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Ilpeocmaenena emopas wacme cepuu 0030pHBIX PAdGOM NO CEOICMEAM HEKOMOPBIX CUH-
memuuecku U CneKmpoCKORUYECKU UHMEPECHBIX UCCe006anull Hawiell zpynnbl 3a nepuod 2007-
2017 22. B wacmuocmu, npuséedeHvl npumepsbl GHAAU3A CHEKMPOCKORUUECKUX OAHHBIX 6 COUCHARUU
€ pacuemamu Memooom MOAEKYIAAPHbIX opoumaneit. Mol ucnonb306a1u 6 0CHOGHOM CHEKMPOCKONU-
yecKue Memoobl INEKMPOHHO20 NOZNOWEHUA U eCINECINGEHHO20 U MAZHUMHO20 KPY208020 OUXPO-
U3Ma, nepuoou ecKy npumenasn gayopecuyenyuio, pocpopecyenyuio u 1P c epemennvim paspeuie-
nuem. Teopemuuecku npoananusuposansvt cnekmpul (4n + 2) 7 cucmem, a maxwce nekomopuie 4nx
AHMUAPOMAMUYECKUX CUCHEM, U0 NOMO2ACH YUMAMel0 UHMEPRPEMUPOams CREKmMpaibHble
oannvie. B nepeoit u emopoii wacmsax 3mozo 0630pa paccmampugéarwmes MOHOMEPHbLE CUCHEMDbL, A 6
mpemueii - mpumepHvle U MempamepHvie CUCHIEMbI.
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SPECTROSCOPICALLY AND/OR STRUCTURALLY INTRIGUING PHTHALOCYANINES
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The second 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 of the analysis of spectroscopic data in combination with calculations by the molec-
ular orbitals method are given. We mainly used spectroscopic methods of electron absorption and
natural and magnetic circular dichroism, periodically applying fluorescence, phosphorescence and
ESR with a time resolution. The spectra of (4n + 2) z systems, as well as some 4nz antiaromatic
systems, are analyzed theoretically, which helps the reader to interpret the spectral data. In the first
and the second parts of this review monomer systems are considered, and in the third - trimeric and
tetrameric systems.
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2-4 Ring-Expanded Systems

Core-Modified Rubyrins Containing Dithi-
enylethene Moieties [1]

Aromaticity is a fundamental concept of chem-
ical structure and bonding, which describes the en-
hanced stability that is derived from the delocalization
of m-electrons in cyclic conjugated macrocycles. Alt-
hough aromaticity cannot be quantified directly by ex-
periment, it can be analyzed by studying the molecular
and electronic structures, and the external magnetic
field induced diamagnetic ring current. Theoretical cal-
culations such as nucleus-independent chemical shift
(NICS) and anisotropy of the current-induced density
(ACID) can be used to determine the extent to which a
novel macrocycle is aromatic [2]. Typically, porphy-
rins can be regarded as aromatic molecules following
Hiickel’s (4n+2) rule as 18 n-electron are delocalized
along the inner ligand perimeter. Core-modified and
ring-expanded porphyrins have been intensively stud-
ied because of their suitability for various applications.
Extent of macrocyclic aromaticity is closely related to
the number of nt-electrons and the topology of the mo-
lecular structure. The aromatic character can be fine-
tuned through protonation, by modifying the solvent
polarity and coordination environment, and by incorpo-
rating novel heterocyclic moieties as building blocks [1].

Dithienylethene (DTE) can exhibit switchable
properties in response to certain external stimuli such
as light, redox potential, oxidation/reduction, and the
presence of ions (Scheme 1).

Linear molecules
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Scheme 1. Schematic representation of the cycloreversion of DTE
(top) and structures of rubyrins containing one (1) and two (2)
DTE units (bottom)

Cxema 1. CxemaTuueckoe npejcrasieHue nukiopesepcun DTE
(BBEpXy) H CTPYKTYp pYOHPHHOB, coziepkaiux oaHy (1) u nse (2)
enunusl DTE (BHU3Y)

In the open form of DTE, two thiophene units
are linked at their B-positions through a cyclopentene
moiety, and thus the conjugation pathway (indicated
by alternating single and double bonds) is not planar.
In the closed form, the two a-positions of the thio-
phene units are linked directly, leading to the extension
of the m-conjugation system over the entire DTE moi-
ety. The unique structural flexibility inspired us to
think about introducing a DTE unit into a macrocycle.
Core-modified rubyrins were selected so that the aro-
maticity of porphyrinoids can be studied further. Por-
phyrinoid macrocycles containing one (1) and two (2)
DTE moieties were designed, synthesized, and charac-
terized (Scheme 1). The noteworthy findings were that
firstly, even under dark conditions, the embedded DTE
moiety of the compound with one DTE moiety exists
solely in the closed form, suggesting the formation of
a very stable aromatic macrocycle with a 26 n-electron
system. Secondly, the optical and redox properties of 1
differ markedly from those of conventional core-mod-
ified rubyrins with a 26 m-electron system. Thirdly, due
to the constraints imposed by the geometry of the inner
perimeter of the macrocycle, the rubyrin with two em-
bedded DTE units (i.e. 2) contains one closed and one
open moiety and retains nonaromatic properties.

The key step in the short synthesis of 1 was the
coupling of diol 4 and modified tetrapyrrane 6 (Scheme 2).
Diol 4 was prepared by the double Grignard reaction
of 3, which was synthesized according to literature pro-
cedures [3]. The other coupling component, compound
6, was obtained by reacting 5 [4] with excess pyrrole
in the presence of trifluoroacetic acid (TFA). Finally,
rubyrin 1 was prepared by the reaction of compounds
4 and 6 under Lindsey reaction conditions [5]. Core-
modified rubyrin 2 was similarly obtained by the reac-
tion of 4 and pyrrole (Scheme 3).

The structure of 1 was unambiguously eluci-
dated by single crystal X-ray analysis (not shown). The

14 NMR spectra of 1 and 2 were recorded in CD,Cl;
for comparison. In 1, the signal of the thiophene methyl
protons, which lie inside the conjugated macrocycle,
was detected at high field (6 = -0.27 ppm), while the
thiophene protons of the DTE moiety appeared as a
singlet at 5 = 7.56 ppm. In 2, the chemical shifts of the
thiophene methyl protons (6 = 2.01 (6 H) and 2.18 (6 H)
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ppm) and the thiophene protons (5 =5.78 (2H) and
6.85 (2H) ppm) of the DTE moiety are significantly
different from those of 1, indicating that there are two
different types of methyl and DTE thiophene protons,
as shown in the structure of 2.
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Scheme 2. Synthesis of core-modified rubyrin 1
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Scheme 3. Synthesis of core-modified rubyrin 2
Cxema 3. CuHTe3 s11po-MoaudpUIMPOBaHHOTO pyOupuHa 2

In order to disclose the conjugation pathways
of 1 and 2, the ACID (anisotropy of the induced current
density) was calculated at the B3LYP/6-31G* level of
theory (Fig. 1). There is a distinct diatropic ring cur-
rent, which is revealed through numerous current den-
sity vectors on the isosurface, in the periphery of 1 (red
line, clockwise). In contrast, there are only local cur-
rents (in benzene, pyrrole, and thiophene rings) in 2. At
a higher isosurface value there is a continuous isosur-
face in 1. In 2, however, the delocalization is inter-
rupted. When this is combined with the bond length
data for the 1 macrocycle from X-ray analysis (not
shown), it is clearly evident that 1 has an aromatic 26
n-electron system. In contrast, there is no ring current
on the outer ring periphery of 2, as would be antici-
pated based on the 'H NMR measurements. The -
system of 2 is clearly nonaromatic.

Molecular orbital (MO) and time-dependent
(TD)-DFT calculations have been carried out for 1 and

6

2 (Figs. 2 and 3). Although alternating single and dou-
ble bonds cannot be drawn for the “open-form” struc-
ture of 2 (Scheme 1), when viewed in the context of
molecular orbital theory, the spectroscopic properties
can still be analyzed using theoretical frameworks that
have been derived for conjugated macrocycles. First, it
is noteworthy that the nodal patterns of the HOMO and
HOMO-1 and also the LUMO and LUMO+1 of 1 are
consistent with what would be anticipated for a het-
eroaromatic 26 m-electron porphyrinoid, since six an-
gular nodal planes are predicted for the HOMO level
and seven for the LUMO level due to an M =0, +1,
+2, ..., 11, £12, 13 sequence in terms of ascending
energy for the MOs derived from a parent CysHag aro-
matic hydrocarbon perimeter with D2gn Symmetry.

Fig. 1. ACID plots of 1 (a) and 2 (b) at an isosurface value of
0.065. The external magnetic field is applied orthogonal to the
macrocycle plane with its vector pointing towards the viewer.
Current density vectors (green lines and red conics) are plotted
onto the ACID isosurface (Fig. 1 in color see http://jour-
nals.isuct.ru/ctj/article/view/1520)

Puc. 1. I'paduxu kuciorHoctr 1 (a) u 2 (b) mpu nzonoBepxHoCT-
HoMm 3HayeHuu 0,065. BHeurHee MarHuTHOE TOJIE IPUKIIAbIBA-
€TCA OPTOTOHAJIBHO K INIOCKOCTU MaKpOHUKJIIa C BEKTOPOM,
HaIIpaBJICHHBIM Ha 3pUTEJIA. BeKTOpr IINIOTHOCTH TOKa (36II6HI>IC
JIMHUU U KPACHBIC KOHUYECKUE Ce‘leHHfI) HaHCCCHBI HA U30I10-
Bepxtoctu (Puc. 1 B uere cmotpwu http://journals.isuct.ru/ctj/arti-
cle/view/1520)
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Fig. 2. The predicted energies of the frontier t-MOs based on the
X-ray structure of 1 and the optimized geometry of 2 at the
B3LYP/6- 31G* level of theory. Black squares are used to denote
occupied MOs. Vertical arrows denote the one-electron transitions
associated with the L and B bands of Michl’s 4n+2 perimeter
model [6, 7] and the S, N1/, and P12 bands of the 4n perimeter
model [8-11]

Puc. 2. TlpenckazanHble YHEpTUH rpaHUYHbBIX T-MO, OCHOBaH-
HBIE Ha PEHTT€HOBCKOM CTPYKType 1, m onTuMu3upoBaHHAas Te0-
Metpus 2 Ha ypoBHe Teopur B3LYP / 6-31G *. YepHsle kBaj-
paThl UCTIONIB3YIOTCS T 0003HaueHus 3aHAThIX MO. BepTukas-
HBIMHU CTpeJIKaMi 0003HaueHBI OZIHOAIEKTPOHHBIE IEPEXOIH,
cBsi3aHHbIE ¢ ojocamu L u B Mozenu 4n + 2 nepumerpa Munns
[6, 7] u monocamu S, N1 /2 u P1 /2 mopenu nepumerpa 4n [8-11]

Michl and co-workers have demonstrated that
this is the pattern that would normally be anticipated
for a heteroaromatic 4n+2 r-system with 26 atoms and
26 n-electrons [6, 7]. Since only relatively minor en-
ergy splittings (the AHOMO and ALUMO values to
use Michl’s terminology) are predicted for the four
frontier t-MOs derived from the HOMO and LUMO
of the parent perimeter, almost fully forbidden L bands
and strongly allowed B bands are expected to dominate
the UV/Vis absorption spectrum, with pairs of coupled
Faraday B terms of opposite signs anticipated in the
MCD spectrum in each case. The bands in the 450-600
and 650-850 nm ranges (Fig. 3) can be assigned to the
B and L transitions based on the TD-DFT calculations
and the sign sequences observed in the MCD spectrum.

