifluoromethyl)phenyl contain a +ve/-
ve pattern (i.e., a negative Faraday A term) [143]. In
addition, careful inspection reveals that the -ve/+ve So-
ret MCD pattern observed for MOsubP (2e) changes
gradually on going to TLsubP (2b) and then to PhsubP
(2a). That is to say, the relative intensity of the positive
envelope at higher energy becomes weaker, so that, in
PhsubP, only the negative trough is observed. On go-
ing further to 3PysubP (2d), a positive MCD envelope
develops at lower energy, and this intensifies in the
case of TFsubP (2f), to the point in the case of 4PysubP
(2c) that the positive and negative MCD envelopes
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Fig. 47. Electronic absorption, MCD, and fluorescence spectra of
(a) MOsubP (2e), (b) TLsubP (2b), (c) PhsubP (2a), (d) TFsubP
(2f), (e) 3PysubP (2d) (broken lines) and 4PysubP (2c) (solid
lines), and (f) (3PysubP)20 (3) in CHClIz (absorption and MCD)
and in EtOH (fluorescence)

Puc. 47. Cnextpsl anektponHoro noromenus, MCD u ¢nyopec-
uenrmu (2) MOsubP (2e), (b) TLsubP (2b), (c) PhsubP (2a), (d)
TFsubP (2f), (e) 3PysubP (2d) (mpepsiBucteie munun) u 4PysubP
(2¢) (crmomnbie unun) u (f) (3PysubP)20 (3) 8 CHCI3
(mornomenne u MCD) u B EtOH (dayopecuenirs)
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Fig. 48. Electronic absorption spectra in the Q band region of:
1- MOsubP (2e), 2 - TLsubP (2b), 3 - PhsubP (2a), 4 - TFsubP (2f),

5 - 3PysubP (2d), and 6 - 4PysubP (2c) in CHCIs
Puc. 48. DieKTpoHHBIE CIIEKTPBI MOTJIONICHHUs B o0nactu Q-
nojocs! w1 1 - MOsubP (2e), 2 - TLsubP (2b), 3 - PhsubP (2a),
4 - TFsubP (2f), 5 - 3PysubP (2d) u 6 - 4PysubP (2c) 8 CHCIs

600
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have almost equal intensities. These drastic changes in
MCD patterns depending on substituents are highly un-
usual. In the cases of subPcs [144] and subAP [145],
only positive A terms were observed for the Qg and
Soret bands. Although, as described above, the MCD
signal in the Soret band region of the PhsubP spectrum
is not a typical Faraday A term, the presence of first-
derivative-shaped Qg and Soret bands of the other
compounds strongly suggests that the excited states are
still orbitaly degenerate [146], as would be anticipated
based on the effective C; symmetry of the subPs. These
spectral sign anomaly of MCD of subPs were later after
all theoretically elucidated to be due to the quenching
of the magnetic moment of the LUMO by acceptor or-
bitals of the substituent [147].

MO calculations were performed for substitu-
ent-free subP, MOsubP (2e), PhsubP (2a), and
4PysubP (2c). The results were compared to those de-
rived for ZnTPP calculated under the same conditions.
Figure 49 provides a comparison of the frontier MOs
and energy levels of ZnTPP and PhsubP (2a). The sec-
ond HOMO (ay,), first HOMO (a,,), and LUMO (e,
gg,) Of the Dy, symmetry ZnTPP complex transform
under the Cz, symmetry of PhsubP (2a) as a,, a,, and
e, respectively. Since the inner ligand perimeter of
SubP contains a 12-atom 14-z-electron system, the n = 3
condition is satisfied in terms of the 4n+2 aromaticity
rule. Three sets of alternating nodes are observed for
the first HOMO and second HOMO, while four sets of
alternating nodes are observed for the LUMOs of
PhsubP (2a).
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Fig. 49. Calculated frontier MOs and MO energies of ZnTPP and
PhsubP (2a). Note that there is almost no electron density on the
phenyl group of ZnTPP, while the LUMOs and HOMO of PhsubP
(2a) are fully delocalized to the phenyl group
Puc. 49. Pacuernslie rpannunsie MO u sneprunt MO ZnTPP u
PhsubP (2a). O6parute BHUMaHHE, 9TO Ha HEHUITLHON IPyIIIe
ZnTPP snekTpoHHas MIOTHOCTh MOUYTH OTCYTCTBYET, B TO BpEMsI
kak LUMO u B3MO PhsubP (2a) mosHOCTBIO AETOKATH30BaHbI B

