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ABSTRACT: Metal-free, magnesium, titanyl, and vanadyl tetrapyrazinoporphyrazines substituted with
eight 2,6-diisopropylphenoxy groups at the peripheral positions were prepared and characterized by
NMR, UV-Vis, magnetic circular dichroism (MCD), and mass spectrometry methods. In addition, the
Pc®SiPPhORY() complex was characterized by EPR spectroscopy and X-ray crystallography. Reaction
between TiCl, with 4,5-(2,6-diisopropylphenoxy)phthalonitrile in N,N-dimethylaminoethanol resulted
in the formation of a red open-chain trimer, which was characterized by mass spectrometry and X-ray
crystallography. Electronic structures of new compounds and their excited state properties were probed
by Density Functional Theory (DFT) and Time-Dependent DFT (TDDFT) methods.

KEYWORDS: tetrapyrazinoporphyrazine, X-ray crystallography, MCD spectroscopy, DFT, and

TDDFT calculations.

INTRODUCTION

Phthalocyanines and their analogs are well-known
synthetic dyes used in the textile and ink industries [1].
In addition, these brightly colored molecules are also
used in catalysis [2], photodynamic therapy [3], optical
imaging and bioimaging {4], semiconducting devices [5],
and light harvesting modules for organic photovoltaics
[6]. The case of preparation and ability to fine-tune the
magnetic and optical properties of phthalocyanines are
key to their popularity among the scientific community
[7]. It has been demonstrated by Hadt and coworkers
that the unsubstituted vanadyl phthalocyanine diluted by
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titanyl phthalocyanine as well as copper phthalocyanine
diluted by zinc phthalocyanine can be viewed as viable
candidates for applications in quantum computing [8].
One of the disadvantages of using paramagnetic phthalo-
cyanines in spintronic applications is the strong intermo-
lecular packing forces observed in their crystal lattices.
Indeed, independently of the phase, all unsubstituted
phthalocyanines form close non-covalent packing with
the typical phthalocyanine to phthalocyanine distance of
about 3.3 A [9]. Such strong 7-w interactions lead to small
metal-metal distances between neighboring phthalocya-
nine molecules in the solid state. This in turn dramati-
cally reduces the spin coherence time in these systems.
In order to improve spin coherence times, paramagnetic
phthalocyanines need to be significantly diluted by dia-
magnetic hosts [8]. Although such dilution improves spin
coherence times, it also reduces spin densities per cubic
volume. One of the possible strategies to improve spin
coherence while maintaining high spin densities per unit
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volume could be to use phthalocyanines and their ana-
logues with bulky substituents that prevent aggregation
[10]. As was demonstrated by McKeown and coworkers,
phthalocyanines and tetrapyrazinoporphyrazines sub-
stituted by eight 2,6-diisopropylphenoxy groups form a
unique solid-state crystal structure that consists of mac-
rocycle boxes with large pores that are formed as a result
of specific non-covalent interactions between hydropho-
bic isopropyl groups [11]. Because Hadt and cowork-
ers have demonstrated that the vanadyl phthalocyanine
diluted by titanyl phthalocyanine outperformed at room
temperature the copper/zinc pair [8], we have explored
synthetic strategies for the preparation of the titanyl and
vanadyl tetrapyrazinoporphyrazines substituted by eight
2,6-diisopropylphenoxy groups.

EXPERIMENTAL

General

All chemicals were purchased from commercial
sources. Solvents were purified using standard proce-
dures. Jasco-V770 spectrophotometer was used to col-
lect UV-Vis data. All MCD spectra were collected using
a Jasco V-1500 spectropolarimeter. NMR spectra were
recorded by a Bruker Avance instrument with a 300 MHz
frequency for protons and a 75 MHz frequency for car-
bons. Chemical shifts are reported in parts per million
(ppm) and referenced to the residual proton resonance of
the deuterated solvent (CDCl; = 8 7.26) and carbon spectra
are referenced to the carbon resonances of the solvent (CDCl;
= & 77.16). High-resolution mass spectra of all new com-
pounds were recorded using a Bruker micrOTOF-QIIL
All exact mass measurements showed an error of less
than 5 ppm. Fluorescence emission data in solution were
recorded on a Horiba PTI QuantaMaster 8000 fluores-
cence spectrophotometer using Rhodamine 6G in EtOH
as a standard. All slit widths were held constant at 2 nm.
The quantum yields in solution were calculated using the
following equation:

2
Grady 7%
(I) = (I) k] —2a
X ST (Gradsr) ( 2 )

78T

Ny = 1.361, @ = 0.94; 1, = 1.424 (2), and Grad the
gradient from the plot of integrated fluorescence intensity
vs absorbance. EPR spectra were collected on a Bruker
X-band ELEXSYS E-500 instrument at 150 K. Samples
were prepared and frozen under a nitrogen atmosphere.