Due to the presence of the “open-form” DTE
unit, the optical properties of the n-system of 2 can be
readily interpreted using Michl’s 4N perimeter model
(Fig. 2) [8-11]. Six frontier 7-MOs derived from the
HOMO, SOMO, and LUMO of the parent hydrocarbon
perimeter (referred to by Michl as the h_, h., s, s4, |,
and I+ MOs) have six, seven, and eight angular nodal
planes (not shown), respectively, and play the key role
in the low-energy singlet electronic states. The intensi-
ties of the MCD bands are an order of magnitude
weaker than those of 1, since the induced excited-state
magnetic moments are very weak due to the absence of
a heteroaromatic conjugation pathway [12, 13]. The

H. KobGasmm

lowest energy band is associated with the s_—s, tran-
sition, which is of an intrashell nature. The absorption
and hence also the MCD intensity of the S band is usu-
ally predicted to have near-zero intensity. The weak
tail of intensity in the 700-850 nm region can be as-
signed to this transition (Fig. 3). The other spin-al-
lowed electronic transitions within the model are inter-
shell, being derived from HOMO—SOMO and
SOMO—LUMO one-electron transitions (Fig. 2). Two
weak (N1, N2) and two strong (P1, P2) electric-dipole
transitions are predicted on this basis, which can be
readily assigned based on the TD-DFT calculation to
the more intense coupled pairs of Faraday B terms in
the 450-650 nm range.
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Fig. 3. The observed electronic absorption spectra of 1 and 2, and the
calculated TD-DFT (diamonds) oscillator strengths based on the X-
ray structure of 1 and the optimized geometry of 2 at the B3LYP/6-

31G™ level of theory plotted against the primary and secondary verti-

cal axes, respectively. Black and light gray diamonds are used to

highlight the L and B bands from Michl’s 4n+2 perimeter model [6,

7] and the S, N2, and P12 bands from the 4n perimeter model [8-11]
Puc. 3. Habmonmaemple SNEKTPOHHBIE CIIEKTPHI TOTTIONMIeHNS 1 1 2, 1

paccurTaHHBIe 3HaueHHs cuiT ocnITopoB 1o TD-DFT (aymvaser) Ha
OCHOBE PEHTTEHOBCKOH CTPYKTYPHI 1 M ONTHMHU3HPOBAHHOH reoMeT-
pun 2 Ha ypoBae Teopurt B3LYP /6-31G *, HaHeceHHBIe Ha rpaduk

OTHOCHUTCIIBHO HepBPI‘IHOﬁ u BTOpPI'-IHOﬁ BEPTUKAIIBHBIX ocef/'[, COOTBECT-

CTBCHHO. LIepHLIe U CBETJIO-CEPLIC pOM6H HCHOJIB3YIOTCA 11 BBIACIIC-

Hust riosioc L v B w3 Mmonienm nepumetpa 4n + 2 Munust [6, 7] v mosnoc
S,N1/2 u Pl /2 u3 moxenu riepumerpa 4n [8-11]

>
w

In summary, a heteroaromatic core-modified
rubyrin bearing one dithienylethene moiety (1) has
been successfully synthesized and characterized for the
first time, along with a nonaromatic macrocycle con-
taining both an “open-form” and a “closed-form” dithi-
enylethene moiety (2). An analysis of the MCD spec-
tral data and the TD-DFT and ACID calculations
clearly demonstrated that the nt-systems of 1 and 2 are
aromatic and nonaromatic, respectively. The use of a
dithienylethene moiety as a building block, therefore,
offers a new vista of opportunities for tuning the aro-
maticity of ring-expanded core-modified porphyrins.
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b) Rectangular-Shaped Expanded Phthalo-
cyanines with Two Central Metal Atoms [14]

Although more than 300 X-ray structures have
been reported for metallo-Pcs, [15] SubPcs, and Super-
Pcs, all of these compounds contain isoindole rings
connected by aza nitrogen atoms whether they are
monomeric, dimeric, or oligomeric, and no other com-
plex types have been reported from the Pc formation
reactions [16, 17]. In this article, we provide the first
report of a completely new type of Pc complex con-
taining two metal ions that is obtained under normal Pc
formation reaction conditions in the presence of mo-
lybdenum and tungsten salts.

In a similar manner to normal Pc formation re-
actions, a mixture of phthalic anhydride or phthalimide
and excess urea (and occasionally a trace amount of 1-
chloronaphthalene for ease of stirring; see Scheme 4)
was heated in the presence of a molybdenum [MoO-Cl:
or (NH4)2Mo0Q4] or tungsten salt [(NH4);WO4] at 210-
250 °C for 10—30 min, and the products were purified
by chromatography using silica gel followed by a size-
exclusion column. After removal of greenish-blue
bands containing normal Pcs, another band with a
brown color was collected, and strong electronic ab-
sorption bands beyond 900 nm were detected. The
yields were always higher for molybdenum salts (max.
8.3%) than for tungsten salts (less than 2.0%). The
tungsten derivatives tended to decompose during col-
umn chromatography. Although the yield was low, a
similar compound (3) was obtained even when phtha-
lonitrile and urea were used as the starting materials.

8]
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Scheme 4. Synthesis of 1-4
Cxema 4. Cunres coennHenunii 1-4

The absorption spectra of each of these com-
pounds did not change upon storage for up to a year so

8

long as they were kept in the dark in the solid state.
This demonstrates that these compounds are reasona-
bly stable. However, when the complexes were dis-
solved in solution or stored under direct light, they de-
composed more slowly than ZnPc but more quickly
than CuPc.

All of the brown compounds with intense ab-
sorption bands beyond 900 nm were subjected to anal-
ysis by mass spectrometry (MS). The high-resolution
MS (HR-MS) spectra and calculated isotopic distribu-
tion patterns provided a reasonable match for the com-
pounds with two atoms of molybdenum (1a, 2, and 3)
or tungsten (1b). To provide a further confirmation of
the number of nitrogen atoms, **N-labeled 1a was syn-
thesized using °N-labeled urea. The parent peak was
observed by HR-MS at m/z 1076.1677 [M* + Na],
while m/z 1076.1678 was calculated for
CsoHsM0,°N1,0,Na. The theoretical isotopic distri-
bution pattern matched the experimental one almost
perfectly. When the mass data obtained for 4 were
taken into consideration, all of the mass data could be
successfully reproduced only when 12 nitrogen atoms,
two oxygen atoms, and two molybdenum or tungsten
atoms were included.

The crystal structure of 2 (Fig. 4) reveals that
the macrocycle comprises four isoindole rings linked
by two methanetriamine moieties and contains two Mo
ions in its central cavity. Two oxygen atoms are con-
nected to each Mo ion from the same direction as axial
ligands (i.e., a cis isomer).

;f/

Fig. 4. X-ray crystal structure of 2: (top) top view; (bottom) side view.
The thermal ellipsoids are scaled to the 50% probability level. For clar-
ity, H atoms and substituents have been omitted in the side view
Puc. 4. PenTreHokpucraumieckas CTpykrypa 2: (CBepxy) BUI
cBepxy; (CHU3Y) BUJ cOOKY. TeToBbIe JUTUTICON B MaCIITa0u-
pytotes 1o yposast BepositHocTH 50%. [l scnocty, atombl H u
3aMECTUTEH ObLIN OITYIICHBI Ha BUAC CGOKy
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The Mo—O bonding distance of 1.66 A in the
crystal structure is in the range of lengths for Mo=0
double bonds [18] The interatomic distance between
the two Mo ions is 2.64 A, which corresponds to the
distance of a Mo—Mo single bond [19]. Each Mo ion is
further coordinated by two pyrrole nitrogen atoms and
two amino nitrogen atoms of the macrocycle (5A in
Fig. 5). The overall molecular structure of 2 adopts a
dome shape. The dihedral angles formed by the isoin-
dole moieties are 39° on average. The Mo ions lie out
of the macrocyclic plane. No significant bond-length
alternation was observed for the C—N and C—C bonds
of the core structure of 2, as would be anticipated for a
heteroamatic = system. This pattern is generally ob-
served in the crystal structures of Pc congeners. On the
basis of the MS and *H NMR data described below, the
only other isomer that could be formed would contain
two nitride-type nitrogen atoms connected at the axial
positions and two oxygen atoms in turn residing at the
meso positions to coordinate each Mo ion along with
two pyrrole nitrogen atoms in a square planar fashion
(5B in Fig. 5). A detailed analysis of both structures
revealed that the thermal ellipsoids were properly
solved for the structure 5A in Fig. 5.

H. KobGasmm
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Fig. 5. Possmle structures 5A and 5B based on the MS and 'H
NMR analyses
Puc. 5. Bo3moxkHbIe CTpyKTyphl SA 1 5B Ha ocHoBe aHamm30B H
SAMP u MC ananuzon

The 'H NMR data (Fig. 6) of 2 and 3 were also
sufficient to support the X-ray crystallographic struc-
tures(Fig. 4). For example, the signals of 3 were as-
signed on the basis of both correlation spectroscopy
(COSY) and nuclear Overhauser effect (NOE) experi-
ments. Two a-benzo proton signals appear at 9.23 and
9.37 ppm as singlets with the same intensity, while tert-
butyl proton signals were found at 1.42 and 1.51 ppm, in-
dicating that 3 possesses a symmetry lower than the
regular symmetry of D4, metallo-Pcs.

2 O m-H ook tBU
a-H
_J,_J’
p— N i
11 10
&/ ppm
o-H
3 a-H fBU
ML Ju;
1b 95 90 85 8.0

&/ ppm
Fig. 6. 'H NMR spectra of 2 in toluene-ds (top) and 3 in CDCls (bottom). * Indicates residual solvent peaks
Puc. 6. Cnexrpst tH SIMP: 2 B Tonyose-ds (BBepxy) u 3 8 CDCl3 (BHu3y). * YKa3bIBaeT Ha OCTATOUHBIE IUKU PACTBOPUTEIIS

On the other hand, the four doublets of the phe-
noxy protons observed in the 7.3-7.6 ppm region are
similar to those at 7.1-7.3 ppm for 2,3,9,10,16,17,23,24-
octa(p-tert-butyl)phenoxy zinc phthalocyanine (t-Bu-
PhOZnPc). The fact that signals due to the a-benzo
protons of 3 appeared significantly downfield relative
to the corresponding protons of 4,5-di-tert-butylphe-
noxyphthalonitrile (7.82 ppm in CDCIs) is consistent
with the presence of a strong ring-current effect and a
heteroaromatic = system. Similar trends as shown for 2
and 3 (Fig. 6) have been proposed for the *H NMR
spectra of 1 and 4.