(EHUITBHYIO TPYIITY

H. KobGasmmu

This explicitly demonstrates that subPs can indeed be
viewed as ring-contracted porphyrins and can be ana-
lyzed based on Gouterman’s four-orbital model [80],
since four and five sets of alternating nodes are ob-
served for the corresponding MOs of metal porphyrin
complexes based on the orbital angular momentum
properties of the 16-atom 18-m-electron inner ligand
perimeter. As would be anticipated based on the redox
data, the LUMOs of PhsubP (2a) are destabilized while
the first HOMO and second HOMO are stabilized rel-
ative to the four frontier z-MOs of ZnTPP. As can be
demonstrated from the size of the MO coefficients (not
shown), the HOMO and LUMOs of PhsubP (2a) are
delocalized over the phenyl moiety, while the corre-
sponding coefficients are almost zero in the case of the
phenyl moieties of ZnTPP. There is clearly a much
larger interaction between the central subP or porphy-
rin w-system and the phenyl moieties in the case of the
subP systems. Several reasons can be inferred for this
phenomenon. (i) In the case of TPPs, the angles re-
ported between the phenyl group and porphyrin plane
have consistently been greater than 70° [140] due to
the steric hindrance between the hydrogen atoms at the
ortho positions of the phenyl groups and those at the -
pyrrole positions. This effect was reproduced in the op-
timized structures in our DFT calculations with the ro-
tational barrier calculated to be ca.150 kcal-mol™ per
phenyl group. In contrast, the corresponding angle was
predicted to be in the 45°-55° range in the case of the
triphenylsubporphyrins, since the steric hindrance is
reduced. The distances between hydrogens at the or-
tho-positions of the phenyl groups and the p—pyrrole
protons are significantly longer in the case of subPs,
and the calculated rotational barrier is, therefore, re-
duced to ca.20 kcal mol™ per phenyl group. If this pre-
diction is accurate, the z-z interactions between the 2p,
carbon atomic orbitals of the meso-phenyl groups and
the main subP z-system must become larger. (ii) The
subP ligand is substantially smaller than the porphyrin
tetrapyrole structure so the HOMO-LUMO energy gap
of the phenyl groups is expected to be closer to that of
subP (3.156 eV) than to that of tetraphenylporphyrin
(2.951 eV).

In Fig. 50, the energy levels of the frontier
7-MOs of four of the subPs are compared. Since the
B-O-H (OH) axial ligand) angle is not 180°, the first
LUMO and second LUMO have slightly different en-
ergies. The energy gap is 0.048-0.065 eV. The MO en-
ergies are stabilized on going from the electron rich
MOsubP (2e) compound to PhsubP (2a), and still fur-
ther to the electron deficient 4PysubP (2c), since the
electronic repulsion between the subP z-system and the
aryl groups decreases in this order. In particular, the
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extent of stabilization of the first HOMO is more
marked than that of the second HOMO, since there are
large coefficients at meso-positions, thereby making
the first HOMO-second HOMO energy gap smaller for
subPs with electron withdrawing aryl groups. It should
be noted that there is no coefficient at the meso position
of the second HOMO. This is the reason that the Qg
bands of (trifluoromethyl)phenyl- and the pyridylsub-
porphyrins are weak. The first HOMO- second HOMO
energy gap of MOsubP (2e), PhsubP (2a), and 4PysubP
(2c) are calculated to be 0.51, 0.35, and 0.21 eV, respec-
tively (the Qoo bands are stronger the larger the differ-
ence between the HOMO and HOMO-1) [80]. Com-
parison of the substituent-free subP and PhsubP (2a)
data suggests that the a, MO is destabilized by meso-
phenyl substitution. This has been reported previously
in the case of tetrapyrole porphyrins and TPPs [80].

1 subP (2e) (2a) {2¢c)
LUMOs
-2 [ T
e & e
% 3l ¢
=
o
2 4
w HOMOs
da
-5t L a2
a1 - -
a4 8y
a a
gl 2 1
a4

Fig. 50. Energies calculated for the frontier z-MO levels of unsub-
stituted subP, MOsubP (2e), PhsubP (2a), and 4PysubP (2c). The
second LUMO- first LUMO energy gap is always less than 0.07 eV,

while the first HOMO- second HOMO energy gap values are
0.075, 0.506, 0.348, and 0.211 eV, respectively
Puc. 50. DHepruu, paccunTaHHBIE U TPAHUYHBIX YPOBHEH TT-
MO nesamerenHoro subP, MOsubP (2e), PhsubP (2a) u 4PysubP
(2¢). Bropast LUMO-nepBas suepretuyeckas menb LUMO Bee-
rna menblie 0,07 5B, B To Bpems kak nepsast HOMO-BTopas
sHepreruyeckas menb HOMO cocrasnsiet 0,075, 0,506, 0,348 u
0,211 3B cooTBETCTBEHHO