DFT and TDDFT calculations

All calculations were run using Gaussian 16 [12].
TPSSh exchange-correlation functional [13,14] with
Wachter’s full-electron basis set [15] for transition met-
als and the 6-311G(d) basis set [16] for the other atoms
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was used for all geometry optimizations. Vibrational fre-
quencies were calculated to ensure all geometries were
local minima. M06 [17] functional was used in single-
point and TDDFT calculations with the same basis sets.
QMForge [18] was used for molecular orbital composi-
tion analyses.

X-ray crystallography

X-ray quality crystals of vanadyl complex 2 were
obtained by slow diffusion of methanol into the DCM/
acetonitrile solution of 2. Crystals of 3 were obtained by
slow diffusion of methanol into the DCM/toluene solu-
tion of 3. X-ray data for complex 2 and open-chain tri-
mer 3 were collected with a Cu microsource on a Bruker
D8 Venture diffractometer at 100 K using an Oxford
Cryostream low-temperature apparatus. Experimental
data sets were reduced with Bruker SAINT. Absorption
correction was done using SADABS. Structures were
solved using Superflip [19] or SHELXS [20] and refined
using Crystals for Windows program [21]. Disordered
water and acetonitrile solvents observed in the pores of
compound 2 were eliminated with PLATON SQUEEZE
[22] procedure. Complete structural data on 2 can be
accessed using CCDC reference number 2208789 and is
also available in the Supporting Information. The crys-
tals for the open-chain compound 3 were too small and
thus the best dataset only allowed the refinement of the
structure using isotropic spheres (R ~32%). Thus, this
structure was used only to establish the connectivity in
the molecule and was not deposited to the CCDC data-
base although the CIF is available from the authors on
request.

Synthesis

Preparation of 5,6-Bis(2,6-diisopropylphenaoxy)pyr-
azine-2,3-dicarbonitrile (1): Compound 1 was prepared
according to a previously published procedure by Nova-
kova and coworkers [23].

Preparation of vanadyl tetrapyrazinoporphyrazine
(2): Compound 1 (1.002 g, 2.076 mmol), vanadium tri-
chloride (0.5 equiv), and a scoop of urea was dissolved
in dry N,N-dimethylaminoethanol (2 mL) in an argon
atmosphere and boiled for 4 hrs. Upon cooling, deion-
ized water (100 mL) was added to the reaction mixture
and the resulting precipitate was collected and washed
thoroughly with more water. The solid was purificd by
means of a silica plug eluting with 3:1 DCM/acetone
then further washed with 1:1 water/methanol and pure
methanol to give a green solid in 59% yield (1.236 g).
UV-Vis (DCM): A, (€) = 634 nm (91,880 M cm™).
HRMS (MALDI-TOF, positive mode) m/z: caled for
C120H 5 N;60,V 1998.0226, found 1998.0215 [M+H]*.

Preparation of trimeric linear product (3): N,N-
Dimethylaminoethano! (2 mL) was purged with argon
in a Schlenk flask, titanium tetrachloride (0.5 equiv) was
then added via syringe, and the resultant fumes allowed to
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completely evolve. Compound 1 (414 mg, 0.858 mmol)
was added and the resultant mixture was heated to ~100
°C for 3 hrs. Upon cooling, the purple solution was
poured into dejonized water (100 mL) and the precipi-
tate was filtered. The crude product was purified by silica
gel column chromatography eluting with DCM to give
a small amount (a few milligrams) of a red solid. A, =
556 nm. HRMS (MALDI-TOF, positive mode) m/z calcd
for CyoH, 5N, O, 1467.8148, found 1467.8110 [M]*.