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 8

When a Mo salt is used as a template in Pc syn-
theses in the presence of urea, nitride complexes of
MoPc [(MoV=N)Pc] are known to be formed [20]. For
the (MoV=N)Pcs reported to date, the IR signals asso-
ciated with the MoV=N bond are observed in the 950-
980 cm* range, while an intense electron paramagnetic
resonance (EPR) signal due to the coupling of the un-
paired electron with the five nitrogen atoms is observed
at g = 1.97, along with weaker lines on each side due
to electron—Mo®/Mo®%" coupling [21]. In this study,
during the purification of 1a, tetra-tert-butylated
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(MoV=N)Pc was obtained (HR-MS: m/z 871.2985
found for [M*+Na]; m/z 871.2984 calcd for
CasHasMONoNa), and the anticipated IR band was ob-
served at 974 cm, while an EPR signal was detected
at g = 1.977 in toluene at room temperature. When the
IR spectrum of 1a obtained from the same batch as the
tert-butylated (MoV=N)Pc was recorded, the spectrum
shown in Fig. 7 was obtained. 1a was found to be EPR-
silent under the same conditions, which is reasonable
considering the coordination geometry around the Mo
ions and the presence of a Mo—Mo single bond as ob-
served in the crystal structure of 2 (Fig. 4). Since the
IR spectra of high-symmetry (Dan) and low-symmetry
Pc derivatives can be reliably reproduced by theoreti-
cal calculations in terms of both the energies and inten-
sities of bands [22, 23, 28], calculated IR spectra were
obtained for structures 5A and 5B (Fig. 5) and com-
pared with the experimental data for compound la
(Fig. 7). A structure substituted with tert-butyl groups
was optimized. Although the calculated spectra for 5A
and 5B broadly reproduced the experimental data, we
focused our attention on the 1080-970 cm™ region
since 1a displays three intense characteristic peaks at
1057, 1012, and 970 cm™. As is clearly shown in Fig. 7,
these three strong peaks were reproduced when the
MoV=0 structure (5A) was used, while in contrast,
when the MoV=N structure (5B) was used only two in-
tense peaks were predicted. Of the three intense peaks
calculated for structure 5A, the peak at the lowest en-
ergy (1014 cm™) corresponds to the peak observed at
970 cm'*, which can be assigned as a MoY=0 stretch-
ing vibrational mode. The MoV=0 stretching vibra-
tional modes of Pcs that have been reported previously
have always appeared in the 970—975 cm™ region [25],
while that of MoV=N has been reported to lie between
950-980 cm [21]. These results therefore suggest that the
compounds formed have a MoV =0 structure (5A) [26].

The absorption, MCD, and fluorescence spec-
tra of 2 are shown in Fig. 8, together with the absorp-
tion and MCD spectra of tert-butylated H,Pc
(tBuHzPc); the absorption and MCD spectra of 1, 3,
and 4 can be compared in Fig. 9. The spectra of 1-4 are
broadly similar and contain bands that can be readily
assigned as the Q and B bands in the context of Gouter-
man’s four-orbitals terminology [27]. The peak at
longest wavelength is substantially red-shifted into the
near-IR region relative to that of tBuH.Pc, reflecting
the expansion of the aromatic = systems of 1-4 relative
to those of conventional Pcs.
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Fig. 8. Absorption (middle) and MCD (top) spectra of 2 (red) and t-

BuH2Pc (blue) in CHCI3 and theoretical absorption spectra (bottom)
of Opt2A and Opt2B (red) and Hz2Pc (blue). The fluorescence spec-
trum of 2 in CHClz is also shown in the middle panel (Fig. 8 in color

see http://journals.isuct.ru/ctj/article/view/1520)

Puc. 8. Cnexrpsl normnonienus (B nentpe) 1 MCD (BBepxy) st 2
(xpacHsiif) n t-BuH2Pc (cunmit) B CHCls 1 TeopeTndeckue crek-
TpeI mornomenus (BHu3y) Opt2A u Opt2B (xpacHsriii) u H2PC
(cunwmit). Criektp duryopecuenimu 2 8 CHCI3 takxe mokaszan Ha
cpenneii manenu (Puc. 8 B upere cmotpw http://jour-
nals.isuct.ru/ctj/article/view/1520)
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The MCD spectra in the Q-band region are
clearly dominated by Faraday B terms, since the inten-
sity maxima and minima are closely aligned with the
centers of the main absorption bands. This provides di-
rect spectral evidence that the molecular symmetry of
the compounds is lower than C; and that the excited
states are nondegenerate, as would be anticipated on
the basis of the C,, symmetry of the crystal structure of
2. The MCD bands observed in the 1000-1300 nm and
800-1000 nm regions can be assigned to symmetry-
split y- and x-polarized Qoo bands, since coupled oppo-
sitely signed B terms would be anticipated in this con-
text. Although three peaks are generally observed in
the absorption spectra in Figs. 8 and 9, the second-low-
est- energy band appears to be a vibrational component
of the lowest-energy band, since the MCD signs are the
same and the splittings between these bands are 1000-
1200 cm™, which is typical of the spacing observed for
vibrational bands in Pc spectra (ca. 1100 cm™) [28].
The optical spectra therefore provide strong evidence
that compounds 1-4 arise from ring- expanded Pc ana-
logues, which lack fourfold-symmetry axes.
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Fig. 9. Absorption (bottom) and MCD (top) spectra of 1a, 1b, 3,
and 4 in CCls
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H. KobGasmm

The calculated absorption spectra based on
structures containing MoV=0 (5A) and MoV=N (5B)
are provided in the bottom portion of Fig. 8 (for details,
see the next section). The closest match with the exper-
imental spectrum was obtained using the MoV ion with
an oxygen atom as the axial ligand. Compound 2 was
found to have a weak emission peak at 1247 nm when
excited at 404 nm (Fig. 8 middle).

Theoretical calculations were carried out to
provide further insight into the electronic structures.
Geometry optimization calculations were carried out
using the structure of 5A as a model compound. The
optimized structure, Opt2A, is very similar to the crys-
tal structure of 2. In addition, the theoretical absorption
spectrum (Fig. 8) and a molecular orbital (MO) dia-
gram (Fig. 10) were calculated for Opt2A using TD-
DFT (B3LYP/6-31G(d) for C, H, N, and O and
LANL2DZ for Mo [29]) and compared with those of
substituent-free HuPc.
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Fig. 10. MO diagrams of Opt2A and HzPc. H and L indicate the
HOMO and LUMO, respectively. Arbitrary nodal lines have been
drawn on the isosurface plots
Puc. 10. MO nuarpammer Opt2A u H2Pc. H u L o603HauatoT
HOMO u LUMO cootBeTcTBeHHO. Ha H30M0BEpXHOCTHBIX
yqacncax IMPOBEACHBI TPOU3BOJIbHBIC ySHOBbIC JIMHUHN

The symmetry-split Q bands of Opt2A were
predicted to lie at 1068 and 833 nm, while those of
H.Pc were predicted to lie at 601 and 594 nm. The large
splitting of the two bands (2642 cm™) and the much
weaker intensity of the lower energy band of Opt2A
(f=0.080 compared with f=0.45) are in close agreement
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with the experimental data (splitting = 2025 cm™ and in-
tensity ratio = 1:5; Fig. 8). The Q bands were predicted
to arise primarily from the four frontier r-MOs. The
HOMO-1 was not included since it is derived mainly
from d orbitals of the two Mo atoms. When Opt2B,
which is based on the structure of 5B with an MoV=N
core structure, was used instead, the Q bands were cal-
culated to lie at 796 and 773 nm with a splitting of only
374 cm?, and the intensity ratio was the opposite of
that observed experimentally. This provides further ev-
idence that an MoV=N core structure is unlikely to be
present. In Fig. 10, the HOMO-LUMO gap of Opt2A
is much smaller than that of HoPc. The marked red

shift of the Q band of 2 relative to that of tBuH,Pc is
readily explained on this basis. The splitting of the
LUMO and LUMO+1 is smaller than that of the
HOMO and HOMO-2, as would be anticipated on the
basis of the —/+ sign sequence observed for the Q bands
in the MCD spectrum in ascending energy terms.
Michl has demonstrated that a —/+ sign sequence is
consistent with the orbital angular momentum proper-
ties that arise when the energy difference between the
MOs derived from the HOMO of a parent hydrocarbon
corresponding to the inner perimeter of the ligand (in
this case the HOMO and HOMO-2) is larger than that
between the MOs derived from the LUMO (in this case
the LUMO and LUMO+1) [6, 30]. The number of
nodes on the inner ligand perimeter of Opt2A frontier
n-MOs is the same as the number observed for the fron-
tier -MOs of the CoH20>~ parent hydrocarbon perim-
eter. For example, five nodes are observed for the
HOMO and HOMO-2 of Opt2A and the HOMO and
HOMO-1 of Ca0H20%>". On this basis, it can be stated
that the four frontier -MOs of Opt2A are similar to
those of a 20-atom, 22-n-electron annulene, which sat-
isfies Hiickel’s (4n+2)r aromaticity rule. The strong
intensity of the Q band in the MCD spectrum relative
to that observed for the B-band region is related to the
AM_ = +£11 change in orbital angular momentum prop-
erties that would be anticipated for the Q bands of 1-4
if the © systems were heteroaromatic [27]. The TD-
DFT results therefore provide strong support for the
conclusion that Opt2A and therefore 1-4 have a het-
eroaromatic 22-n-electron system.

Since the core structure was elucidated on the
basis of the X-ray analysis of 2, the aromaticity of this
7 system was evaluated by calculating nucleus-inde-
pendent chemical shift (NICS) values. *H NMR chem-
ical shifts were calculated for the corresponding non-
substituted metal-free structures using DFT with the
B3LYP functional and 6-31G(d) basis sets. The NICS
values for expanded Ca, symmetric Pcs (i.e., the metal-
free 7 structures of 1-4) were calculated to be —11.8 ppm

12

at the center of the structure and —11.3 ppm at the cen-
ter of the two central amino nitrogen and two pyrrole
nitrogen atoms (i.e., the location of the Mo and W at-
oms in 1-4), while a value of —13.5 ppm at the center
of Day-symmetric nonsubstituted metal-free H,Pc was pre-
dicted (Fig. 11). These values suggest that the expanded
Pc has a ring-current effect similar to that of H,Pc.