Through this study, the synthesis of six meso-
triarylsubPs in ca. 4-8% yield was reported for the first
time, which was based on adding tripyrrolylborane to
refluxing propionic acid containing arylaldehyde. The
main byproduct was a boron dipyrromethene with two
methylphenyl moieties at the terminal o.-positions. All
six subPs show Soret and Q band-like absorption bands
in the 370-380 and 400-540 nm regions, respectively,
and these bands could be interpreted on the basis of
MO calculations within the conceptual framework of
Gouterman’s four-orbital model [80]. The MCD spec-
tra are characteristic of porphyrin congeners, but the
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Soret band region MCD spectra are markedly different
from those of tetrapyrrole porphyrins, since the Faraday
A terms change their sign from -ve/+ve for subPs with
electron donating aryl groups to +ve/-ve for subPs with
electron withdrawing meso-aryl groups. SubPs in this
study exhibit green fluorescence in the 490-620 nm re-
gion, and their quantum yields were 0.10-0.12 in ben-
zene and 0.06-0.07 in ethanol, which are larger than that
for ZnTPP (0.03 in benzene) and comparable to that of
metal-free tetraphenylporphyrin (0.11 in benzene) [39,
148]. IR spectra were assigned on the basis of DFT cal-
culations. The difference in potential between the first
oxidation and reduction steps is ca. 2.6 V, which is
larger than those of conventional porphyrins (2.25+0.05 V)
[141], reflecting the smaller z-conjugated system.

b) A Facile One-Pot Synthesis of meso-Aryl-
Substituted [14] Triphyrin(2.1.1) [149]

All subporphyrins reported till 2007 contained
a boron atom and consist of three pyrrole rings con-
nected by three meso-carbons. In 2008, we reported the
facile synthesis of a series of meso-aryl-substituted
[14]triphyrin(2.1.1) and [14]benzotriphyrin(2.1.1)
compounds (Scheme 9). These compounds were un-
precedented in porphyrinoid research since they repre-
sented the first examples of near planar metal-free con-
tracted porphyrinoids with 14 z-electron aromatic sys-
tems containing only the standard pyrrole and isoindo-
line moieties of the porphyrins and tetrabenzoporphy-
rins. The insertion of a second sp?-hybridized carbon
atom between one of the three neighboring pairs of
pyrroles eliminates the need for a central boron atom.
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Scheme 9. Synthesis of meso-aryl-substituted [14]triphyrin(2.1.1).
Reagents and conditions: (i) p-RCsH4CHO, BF3- Et20, CHzCl>,
room temp, 12 h; (i) p-chloranil, 2 h; (iii) 220 °C, 2 mmHg, 20 min
Cxema 9. Cunte3 Me3oapuiasamenientoro [ 14] tpudpupuna(2.1.1).
Pearents! u ycnosust: (i) RCeHsCHO, BF3- Et20, CH2Clz, kom-
HaTHas Temrieparypa, 12 q; (ii) n-xaopanm, 2 gaca; (iii) 220 © C,
2 MM pT.cT., 20 MUH

We initially prepared meso-aryl-substituted
[14] triphyrin(2.1.1) serendipitously during a BFs*Et,O
catalyzed Rothemund condensation of 4,7-dihydro-
4,7-ethano-2H-isoindole (1) with aryl aldehyde in di-
chloromethane, Scheme 9, which was followed by an
oxidation with p-chloranil. After silica gel column
chromatography, 2a-c ((aryl)phenyl 2a, 4-fluoro-
phenyl 2b, and 4-methylbenzoatephenyl 2c) can be
isolated in ca. 35% yield. The corresponding [14] ben-
zotriphyrin(2.1.1) compounds 3a-c can be formed

W3B. By30B. Xumus u xum. texsodorust. 2019. T. 62. Beimn. 4



quantitatively based on a retro Diels-Alder reaction of
the bicyclo[2.2.2]octadiene (BCOD) rings by heating
2a-c at 220 °C under vacuum (2 mmHg) for 20 min.