Preparation of titanyl tetrapyrazinoporphyrazine
(4): Compound 1 was stirred in dry quinoline (3 mL)
in an argon atmosphere for ~ 10 mins and then titanium
tetrachloride (0.5 equiv) was added and the resulting
mixture heated to 150-160 °C for 1 hr. Upon cooling,
the green solution was poured into 1:1 MeOH/deion-
ized water and the precipitate filtered off, which then
was further washed with the same ratio (200 mL) as
well as 8:2 MeOH/water (400 mL). The product was dis-
solved in DCM and filtered through a membrane frit to
remove the titanium dioxide byproduct and evaporated
to give a green solid in 36% yield (0.416 g). 'H NMR
(500 MHz, CDCl,): 8 = 7.63 (t, 8H), 7.48 (d, 16H), 3.33
(m, 16H), 1.38 (d, 93H). ®*C NMR (125 MHz, CDCl,):
6 = 152,95, 147.84, 147.79, 141.90, 141.15, 140.22,
127.02, 124.66, 28.42, 23.67. UV-Vis (DCM): A, (€) =
635 nm (120,693 M cm™). HRMS (MALDI-TOF, posi-
tive mode) m/z: caled for C,oH;;,N;O,Ti 1995.0271,
found 1995.0270 [M+H]*.

Preparation of magnesium tetrapyrazinoporphyr-
azine (5): Magnesium ribbon (55 mg, 2.3 mmol) with
a catalytic amount of iodine was refluxed in dry N,N-
dimethylaminoethanol (3 mL) for 1 hr under an argon
atmosphere. Compound 1 (2.18 g, 4.6 mmol) was added
and the mixture was refluxed for 6 hrs. After cooling,
the mixture was poured into 1:1 MeOH/deionized water
(100 mL) and the resulting precipitate filtered. The solid
was further washed with increasing amounts of MeOH/
water up to a 9:1 ratio. The product was purified by silica
gel column chromatography eluting with 4:1 DCM/ace-
tone to give a cyan solid in 34% yield (1.49 g). '"H NMR
(500 MHz, CDCL,): & = 7.55 (t, 8H), 7.42 (d, 16H), 3.30
(m, 16H), 1.28 (d, 96H). >C NMR (125 MHz, CDCl,):
6 = 151.67, 149.91, 148.09, 142.59, 141.23, 126.77,
124.53, 28.27, 23.62. UV-Vis (DCM): A, (€) = 630 nm
(104,864 M? cm'). HRMS (MALDI-TOF, positive
mode) m/z: caled for C,H,4,N,,0sMg 1955.0685, found
1955.0693 [M]".

Preparation of metal free tetrapyrazinoporphy-
razine (6): Compound 5 was dissolved in equal parts
(5 mL) dry THF and acetic acid and heated at 75 °C for
2 hr. After cooling, the mixture was poured into deion-
ized water (150 mL) and the precipitate filtered. The
solid was thoroughly washed with water and methanol
and then purified by silica gel column chromatogra-
phy eluting with DCM then 4:1 DCM/MeOH to give a
cyan solid in 52% yield (0.763 g). '"H NMR (500 MHz,
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CDCl,): 8 =7.59 (t, 8H), 7.45 (d, 16H), 3.32 (m, 16H),
1.32 (d, 96H), -2.09 (bs, 2H, NH). 3C NMR (125 MHz,
CDCL): & = 152.33, 147.98, 141.25, 141.19, 126.85,
124.59, 28.38, 23.66. UV-Vis (DCM): A,,,, (€) = 649 nm
(94,058 M! cm’). HRMS (MALDI-TOF, positive
mode) m/z: caled for C,,0H,5,N,¢Os 1933.0992, found
1933.0969 [M+H]*.