Q* 3
$ Lo

7118 . N

N
5
/ W A

Fig. 11. NICS values of the expanded Czn-symmetric Pc analogue
and Dop-symmetric free-base Pc. NICS values for the expanded

Pc at the centers of the inner 20-membered ring and the central
heteroatoms are shown in red and blue, respectively (Fig. 11 in
color see http://journals.isuct.ru/ctj/article/view/1520)

Puc. 11. 3nagenus NICS pacmmpenHoro Czn-CHMMETPUYHOTO
ananora Pc u Dzn-cumMerpraHOTO cBOGOIHOTO OCHOBaHUS Pc.
3uagenus NICS mis pacmupersoro Pc B ieHTpax BHYTpEHHETO
20-451eHHOTO KOJIbIIa ¥ EHTPAIBHBIX TeTePOaTOMOB ITOKa3aHbI
KpaCHBIM U CHHUM COOTBETCTBECHHO (PI/IC 118 IBETE CMOTPU
http://journals.isuct.ru/ctj/article/view/1520)

In summary, novel expanded phthalocyanine
(Pc) congeners containing two Mo=0 or W=0O central
cores and four isoindole moieties coordinated by four
pyrrole nitrogen atoms and two amino nitrogen atoms
have been synthesized under normal Pc formation con-
ditions in the presence of urea. Their structures have
been characterized using several spectroscopic meth-
ods, and their redox properties have been explored. X-
ray analysis revealed a rectangular structure with Cay
symmetry. Although structures containing two Mo=N
or W=N cores are also possible on the basis of the MS
and 'H NMR data, careful analysis of the X-ray, IR,
and electronic absorption data and MO calculations has
provided strong evidence for structures containing two
Mo=0 or W=0 central cores. Electronic absorption
bands in the 1200-1500 nm region were observed and
could be readily assigned on the basis of Gouterman’s
four-orbital theory. Theoretical calculations were con-
sistent with a heteroaromatic 22-m-electron system,
which satisfies Hiickel’s (4n+2)x rule.

c) A Bottom-up Synthesis of Antiaromatic
Expanded Phthalocyanines: Pentabenzotriazasma-
ragdyrins, i.e. Norcorroles of Superphthalosya-
nines [31]

Superphthalocyanine (SPc) is a only Pc analog
containing five isoindole units., and has (4n+2) & type
aromatic character. In 2015, the first examples of an
antiaromatic expanded phthalocyanines, 3a and 3b
(Scheme 5), classified as norcorroles of SPcs were pre-
pared and fully characterized. The newly developed
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phthalonitrile dimerization reaction was a crucial step,
which allowed for the bottom-up synthesis of ex-
panded phthalocyanines. Their structure was con-
firmed by single crystal X-ray diffraction analysis. The
20 = antiaromaticity of the macrocycles was suggested
by optical and theoretical calculations.

The lithium method is a well-known synthetic
protocol for free-base Pcs. The reaction is initiated by
a nucleophilic attack of lithium alkoxide (oxyanion) on
the cyano group of the phthalonitrile. The oxygen atom
of the nucleophile is essential for the formation of Pcs.
When carbanions are used as the nucleophile, tetra-
benzotri-, di-, and monoazaporphyrins are obtained in-
stead of Pcs [32]. These results motivated us to find alter-
native macrocyclic synthetic procedures using a differ-
ent source of anion initiation. Thus, the thiolate anion,
generated from dodecanethiol and sodium, was reacted
with 4,5- disubstituted phthalonitrile (Scheme 5a). Alt-
hough no macrocyclic compound was observed, an un-
expected bright orange solid was obtained in moderate
yields. Its structure, 2b, was determined using single
crystal X-ray diffraction analysis which revealed a di-
amino-B-isoindigo skeleton. Although the correspond-
ing diimino-B-isoindigo skeleton has been reported by
another group [33], this one-step synthesis of diamino-
B-isoindigo skeleton has been explored for the first
time. 2b has a highly planar structure with two isoin-
dole units in a transoid configuration.

() o NH: la, 2a R=5{
R@CN (i

R CN

laorib

(b)

Scheme 5. Synthesis of (a) Diamino-B-isoindigos and (b) Pen-

tabenzotriazasmaragdyrins, 3a, 3b)'3l aReagents and conditions:

(i) Na, 1-dodecanethiol, 100 °C, 1 h, then 180 °C, 1 h, 50% (for

2a), 39% (for 2b); (ii) 1-chloronaphthalene, 200 °C, 12 h, 18%
(for 3a), 14% (for 3b)

Cxema 5. Cunres (a) auamuHo-B-uzounuro u (b) nenrabeH-
30TpHazMacMaparaupuHoB, 33, 3b)? Pearentst u ycnosust: (i) Na,
1-monexanrtuoin, 100 ° C, 1 4, 3atem 180 ° C, 1 4, 50 % (uis 2a),
39% (mas 2b); (i) 1-xmopuadranus, 200 °© C, 12 4, 18% (nus 3a),

14% (a1 3b)

H. KobGasmm

The condensation between phthalonitrile la
and aminoisoindigo 2a at high temperatures produced
the macrocyclic compound 3a in an acceptable yield
(Scheme 5b). In the case of different substituents be-
tween phthalonitrile (1¢) and amino-isoindigo (2b), the
1:2 condensed macrocycle 3b was obtained as the sole
product. The *H NMR spectrum of 3a showed five sets
of signals arising from the o protons of isoindoles, re-
flecting a highly symmetric structure. More im-
portantly, two sets of broad signals for inner NH pro-
tons appeared in the far low field region (20-24 ppm)
for both 3a and 3b, owing to a strong paratropic ring
current effect [34], indicating an antiaromatic character
of compounds having 3’s skeleton. The *H NMR spec-
tra of 3a and 3b remained unchanged even after storage
as a solid in air under ambient light for over 6 months.

The structure of 3 was unambiguously eluci-
dated by X- ray diffraction analysis of crystals obtained
from the diffusion of pyridine into an ethyl acetate so-
lution of 3b (Fig. 12).

(b)

Fig. 12. X-ray crystal structure of 3b. The thermal ellipsoids were
scaled to the 50% probability level. (a) Top view; (b) side view
(peripheral substituents were omitted)

Puc. 12. PentrenoBckas kpucrainueckas crpykrypa 36. Teruio-
BBIC AJIAIICOU/IBI OBUTH MacIITAOMPOBAHbI 10 YPOBHS BEPOSTHO-
ctu 50%. a) Bua cBepxy; (D) Buza cooky (mepudeprueckue 3ame-
CTHTENN OBUIH OITYIIEHBI)

The macrocyclic skeleton of 3b consists of five
isoindole units with two direct pyrrole—pyrrole bonds.
The whole structure is weakly twisted resulting from
the steric interaction between the a protons of ami-
noisoindigo units. In contrast to 22 = aromatic
smaragdyrins, the structure of 3b can be interpreted as
a 20 = electron macrocyclic delocalization pathway.
Reflecting its (4nx) antiaromaticity in the solid state,
compound 3b displays significant bond length alterna-
tion (the HOMA index is 0.587). The NICS(0) and
NICS(1) values calculated at the center of the macro-
cycle of model structure 3c, where the peripheral sub-
stituents were replaced with hydrogen atoms, are 16.2
and 14.3 ppm, respectively, supporting the antiaroma-
ticity of the macrocycle.
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Absorption and MCD)spectra of 3a and 3b are
shown in Fig. 13. The absorption spectra exhibit sig-
nificantly different envelopes from those of typical Pcs
and superphthalocyanines [35].
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Fig. 13. UV—vis—NIR absorption (bottom) and MCD (top) spectra
of (a) 3a in CHzClz and (b) 3b in THF
Puc. 13. Cnextpsl nornouienus B Y ®-suaumoii u ommkaeit UK-
obnactu (Bau3y) 1 MKJI (BBepxy) s (a) 3a B CH2Cl2 u (b) st
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Both compounds have weak and broad absorp-
tion bands ranging from 600 to 1300 nm, which are
characteristic bands for 4nm antiaromatic porphy-
rinoids. Moderate (around 500 nm) and intense
(around 400 nm) bands appeared in the visible region.
In the MCD spectra, very weak and moderate Faraday
B terms appeared, corresponding to the weak near-IR
band and moderately intense band at around 500 nm,
respectively. Strongly coupled Faraday B terms with a
—, + MCD sign in ascending energy were observed,
corresponding to the absorption bands at around 400 nm.

To investigate further optical properties and
the antiaromaticity of 3, MO coefficients for modeled
compound 3c have been calculated. Partial MO energy
diagrams and the calculated absorption spectrum of 3¢
are shown in Fig. 14.

In our previous work, Michl’s 4n-electron pe-
rimeter model [8-11] could be applied to the interpre-
tation of absorption properties belonging to antiaro-
matic porphyrinoids [29, 36]. According to the model,
six frontier w-orbitals of a 20-electron [18] annulene
perimeter ([C1sH1s]*") are of particular importance for
the 20  antiaromatic 3 and, thus, are also shown in Fig.
14. As can clearly be seen, the number of nodal planes
(4, 5, and 6) of the six frontier orbitals belonging to 3c
are the same as those for [CisHis]>. The calculated
lowest-energy band (1160 nm) is composed of transi-
tions from the HOMO to the LUMO (s- — s+). Since
this transition is of an intrashell nature, the absorption

14

and MCD intensities of the band are very weak [10]
and the observed weak near-IR band (781 nm for 3a)
could be assigned as the S band. Two weak (N1, N2)
and two strong (P1, P2) transitions are also predicted on
the basis of the perimeter model. The other four elec-
tronic transitions are intershell transitions derived from
the (h- or hs) — s. or s- — (- or I.) transition. Since
the TD-DFT calculations of 3c agree well with the an-
tiaromatic perimeter model, the experimental absorp-
tion and MCD spectra could be assigned.
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Fig. 14. Partial molecular energy diagram, orbitals, and perimeter
labels of 3c (top, right), its calculated absorption spectra (black
sticks) and the absorption spectrum of 3a in CH2Cl2 (gray line)
(bottom), and 20-electron [18] annulene perimeter ([C1sH15]%)

(top, left)

Puc. 14. lmarpamma napuuaibHOI MOJIEKYISIPHOI SHEPTHH, Op-
OuTtany 1 MeTKU iepuMeTpa 3C (BBEpXy, CIpaBa), €ro pacCYUTaH-
HBIE CIIEKTPHI OTJIONICHUS (Y€pHBIE MAI0YKN) U CIIEKTP TOTII0-
menus 3a 8 CH2Cl2 (cepast munust) (BHu3y) u 20-371€KTPOHHOM
[18] nepumetpe annysena ([C1sH1s]?) (BBEpXy creBa)

In summary, the first 20 = expanded antiaro-
matic azaporphyrinoid (3) have been prepared and
characterized. The sulfur-mediated phthalonitrile di-
merization reaction was explored, allowing for the fac-
ile synthesis of diamino-p-isoindigos. Mixed conden-
sation with aminoisoindigos and phthalonitriles pro-
duced new macrocyclic compounds consisting of five
isoindole units. The crystal structure, *H NMR, absorp-
tion, and MCD spectra revealed clear 20 & electronic
conjugations both in solution and in the solid state.
Moreover, Michl’s 4n-electron perimeter model, in
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conjunction with TD-DFT calculations, could be ap-
plied to explain the optical properties results. The new
azaporphyrinoids were constructed using only phthalo-
nitriles so that the expanded Pcs synthesis in this report
is a true bottom-up synthesis that is led by new syn-
thetic methodology.