The triphyrin structures were determined de-
finitively by X-ray structural analysis of single-crystals
of 2a and 3a, which were obtained by slow diffusion
of hexane into the CHClI, solution. The triphyrin mac-
rocycle is near planar, Fig. 51. The mean deviations of
the ring atoms are 0.1077 A for 2a and 0.1309 A for
3a. In both 2a and 3a, the meso-phenyl rings are in-
clined 67.0°, 53.8°, 83.2°, and 86.5° with respect to the
triphyrin mean plane. These values are larger than the
phenyl dihedral angles that have been reported for the
subporphyrins (ca. 50.3°) [135], perhaps due to the
greater steric hindrance caused by the presence of fused
BCOD or benzene rings at the B-pyrrole positions.
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Fig. 51. The crystal structures of 2a (a) and 3a (b) with 50% prob-
ability thermal ellipsoids (top, perspective view; below, side view
with phenyl groups omitted)
Puc. 51. Kpucramindeckue cTpykTypbl 2a (a) u 3a (b) ¢ Temno-
BBIMH DJUTUIICOMIaMU BeposiTHOCTH 50% (BUI CBEPXY, B IEPCIIEK-
THBE; BHU3Y BUJI COOKY C MPOITYIICHHBIMH (hEHITEHBIMU TPYIITIAMH)

The average bond length between the meso-
carbon atoms and the phenyl rings was 1.505 A for 2a
and 1.498 A for 3a. The pyrrole rings are tilted relative
to the triphyrin mean plane by 20.1°, 4.3°, and 6.7° in
the case of 2a and 16.6°, 7.5°, and 6.7° in the case of
3a. The peripheral bond distances of 2a and 3a are very
close to the values reported for subporphyrins with the
exception of the pyrrole(B)-pyrrole(B) distance in 3a
(ca. 1.42 A), which is significantly longer. The -
conjugation system is highly delocalized. For example,
the C18-C19 bond between the two carbons bridging
neighboring pyrroles (1.407 A in 2aand 1.423 A in 3a)
is similar in length to the C19-C20 (1.424 A in 2a and
1.423 A in 3a) and C17-C1s bonds (1.438 A in 2a and
1.423 A in 3a). This, in turn, suggests that there is rapid
exchange between the two NH tautomers in the solid
state, Fig. 52 and that the inner NH proton forms part of
a three-centered hydrogen bond. The average N-N dis-
tances (2.573 A for 2a and 2.578 A for 3a) lie in the range
anticipated for a very strong hydrogen-bond interaction.
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Fig. 52. NH tautomers of [14] triphyrin(2.1.1)
Puc. 52. NH-tayromepsr [14] tpudupuna (2.1.1)

The singlet NH resonance was determined to
lie at 7.68 ppm in the *H NMR spectrum of 2c in
CDCls. With the exception of three broad singlet peaks
at 3.63, 3.35, and 2.47 ppm, which are associated with
the bridge head of three bicyclo[2.2.2]octadiene
groups, the other signals of the peripheral protons lie
in the 7-9 ppm range, reflecting the 14 n-electron aro-
matic pathway of the triphyrin macrocycle. In the *H
NMR spectrum of 3c, the peaks associated with the bi-
cyclo[2.2.2]octadiene (bridge head, bridge, and olefin)
groups are replaced by new peaks associated with the
fused benzene rings. The identification of the NH pro-
ton resonance (6 = 8.16 ppm) is straightforward based
on the COSY NMR spectrum, since it is not scalar cou-
pled to any other proton resonance. The inner NH res-
onances lie at remarkably low field (7.68 ppm). The
strong hydrogen bonding probably compensates for the
diamagnetic ring-current effect.
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Fig. 53. MCD (top) and UV-visible absorption spectra (bottom) of
2aand 3a in CHCls
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The UV-visible absorption spectra of 2a and
3a, Fig. 53, contain intense bands at 370 and 414 nm,
respectively, and weaker bands in the 500-600 nm re-
gion in a pattern similar to the B (or Soret) and Q bands
of the porphyrins. Similar absorption band data were
obtained for 2b, 2c, 3b, and 3c (not shown). The MCD
spectra are dominated by coupled pairs of oppositely
signed Gaussian-shaped Faraday B terms, similar to
those observed for the Q and B bands of low symmetry
porphyrins and phthalocyanines [22]. The relative in-
tensification of the visible region bands of 2a in the
MCD spectrum is comparable to that observed for the
Q bands of porphyrins based on Gouterman’s four-or-
bital model [80].

In conclusion, we successfully synthesized a
series of meso-aryl substituted [14]triphyrins(2.1.1) in
moderate yield from mild Rothemund porphyrin con-
densation reactions and the corresponding [14]ben-
zotriphyrin(2.1.1) compounds based on retro Diels-Al-
der reactions. These compounds represented the first
examples of free-base contracted porphyrinoids with
14 m-electron aromatic systems containing only the
pyrrole and isoindoline moieties of the porphyrins and
tetrabenzoporphyrins.
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