2-5 Cyclo[n]pyrroles [37-39]

When the a-positions of n pyrrole molecules
are connected to form cyclic compounds, the resultant
molecules are called calix[n]pyrroles, and they are
considered as porphyrin congeners in a broad sense.
These molecules collected attention of particularly
synthetic and spectroscopic chemists. We summarize
here the synthesis and some spectroscopic properties
developed and/or elucidated in our group.

The BCOD-fused 2,2’-bipyrrole 1 (Scheme 6)
was prepared from BCOD-fused pyrrole according to
literature procedures [37b]. All of the FeCls-6H20 ox-
idant and H2SO4 were added to a 2 mM solution of 1 in
CHCIs and stirred the mixture for 45minutes at 0 °C.
After purification by silica gel column chromatog-
raphy and gel permeation chromatography (GPC), 2
was obtained as deep blue crystals in 43% yield. The
MALDI-TOF mass spectrum contained a molecular
ion peak at m/z = 1241 with eight daughter peaks with
successive mass differences of m/z = 28, which is con-
sistent with the presence of eight BCOD-fused pyrroles.
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SN )“I\JH H HIN-, >\b\lH Hry{
oy g N g NP N
1 'T&// \1_ N s LEJ\
AN L

Scheme 6. Structures of bipyrrole 1 and octaphyrins 2 and 3
Cxema 6. Ctpykrypbl 6unuppona 1 u okraduprHoB 2 u 3

When 2 was heated as a solid at 240 °C in a
glass tube under reduced pressure, the color changed
from blue to yellow and cyclo[8]isoindole (3) was
formed in almost quantitative yield. Crystals suitable
for X-ray structure determination were obtained after
recrystallization from CS,/CHCIs. The crystal struc-
tures of 2 and 3 are shown in Figs. 15 and 16.

In both cases, nonplanarity of the ligand and
the geometry of the central SO% ion result in a Dg mo-
lecular symmetry. The crystal structure of 2 is similar
to that of the B-alkyl substituted cyclo[8]pyrroles re-
ported by Sessler and co-workers[40] and contain a
monoclinic cell, thus conforming to the P2, space

group with Z = 4. Alternating pyrrole moieties tilt

H. KobGasmm

above and below the plane formed by the 16 o carbon
atoms with a mean deviation of 0.1891 A (Fig. 16). In
contrast, a mean displacement of 0.4603 A was re-
ported for B-pyrrole-substituted cyclo[8]pyrroles [40].
This observation is consistent with our previous reports
that fused BCOD moieties enhance the level of planar-
ity of porphyrinoid = systems [41]. Dihedral angles of
20.8-27.88 are observed between adjacent pyrrole moi-
eties, while the inner SO% ion is bound by six hydro-
gen-bonding interactions with NH---O distances rang-
ing from 1.901 to 2.147 A.

Fig. 15. Top and side views of the molecular structures of a) 2 and
b) 3 with solvent molecules omitted for clarity
Puc. 15. Bua cBepxy u c00KY MOJIEKYJSIPHBIX CTPYKTYp a) 2 u b)
3 ¢ MoJIeKyIaMH PaCTBOPHTEIIS, OIYIICHHBIMH JUIS SCHOCTH

-1

-1.5

-2
Fig. 16. ORTEP drawing of a) 2 and b) 3. Solvent molecules are
omitted for clarity. c) Deviation from the mean cyclo [8]pyrrole
planes of 2 (blue) and 3 (red) (Fig. 16 in color see http://jour-
nals.isuct.ru/ctj/article/view/1520)
Puc. 16. Pucynox ORTEP nns a) 2 u b) 3. Monekysl pacTBOpH-
T I ICHOCTH OITYILICHBI. B) OTKJI0OHEHHE OT CpC€AHUX LHUKIIO
[8] mupponbHBIX mI0CcKOCTeM 2 (cunmit) n 3 (kpacusii) (Puc. 16 B
usere cMotpu http://journals.isuct.ru/ctj/article/view/1520)

Steric hindrance between the neighboring ben-
zene rings of 3 at the ligand periphery results in a
deeper saddling distortion of the cyclo[8]isoindole &
system (Figs. 15 and 16), which crystallizes in a mon-
oclinic cell that conforms to space group P2/c. The
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mean deviation from the cyclo[8]pyrrole plane is
0.6081 A, more than three times higher than the value
for 2. The dihedral angles between adjacent pyrroles of
20.5-29.08° are similar, however. There is a slight
bending of the isoindole moieties with dihedral angles
of 1.98-2.078° between the pyrrole and fused benzene
moieties (Fig. 15).

As for the above 2 and 3, acenaphthylene-
fused cyclo[8]pyrrole 5 and cyclo[10]pyrrole 6 were
prepared using 2,2°,5,5’-tetra-tert-butyl-7,7’-bi-
cenaphtho[1,2-c]pyrrole 4 in ca. 20-40 and 45-70%
yield, respectively under the best conditions (Figs. 17
and 18).

Fig. 17. Structures of 4 and acenaphthylene-fused cyclo[8]pyrrole 5
Puc. 17. Ctpoenue 4 u anieHaQTHICH-KOHICHCUPOBAHHOTO ITHKIIO
[8] muppomna 5

In the case of 5, Ce(S0.), and H,SO4 were
used as oxidant and acid respectively, and Nax(SO.)
and N(Bu)4sHSO4 were used as additives. For 6, cro-
conic acid and FeCls were used as a template and oxi-
dant, respectively. Without croconic acid, 6 was not
formed.

i-But-Bu

i/ |] croconic acid
“NONT CHLCly
H H

Fig. 18. Structures of 4 and acenaphthylene-fused cyclo[10]pyrrole 6
Puc. 18. Crpoenue 4 u aneHa THIICH-KOHICHCHPOBAHHOTO IIHKIIO
[10] rupposna 6

Crystals of 5 were obtained in two forms (a
and b) shown in Fig. 19. Isomer 5a crystallized in a
triclinic unit cell (space group P17 Z = 2). Although
relatively weak reflections were observed, the structure
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of the less-polar 5b isomer was successfully solved and
refined (Fig. 19b). A similar structure was elucidated
by means of X-ray diffraction studies with a synchro-
tron radiation X-ray beam. When only the cyclo[8]pyr-
role ligand is considered, 5a has an Sg rotoinversion
axis, whereas 5b has C; symmetry. In the structure of
5a, alternating pyrrole moieties tilt above and below
the mean plane. Dihedral angles of 11.2-19.8 and 23.9-
310° are observed between the mean plane and pyrrole
moieties and between adjacent pyrrole moieties, re-
spectively, whereas the inner SO4% ion is bound by six
hydrogen-bonding interactions with NH---O distances
of 1.907-2.264 A. In contrast, the less-polar 5b struc-
ture adopts a conformation in which the pyrrole moiety
(labeled D in Fig. 19c¢) flips in orientation from that
observed in the alternating tilting structure of 5a. Di-
hedral angles of 28.0-37.2° are observed between the
mean plane and pyrroles B, D, and F (see Fig. 19¢). In
contrast, the dihedral angles of 24.4-34.7° between ad-
jacent pyrroles are similar to those in the structure of
5a. There is a slight bending of the acenaphthopyrrole
moieties with dihedral angles of 11.6-20.4 and 8.8-
22.1° between the pyrrole and acenaphthylene rings for
5a and 5b, respectively.

-5

Fig. 19. Molecular structures of a) 5a and b) 5b. ¢) Deviation
from the mean cyclo[8]pyrrole planes of 5a and 5b (dotted and
solid lines, respectively). The disordered atoms of the peripheral

tert-butyl substituents are omitted for clarity

Puc. 19. Crpoenue mMonekyn a) Sa u b) 5b. ¢) Otknonenue ot
cpenHux UK [8] mupponbHBIX mwiockocted 5a u 5b (myHkTHp-
HBbIC U CIIOIIHBIC TMHUHN COOTBeTCTBeHHO). Pa3yn0psmoquHLIe
aTOMBI IepUGEePUICCKUX mpen-OyTHIBHBIX 3aMECTUTEINEH 1S

SICHOCTH Ol'[yL].[eHbl

A single crystal of 6 was obtained after recrys-
tallization from chlorobenzene/n-heptane and was used
for X-ray crystallographic analysis. The crystal struc-
tures are shown in Fig. 20. Compound 6 crystallized in
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a triclinic unit cell (space group P1, Z = 2). Alternating
pyrrole moieties tilt above and below the mean plane.
The inner croconate anion is bound by ten hydrogen-
bonding interactions with NH---O distances of 1.784-
2.015 A, which are slightly shorter than the distances
between the SO4% anion and the pyrrolic NH of cy-
clo[8]pyrroles since the croconate anion adopts the pla-
nar structure. Thus, croconate anion acts as a template
for cyclization because its size fits with the central
space of the pyrrolic macrocycle. Dihedral angles of
14.1-18.0° and 30.4-32.9° are observed between the
mean plane and pyrrole moieties and between adjacent
pyrrole moieties, respectively, which are similar to
those of the symmetrical conformational isomer of cy-
clo[8]acenaphthopyrrole (5a in Fig. 19c¢).

Side view

Fig. 20. Molecular structure of cyclo[10]acenaphthopyrrole 6.
Disordered (less popular) atoms and solvents are omitted for clarity
Puc. 20. Ctpoenune Mosekynsl ukio [ 10] anenadromnupposa 6.

HeynopsinoueHHsle (MeHee MONMYJISPHbIE) AaTOMBI M PACTBOPUTENIN
JUIA SICHOCTH OITYIICHBI

Fig. 21 shows the experimental spectra for 2, 3
and 5a, with the TD-DFT spectra calculated for the
B3LYP-optimized geometries plotted against a sec-
ondary axis. An intense band is observed in the spec-
trum of 5a in the near-IR region at 1482 nm, while
there is a weaker band in the visible region at 512 nm.
The spectroscopic shape is broadly similar to each
other, but the major bands are shifted significantly to
the red with increasing the &t system. Also, the relative
intensities of the major spectral bands in the near-IR
and visible regions differ markedly.

The electronic absorption and MCD spectra of
6 are shown in Fig. 22, together with its calculated ab-
sorption spectrum. The L band appeared at 1982 nm
compared with 1481 nm for 5. Thus, the expansion of
two acenaphthopyrroles has resulted in markedly red-
shift of the L band by ca. 500 nm (ca. 1710 cm™). In
the UV—visible region, absorption peaks are observed
at 549, 428, and 365 nm. In the MCD, negative A-term-
like curves were observed corresponding to most of the
absorption peaks, with an apparent L band intensity
about 20 times larger than that of the other bands. From

H. KobGasmm

the sharp dispersion-type MCD curve and the results of
molecular orbital calculations described later, the band
at 428 nm appears to be the B band. These optical prop-
erties can be understood with reference to a CaoHs®
parent hydrocarbon that corresponds to the inner ligand
perimeter with MOs arranged inan M =0, 1, £2, ...

+13, £14, 15 sequence in ascending energy. An al-
lowed B band and a forbidden L band are related to
AM_ = %1 (transitions from M. =-9 to —10 and M, =
+9 to +10 MOs) and AM. = £19 (transitions from M
=-9to +10 and M. = +9 to —10 MOs) properties, re-
spectively. Since the MCD intensity mechanism is
based on the relative magnitude of the magnetic mo-
ments of the nn* excited states, the intensity of the L
MCD band with “AM. = £19” property is much
(around 20 times) stronger than that of the B band with
AM_. = +1, as is observed experimentally (Fig. 22).

Alnm
18 __1000800 600 500 400 3002 4
’ i cyclé:[a]acena phthopyrrole A ’

1.2 11.6

0.6 10.8
£ 0.0 N 0.0
= cyclo[8]isoindole
£
t‘g 1.2 4116 o
E 627 x
‘c 1081 E
8 0.6 10.8
-
L
Q
S 00 - R S50054 0.0

cyclo[8]pyrrole
1.2 4 116
1038 |
n 47
0.6 ] 410.8
*
0.0 L / ;Mqﬁo.o

10000 15000 20000
Energy/cm-?
Fig. 21. The calculated TD-DFT spectra for the B3LYP-optimized
structures of the cyclo[8]pyrrole, cyclo[8]isoindole, and cy-
clo[8]acenaphthopyrrole model complexes. Experimental spectra
for a BCOD-fused cyclo[8]pyrrole 2, benzo-fused 3, and acenaph-
tho-fused 5a are plotted against a secondary axis. Black diamonds
highlight the L and B bands
Puc. 21. Paccunransl ciektpsr TD-DFT mns B3LYP-
OINITUMHU3UPOBAHHBIX CTPYKTYP MOACIBbHBIX KOMIIJIEKCOB ITUKJIIO
[8] muppona, uukio [8] uzounmona u ukio [8] anenadronup-
pona. DxcriepuMeHTanbHble crieKTphl 411 BCOD-konaencupo-
BaHHOTO HUKIIO [8] muppona 2, 6eH30-KOHICHCUPOBAHHOTO 3 1
arieHaTO-KOHAEHCUPOBAHHOTO 58 MOCTPOeHbI Ha BTOPUYHON
ocu. YUepHble poMOBI oguepKuBaroT nonocsl L u B

5000 25000 30000
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Fig. 22. Experimental (a) MCD and (b) UV—-vis—NIR and (c) cal-
culated UV—vis—NIR spectra of cyclo[ 10]-acenaphthopyrrole 6
using the B3LYP/SDD level
Puc. 22. Dxcnepumentanbhbie (a) MCD u (b) UV-Vis-NIR u (c)
BorumcienHbie UV-Vis-NIR criekrpst nukio [10] -aneHadromnup-
poina 6 ¢ ucnons3oBanueM yposus B3LYP / SDD

Fig. 23 shows the MO energies and some MOs
in TD-DFT calculations based on the B3LYP-opti-
mized geometry of 6, which is close to its X-ray struc-
ture. In compound 6, some degenerate orbitals in a
high-symmetry parent hydrocarbon perimeter are
raised, due to a structural perturbation. When the Cs
axis of CsoHaso® is replaced by an Ss in the proper rota-
tion axis in the context of Dsq Ssymmetry with respect
to 6, only the degeneracy of MOs with M. = odd num-
ber is retained, while that of those with M. = even num-
ber are split.

This outcome means that the HOMOs (M. =
+9) are degenerate in 6, while the LUMOs (M. = +10)
are split, in contrast to normal Dan type porphyrinoids,
in which the HOMOs with M = +4 are symmetry-split,
while the LUMOs with M. =45 are degenerate [27]. In
understanding the MCD spectra of chromophores, the
degeneracy in the ground and/or excited states and the
relative energy splitting of the HOMO and HOMO-1
(AHOMO) and LUMO+1 (in this study LUMO+12) and
LUMO (ALUMO) are important. When the excited
state is orbitally degenerate, as in this case, a deriva-
tive-shaped MCD curve (called A-term) is observed,
associated with an absorption peak, and its signal
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changes from plus-to-minus if ALUMO > AHOMO is
in ascending energy [12, 42, 13, 6, 7]. Conversely, a
minus-to-plus MCD pattern appears if ALUMO <
AHOMO, as is generally seen for normal porphy-
rinoids. In accordance with these MCD characteristics,
6 showed a plus-to-minus MCD sequence correspond-
ing to both the L and B bands.

A4

L+12 (-1.62 eV) L+7 (-1.93 eV)

L+1

]
w
1

MO Energy (eV)
i

'
(4]
1

-6 - H (,-;tf7.:; le‘V)
Fig. 23. Partial molecular energy diagram and some orbitals con-
tributing to absorption spectrum for the B3LYP-optimized geom-
etries of 6. Note that L+1 is not ligand-centered
Puc. 23. JluarpamMma napiuaabHOM MOJIEKYJISPHOM SHEPruu U He-
KOTOpbIe OpOUTAIM, BHOCSIIME BKIaJ B CIIEKTpP HOIJIOLIEHUS JUIs
reoMeTpuii, onTumMu3npoBaHeix B3LYP mns 6. O6parture BHU-
MaHue, 4To L + 1 He sBseTcs IMrana-1eHTpUpOBaHHOM

g B8 pe e
L(-4.11eV) H-1(-4.73 eV)

The calculated absorption spectrum in Fig. 22¢
broadly reproduces the experimental data. The L and B
bands were calculated at 1625 (and 1624) and 446 (and
445) nm, and from the configuration (not shown), the
band estimated at 495 nm corresponds to transitions
from the HOMO-1 to the fused acenaphthylene-cen-
tered orbitals (LUMO+2 to LUMO+11). The emer-
gence of a red-shifted, intensified L band (HOMO,
HOMO-1 to LUMO transition) may be explained using
the results in Fig. 23 together with Michl’s perimeter
model [6, 7]. When aromatics such as acenaphthylene
or benzene are added to the pyrrole rings of cy-
clo[10]pyrrole, whether the ring annulation results in a
stabilization or a destabilization is related to the pres-
ence and absence, respectively, of nodal planes
through the ten pyrrole N atoms and the peripheral
fused aromatics. Thus, compared with a LUMO, which
has bonding interaction with the annulated aromatics,
the LUMO+12 with ten nodal planes and having anti-
bonding interaction with the annulated ring is greatly
destabilized (Fig. 24), resulting in an increase in the
(LUMO+12 — LUMO) value (Fig. 23), and a further
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decrease of the (HOMO—-LUMO) value, i.e., a red-shift
of the L band. Conversely, in the case of normal por-
phyrinoids such as tetrabenzoporphyrin (TBP), an an-
tibonding interaction occurs for MOs having nodal
planes through the four pyrrole N atoms (Fig. 24), pro-
ducing an increase in the (HOMO-HOMO-1) value.
As nicely explained by Gouterman’s 4-orbital model
[27], the Q-band gains intensity, as the energy differ-
ence between the HOMO and HOMO-1 increases. In a
similar manner, a large energy difference between the
LUMO+12 and LUMO (Fig. 23) produces the intensi-
fied L band here.

" 09

LUMO (-4.11 eV)

Fig. 24. Nodal patterns of the LUMO and LUMO + 12 of 6 (left)

and the HOMO and HOMO - 1 of TBP (right) at an isosurface
value of 0.025 atomic units (hartrees) with the M =+10 and +4
nodal plane properties highlighted
Puc. 24. Y3nossie ctpykrypst LUMO u LUMO + 12 s 6

(ciea) u HOMO 1 HOMO - 1 TBP (cmpaBa) rmpu 3Ha4€HHH U30-

noBepxHocTy 0,025 aTOMHBIX €IMHUIL (XapTpH) C BBIIEICHHBIMU
CBOWCTBaMH y3710BOM iockoctH ML=+ 10 u + 4

LUMO+12 (-1.62 eV) HOMO (-4.26 eV)

HOMO-1 (-4.26 V)

In summary, we have succeeded in preparing
cyclo[8/10]pyrroles with varying m-conjugation sys-
tems. With the increase of the -system, both the L and
B bands shifted to longer wavelengths. In the case of
the acenaphthylene-fused cyclo[10]pyrrole complex 6,
not only the assignment of the bands, but also the in-
tensity and sign of the MCD spectra were illustrated
and reasonably explained. Different from normal por-
phyrins, cyclo[8/10]pyrroles introduced here have de-
generate HOMOs and the LUMOSs degeneracy is lifted.

2-6 4nm and (4n+3)w Systems

a) Application of the Perimeter Model to the
Assignment of the Electronic Absorption Spectra of
Gold(111) Hexaphyrins with [4n+2] and [4n] ®-Elect-
ron Systems [43]

We prepared Au complexes of hexaphyrin
shown in Fig. 25. When the compounds in the left-hand
side (Aux-N and Au-N) are reduced by NaBH4, two
imino nitrogens in the central moiety are reduced and
the compounds in the right-hand side (Au.-R and Au-
R) were obtained. The absorption spectra of Au,-N and
Au-N (not shown) are those of normal [4n+2] type,
showing weak Q and strong Soret bands.

H. KobGasmm

However, the absorption and MCD spectra of
Auz-R and Au-R (Fig. 26) were quite different from
those of normal porphyrins, and finally found to be
those of typical 4nz cyclic compounds as follows.

R H R
N
R R
N
R T g
Au-N Au-R

Fig. 25. Hexaphyrin Au complexes in the neutral (left) and re-
duced (right) forms
Puc. 25. Kommiekcesl rekcagupina Au B HeWTpanbHOM (cieBa) U
BOCCTaHOBIICHHO (cIipaBa) hopmax

Fig. 26 shows the MCD and electronic absorp-
tion spectra of the reduced forms of the hexaphyrins
(Auz-R and Au-R). The reduced forms do not exhibit
the remarkable NIR absorption bands observed in the
neutral forms. However, when we carefully measured
the absorption spectra, a weak, structureless absorption
band was detected in the NIR region. In the visible re-
gion, intense absorption bands observed for the neutral
hexaphyrins shifted to the blue. It is noteworthy to
mention that two distinct absorption shoulders are seen
in the 600-700 nm region for both complexes. When
the spectra of these complexes were measured in tolu-
ene and methanol, the spectral patterns remained virtu-
ally unchanged. We measured the MCD spectra of
these complexes in the UV-visible-NIR region.
Strongly coupled Faraday B terms with +,— MCD sign
in ascending energy were observed, corresponding to
the absorption bands at 539 and 570 nm for Au:-R.
Similar coupled MCD signals are seen for the 497 and
569 nm absorption bands of Au-R, but their MCD in-
tensities are somewhat weaker than those observed for
Au,-R. This may result from the energy separation of
two electronic excited states, since the intensity of cou-
pled B terms is inversely proportional to the energy dif-
ference between two states [12, 13, 6, 7]. Weak MCD
signals were observed for the two absorption shoulders
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at longer wavelength to the intense bands of both com-
plexes. No MCD signals were observed in the NIR re-
gion.

The calculated stick spectra of the reduced
form of the hexaphyrins without a CsFs group (Auz-R’,
Au-R”) are presented at the bottom of Fig. 26, with the
calculation results summarized in Table. The calcu-
lated spectral features appear to be in reasonable agree-
ment with the observed spectra. The reduced species
are predicted to have two blue-shifted absorption bands
compared with the neutral species. The 445 nm transi-
tion calculated for Au.-R” is polarized along the x axis,
while the polarization of the 509 nm band is the y axis.
Since the mutually perpendicular transitions have cou-
pled Faraday B terms, the observed 539 and 590 nm
absorption bands are attributed to these transitions. The
third absorption band (508 nm) is considered to be a
vibronic band of the 539 nm absorption band. The ex-
citation wavelengths of the mono-gold complex are al-
most identical to those of the bis-gold complex, repro-
ducing well the experimental spectra. Two very weak
electronic transitions are calculated at around 600-670 nm
for Au-R’ and Au-R’, which can be correlated with
the observed absorption shoulders. Interestingly, four
low-energy electronic transitions consist mainly of
electronic transitions involving the six frontier r orbit-
als, which can be labeled as h_, h,, s_, s,, |, and I, by

applying the perimeter model (details are discussed in
the following section). The TDDFT calculations also
predict that the forbidden HOMO—LUMO (s.—s)
transition is located beyond 2000 nm for both com-
plexes. Although the present calculations underesti-
mate the excitation energies, the weak NIR absorption
band observed is assigned to the HOMO—LUMO (s.
—s$,) transition. This type of forbidden transition is charac-
teristic of unaromatic cyclic n-electron systems [8-11].

According to the 4N-electron perimeter model,
six frontier m-orbitals are of particular importance [8-
11]. These orbitals are derived from the highest doubly
occupied (HO), the singly occupied (SO), and the low-
est unoccupied (LU) doubly degenerate orbitals of an
ideal 4N-electron perimeter. Fig. 27 shows the six fron-
tier molecular orbitals of a 28-electron[24]annulene
perimeter ([C2sH24]*) and Au,-R’. As is clearly seen in
the Figure, the number of nodal planes of the six orbit-
als of Au,-R’ is the same as that of [C24H24]*. Essen-
tially identical nodal properties were calculated for the
mono-gold complex (Au-R?).

20
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Fig. 26. MCD and absorption spectra of the reduced forms of hex-
aphyrins recorded in CH2Cl2 at room temperature (a: Auz-R, c:
Au-R). The calculated stick absorption spectra
(B3LYP/LanL2DZ) of the hexaphyrins without peripheral substit-
uents are shown in b) Auz-R’ and d) Au-R’. The inset shows the
optimized structures of Auz-R’ and Au-R’ (B3LYP/LanL2DZ)
Puc. 26. MCD u crieKTpbI IOTJIOIICHHST BOCCTAHOBICHHBIX (hOpM
rexcaupuHoB, 3armcanHblie B CH2Clz npy koMHaTHO# Temmepatype
(a: Au-R, c: Au-R). Paccuntannsie criektpsl roriorerust (B3LYP /
Lan.2DZ) rexcaduprHOB Oe3 eprdeprIecKix 3aMmecTuTeneii mo-
kaszanbl 1t b) Auz-R "u d) Au-R’. Ha BcTaBke MoKa3aHbl ONTHMH3H-
posanHble CTpyKTYpsl AUz-R "u Au-R’ (B3LYP / LanL2DZ)
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TDDFT results for low-energy n—n* states of unaromatic hexaphyrins (B3LYP/LanL2DZ)

H. KobGasmm

Table

Taonuya. Pesynsrarsl TDDFT nist HU3K03HePreTH4eCKUX T—TT* COCTOSHUI HeapoMaTH4YeCKHX rekcagupuHoB
(B3LYP /LanL2DZ)

Assign ! Sym A/nm Pol f Contribution (weight % )™
AR S A, 2069 - 00000 s —s, (88.0)
N, B, 640 y 00117 h,—s, (55.0),5 —1 (45.8)
N, B, 602 x 00471  h —s, (58.1),5 —I. (41.8)
P, B, 500y 03276 s —l (40.0), h,—s, (26.7)
P, B, 45 x 15660 s —l. (44.2), h_—s. (22.3)
Au-R’ S A 2137 - 0.0001 s_—s, (86.5)
N, A 662 - 00036 s —I_(57.4),h,—s, (36.8)
N, A 609 - 00218 5. —l. (43.5), h_—s. (40.9)
P, A 511 y 03979 h,—s, (268),s —l (23.3),h —I (11.8)
P, A 45 x 12781 s —l, (27.8), H-3—s, (20.0),h —s, (15.7)

[a] Perimeter state label. [b] s_=HOMO, s, =LUMO.

10

©

Energy /eV —»
kel

~

Fig. 27. Iso-surface plots of the frontier MOs, energy levels, and
perimeter labels of 28-electron [24]annulene perimeter ([C2sH24]*)
and Auz-R’ (B3LYP/LanL2DZ). Arbitrary nodal lines are drawn
on the iso-surface plots. HOMO =s_, LUMO = s+
Puc. 27. I'paduxu n3onoBepxHoct norpaHndHeix MO, sHepre-
TUYECKUX YPOBHEH M METOK IIEPUMETpa MepUMeTpa ¢ 28 3JeKTpo-
Hamu [24] annynena ([C24H24]*) n Auz-R *(B3LYP / LanL2DZ).
Ha n30m0BepXHOCTHBIX y4acTKaX H300pakeHbI PONU3BOJIHHEIC
y3ioBble muEIH. HOMO =s., LUMO =5 +

The frontier orbitals of Au.-R’ and Au-R’ can
therefore be derived from the perimeter orbitals, and
the HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1,
and LUMO+2 are labeled as h_, h+ s, s, |, and I, re-
spectively. The origin of the peculiar spectral features
of the reduced forms will now be discussed using the
model. The five singly excited states considered in the
perimeter model, S, N1, N2, P4, and Py, arise as shown
in Fig. 27. As we described in the previous section, the
lowest-energy transition is the s_—s. transition. Since
the transition is of an intrashell nature in the perimeter
model, the transition is magnetic-dipole allowed, but
the absorption and MCD intensities are predicted to be
zero [8-11]. Indeed, the observed absorption and MCD
intensities of the S band are very weak. The other four
electronic transitions are intershell transitions derived

from the HO—SO or SO—LU transition. Two weakly
(N1, N2) and two strongly (P1, P2) electric-dipole al-
lowed transitions are predicted on the basis of the pe-
rimeter model. The N and P transitions can be related
to the L and B transitions of aromatic systems. Thus, a
significant mixing of the h.—s. and s.—lI. transitions
causes cancellation and intensification of the transition
dipole moments in the N1 and P1 bands, while weak N2
and intense P, bands are due to a significant mixing of
the h.—s. and s.—I. transitions. The present TDDFT
calculations of Auz-R’ and Au-R’ agree well with the
perimeter model and we can assign the experimental
absorption spectra by using the perimeter model and
computational results: the weak absorption bands ob-
served at 695 and 645 nm for Au,-R are N1 and N,
bands, while the intense 590 and 539 nm bands are P;
and P, bands, respectively. Similar band assignments
can be made for Au-R.

Finally, the observed MCD sign pattern of the
reduced forms is discussed. Strongly coupled Faraday
B terms with a +,- pattern in ascending energy were
observed for the two P bands of both complexes. Since
the electric transition dipole moments for the P bands
are much larger than those for N bands, the sign of the
coupled B terms are likely to be dominated by contri-
bution from magnetic mixing within the two P states.
As shown in Table, the transition from the ground state
to the P, state consists of the s.—l. and h,—s. transi-
tions, while that to the P, state consists of the s.—I. and
h.—s. transitions. According to the perimeter model,
coupling between s.—l. and s.—I. transitions gives rise
to a -,+ pattern for the two P bands, while coupling be-
tween h.—s. and h.—s, transitions causes a + + ,- pat-
tern [8-11]. Since a +,- pattern is observed, the cou-
pling between the h.—s. and h.—s. transitions must be
dominant for the MCD signals of the present hex-
aphyrins. Thus, the 4N-electron perimeter model was
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successfully used for the analysis of the reduced form
of Au hexaphyrins.

b) An Extremely Air-Stable 19z {(4n+3)=}
Porphyrinoid [44]

We observed during our experiments, that the
color of the crude solution of the octa(p-tert-bu-
tylphenyl) TAP phosphorus(V) complex (PTAP)
changed from purple to brown on adding triethyla-
mine. The polarity of this brown species was much
lower than that of the original cationic species, and we
were able to isolate the brown species (rPTAP) as a
stable solid by conventional Al>Os open column chro-
matography with a basic eluent (CH:Cl,—triethyla-
mine) (Scheme 7).

AN
Ar OMe Ar
PTAP CIO, 0

Ar Ar

Ar SN - Ar
Y NH N=
N\ /N
L
Ar—y 4/ Ar .
N 44
Ar Ar A MeO Ar | 6 75
H:TAP Ar—(S N/ S-Arl T 'ma[/ 547
(i) N [N 4f" /531
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Ar OMe  Ar
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Scheme 7. Synthesis of cationic (PTAP) and neutral (rPTAP)
states of the tetraazaporphyrin (TAP) phosphorus(V) complex and
their absorption spectra in CH2Cl2
Cxema 7. Cunre3 karuouubix (PTAP) u ueiitpansabix (FPTAP)
COCTOsIHUIA KoMIUTeKca TeTpaazanopdupuna (TAP) dochopa (V)
u ux crextpsl norsoienus B CH2Cl2

1000

Peripheral p-tert-butylphenyl groups were
suitable for isolation of the reduced species. The ab-
sorption properties of rPTAP are quite different from
those of PTAP. The sharp absorption band at around
660 nm is retained (at 681 nm), while bands around
500 nm are broad and weak, and near-IR bands (915
and 823 nm) appear only for rPTAP. The observed
HR-MALDI-FT- ICR-MS spectrum and CHN ele-
mental analysis data provided a reasonable match with
a compound whose molecular formula is CggH110NsO-P,
constituting a TAP phosphorus complex without any
ion, suggesting that rPTAP is a one-electron reduced
neutral radical. rPTAP is extremely air- and photo-sta-
ble, such that a glovebox system is unnecessary for the
entire synthetic process. Moreover, the absorption
spectrum remained unchanged when rPTAP was
stored as a solid in air under ambient light for more
than 1 year.

To confirm the redox properties of rPTAP, cy-
clic voltammograms of PTAP and rPTAP were meas-
ured in o-dichlorobenzene (0-DCB) (not shown). Since
the redox potentials can be shifted anodically by inser-
tion of a phosphorus(V) atom into the azaporphyrin
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core, the redox waves of PTAP appeared at only
slightly less than 0 V vs Fc*/Fc. Interestingly, the volt-
ammogram of rPTAP is compatible with that of
PTAP, showing five redox waves at similar positions
to the redox waves of PTAP, indicating that rPTAP
has very close redox behavior to PTAP and is a good
multiple electron acceptor. For assignment of the redox
relationship between rPTAP and PTAP, spectroelec-
trochemical measurements in 0-DCB were performed.
When a potential negative enough for the first reduc-
tion reaction to occur was applied to the solution of
PTAP (Fig. 28a), new weak bands appeared in the
near-IR region, while the bands in the UV—vis region
broadened, accompanying a set of clear isosbestic
points. The final absorption spectrum fully matched
the absorption spectrum of an as-prepared rPTAP so-
lution. When the applied potential was returned to 0 V,
the original spectrum was regenerated. More im-
portantly, when a potential positive enough for the first
oxidation reaction to occur was applied to the solution
of as-prepared rPTAP (Fig. 28b), the final absorption
spectrum fully matched the absorption spectrum of
PTAP and the changes were reversible. In summary,
the spectroelectrochemical switching between PTAP
and rPTAP was completely reversible, supporting the
premise that rPTAP is an air-stable one-electron re-
duced species of PTAP.

Absorbance (a.u.) &

Absorbance (a.u.) &

600 800 1000 400 600 800
Wavelength (nm) Wavelength (nm)

Fig. 28. (a) Spectral changes of PTAP solution by applying —0.2 V
potential vs Ag/AgClI reference electrode in 0-DCB. (b) Spectral
changes of rPTAP solution by applying 0.3 V potential vs
Ag/AgCl reference electrode in 0-DCB
Puc. 28. (a) 3menenns cektpoB pactBopa PTAP mpu npuio-
XKeHuH noreHuuana -0,2 B 0THOCUTENbHO 3NIEKTpOa CPaBHEHUS
Ag/ AgCl B 0-DCB. (b) U3menenus criektpa pactBopa rPTAP
MpH NpuiokeHuu notennrana 0,3 B o cpaBHEHHIO € AJIEKTPO-

nom cpasaenust Ag / AgCl B 0-DCB

400

1000

The solid state structure of rPTAP was unam-
biguously elucidated by X-ray diffraction analysis of
crystals obtained from a toluene solution of rPTAP
(Fig. 29). The phosphorus atom sits in the center of the
4N mean plane (A4N < 0.005 A), and the macrocycle
is highly planar (Ar = 0.06), although the reported
structures of TAP or Pc phosphorus(V) complexes are
ruffled, due to the small atomic radius (98 pm) of the
phosphorus atom. Indeed, the bond lengths between
phosphorus and the pyrrole-nitrogen in rPTAP are
longer than those of PTAP. More interestingly, two
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kinds of P—-N bond lengths were found (1.8654(14) and
1.8745(14) A) for rPTAP, while all P-N bond lengths
in PTAP are the same (1.839(2) A), indicating that the
chromophore symmetry has been slightly altered. The
HOMA indexes for the internal cross in rPTAP and
PTAP are 0.84 and 0.90, respectively. Hence no sig-
nificant bond-length alternation was observed for the
C—N bonds even in the core structure of rPTAP, sim-
ilarly as for those of PTAP (a typical 18z aromatic
molecule).

(a)

Fig. 29. X-ray crystal structure of rPTAP. The thermal ellipsoids
were scaled to the 50% probability level. (a) Top view; (b) side
view (peripheral substituents are omitted). In both views, hydro-
gen atoms have been omitted for clarity
Puc. 29. PentrenoBckas kpucraundeckas ctpykrypa rPTAP.
TermnoBble 3UTHIICOUIBI MACIITAOUPOBAHBI 10 YPOBHS BEPOATHO-
cru 50%. a) Buz cepxy; (b) Bux cOoky (mepudepuiinsie 3a-
MECTUTCIIHN Ol'IyIJ_IeHI)I). B 06oux MpEACTaBICHUAX aTOMBI BOJ10-
poza ONyIIEHbI A7 ICHOCTH

However, the EPR spectra of rPTAP in 1.0
and 0.1 mM solution in degassed CHCl, showed a sin-
glet with g = 2.01 and 2.001, respectively, characteris-
tic of a delocalized radical having an unpaired electron
(S = 1/2); no hyperfine coupling to nitrogen atoms was
observed even in diluted and degassed solution (as per
similar Pc3~ systems). The VT 'H NMR spectrum of
rPTAP in toluene-ds was also measured (not shown).
No peaks were found in the normal region for aromatic
protons (ca. 6-9 ppm). However, broad signals were
observed at low-field (10.7 and 18.0 ppm at 298 K),
which could be assigned to paramagnetically shifted
aryl protons of the peripheral substituents. A reversible
temperature dependence was also observed between
298 and 353 K whereby the two peaks shift linearly
toward the diamagnetic region with higher tempera-
ture, reaching 10.2 and 17.7 ppm at 353 K, consistent
with rPTAP containing an unpaired electron. The 3P
NMR signal for rPTAP is a simple very broad (ap-
proximately 25 ppm) peak centered at —233 ppm; its
extreme broadness is consistent with the paramag-
netism. Finally, the spin density distribution of the
model compound rPTAP’, where the peripheral sub-
stituents of rPTAP were replaced by phenyl groups,
was calculated. The calculations implied the unpaired
electron density to be encompassed over the TAP mac-
rocycle, as well as no spin-density at the central phos-
phorus. Furthermore, the calculated positive charge on
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the central phosphorus was unchanged between
PTAP' and rPTAP’, confirming the valence of the
phosphorus center in rPTAP to be +5.

All electrochemical, spectroscopic, and theo-
retical results support the premise that the valence of
the rPTAP macrocyclic core is —3 and that the com-
plete rPTAP molecule is an air-stable neutral radical.
With this air-stable, reduced azaporphyrinoid in hand,
the absorption properties of -3 azaporphyrins could be
investigated unambiguously. Here, partial MO energy
diagrams of rPTAP’ and the calculated stick absorp-
tion spectrum are shown in Fig. 30. An MCD spectrum
also gives information on the electronic structure of
azaporphyrin, so that the detailed absorption and MCD
spectra of rPTAP are shown in Fig. 31. It was pro-
posed in a previous report [45] that the ground state of
-3 Pcs was distorted from Dan symmetry to Co, Sym-
metry due to Jahn-Teller effects.

E(eV)
a-spin B-spin
A
P )
S8
266 —— 1 066 =
24 -:. s
BB o [ 5P udls
Y.
: 4 -3 y
o’
.? —6 = .p;
¢33 e
265—f— B
=7 264+
I 859 1689
‘a ] 1328 |
400 800 1200 1600

Wavelength (nm)

Fig. 30. Partial molecular energy diagrams and orbitals of rPTAP’
(top) and its calculated absorption spectrum (bottom). Calcula-
tions were performed at the ULC-BLYP/6-31G*//UB3LYP/6-

31G* level
Puc. 30. lnarpamMMsbl napuuaibHONH MOJIEKYJISIPHOM SHEPTUH U Op-
ouramm rPTAP ' (BBepXy) U pacCUNTAaHHBIA CIIEKTp MOTJIOMCHHUS
(BHm3Y). Pacuersl mpoBoauich Ha yposae ULC-BLYP / 6-31G *
/I UB3LYP /6-31G *

Indeed, the bond lengths between phosphorus
and the pyrrole nitrogens in the X-ray crystallographic
structure are slightly altered. In the MCD spectrum at
longer wavelengths, relatively weak and strong Fara-
day B terms were observed at 933 and 883 nm, corre-
sponding to the absorption band at 915 nm, reflecting
the altered structure. An intense Faraday B term ap-
peared at 698 nm, so that the change of orbital angular
momentum between the ground and excited states for
the absorption band at 681 nm appears to be larger than
for other bands. Theoretical calculations for the -3 TAP
ligand also support the experimental results. Although
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many orbitals contribute to the calculated low-energy
bands, in each band we could find mainly contributing
one m — m* transition. The SOMO (265A) — LUMO
(266A) intrashell transition was estimated to lie be-
yond 1500 nm (1689 nm); however, this transition
should be forbidden, which may not appear in the ex-
perimental spectra. The HOMO (264B) — LUMO
(265B or 266B) transitions were estimated at 1323 and
859 nm, which are allowed transitions from M_ = +4 to
+5. The properties of the calculated bands and MCD
spectra support the assignment of the absorption bands
at 915 and 681 nm to = — 7* bands calculated at 1323
and 859 nm, respectively. The corresponding occupied
and unoccupied orbitals are delocalized on the TAP
core, without localization at peripheral phenyl rings.
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Fig. 31. UV—vis—NIR absorption (bottom) and MCD (top) spectra
of rPTAP in CHzCl2
Puc. 31. Criextpsl nornonieHus B yapTpadnuoiaeToBoit u nHppa-
KpacHo# obnactsax cnekrpa (Bau3y) u MCD (BBepxy) rPTAP B
CHzCl2

In summary, an extremely air-stable 19n-elec-
tron azaporphyrin has been prepared and character-
ized; it was easily obtained from the reduction of a cat-
ionic phosphorus-containing complex of TAP. The
central phosphorus(V) atom and peripheral bulky
groups may be crucial to stabilize the reduced state.
VT-NMR and EPR spectra support the premise that the
unpaired electron is delocalized on the TAP macrocy-
cle. Finally, analysis of absorption and MCD spectra,
together with theoretical calculations concluded that
rPTAP is the first example of an isolated -3 TAP com-
plex, namely, a 19z or (4n+3)n azaporphyrinoid.
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