RESULTS AND DISCUSSION

Both titanyl and vanadyl tetrapyrazinoporphyrazines
outlined in Scheme 1 were not reported previously. The
direct reaction between pyrazinedicarbonitrile 1 and
vanadium trichloride in boiling N,N-dimethylaminoeth-
anol (DMAE) results in the formation of a green-colored
reaction mixture which after the standard purification
steps (see the experimental section for details) leads
to the isolation of pure vanadyl tetrapyrazinoporphyr-
azine 2. A similar reaction with titanium tetrachloride
leads to a dark purple solution. Based on the UV-Vis
spectrum, this solution has no desired titanyl complex 4
but consists of several open-chain oligomers. Based on
the mass spectrum and X-ray data, one of the oligomers
was identified as the trimeric lincar subunit 3. The use
of titanium butoxide instead of TiCl, also does not lead
to the desired macrocycle product. The reaction of the
pyrazinedicarbonitrile 1 with titanium butoxide in bro-
monaphthalene also does not lead to the desired product
4. However, the reaction between nitrile 1 and titanium
tetrachloride in boiling quinoline showed the initial for-
mation of a green color that disappeared upon further
refluxing. Optimization of the synthesis of desired com-
plex 4 was obtained by varying reaction temperature
and time. Under the optimized conditions, product 4
was obtained in the reaction between pyrazinedicarbo-
nitrile 1 with titanium tetrachloride in quinoline at ~ 150
°C for 1 hour. Alternatively, we thought that complex
4 could be formed by the interaction.of the metal-free
tetrapyrazinoporphyrazine 6 with titanium tetrachloride
or titanium butoxide. In turn, the metal-free tetrapyr-
azinoporphyrazine 6 can be formed by demetalation of
magnesium complex 5 with a large excess of acetic acid.
Magnesium complex 5 can be prepared from nitrile 1
and magnesium alkoxide in boiling DMAE. Using this
strategy, we have prepared magnesium complex S with-
out any issues in reasonable yield. Using a large excess
of acetic acid, compound 5 was transformed into metal-
free species [6H,]™", protonated at the nitrogen atoms.
Clean deprotonation of this compound was challenging
and required the use of triethylamine or stronger bases.
Once formed, metal-free complex 6 was tested in the
metalation reaction with titanium tetrachloride and tita-
nium butoxide. Despite testing several different reaction
conditions, we were not able to see the formation of the
desired titanyl complex 4 in reasonable yield. Thus in
our hands, the direct formation of the desired titanyl
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Scheme 1. Synthetic route for the preparation of target compounds 2-6.

complex 4 in the reaction between nitrile 1 and titanium
tetrachloride in hot quinoline was found to be the opti-
mal reaction condition.

The UV-Vis and MCD spectra of these new macro-
cycles are shown in Fig. 1. As expected [24], the metal
complexes have one characteristic Q-band, while the
lowering of symmetry from D,, to Dy, in the metal-free
compound leads to the splitting of the Q-band into Q,
and Q, components. The Soret band in all four macro-
cycles can be found in the 350 nm region. In addition, in
the titanyl, vanadyl, and metal-free compounds, a prom-
inent band is found in the 420 nm region, which has a
significant charge-transfer character (see TDDFT calcu-
lations discussion below) [25]. This band is also present
in the magnesium complex, although at a significantly
lower intensity, which might be reflective of the higher
symmetry of this compound. In the MCD spectra, the
Q-band observed for the metal-containing macrocycles
is associated with a very strong MCD A-term centered at
an energy close to the energy of the observed Q-band. In
the case of the metal-free compound, the Q-band region
is associated with five observable B-terms located at
649, 628, 611, 591, and 559 nm. As expected, the Soret
band is associated with the observed A-term centered
in the 350 nm region. In addition, an A-term has been
observed in the 400-450 nm region of the MCD spec-
trum. This term is associated with absorption centered
in this region. In general, the Q-band in compounds
2, 4-6 is blue-shifted compared to the phthalocyanine

Copyright © 2023 World Scientific Publishing Company

analogs which is typical of tetrapyrazinoporphyrazino
complexes. No fluorescence has been observed for the
open-shell vanadyl complex, while the fluorescence of
the titanyl, magnesium, and metal-free compounds are
shown in Fig. 1 along with the fluorescence spectrum
of the open-chain trimer. These spectra are typical for
tetrapyrazinoporphyrazino compounds and other chro-
mophores and are mirror images of the lowest energy
absorption bands. Their quantum yields were also found
in the expected range (Fig. 1).[10e,11] High-resolution
mass spectra of all compounds are in good agreement
with the expected formula (Supporting Information).
The 'H NMR spectra of titanyl, magnesium, and metal-
free compounds show the expected patterns for all pro-
tons although the methyl groups for the titanyl complex
were found to be diastereotopic (Supporting Informa-
tion). *C NMR spectra for all prepared compounds
agree with their associated structures (Supporting Infor-
mation). The EPR spectrum of vanadyl complex 2 is
shown in Fig. 2. As expected, it has an axial symmetry
and parameters that correlate well with the s = 12 (d,)"
electronic configuration of this complex (g, = 1.98, g,
=1.96, A; = 175 MHz, and A; = 430 MHz). IR spectra
of all macrocyclic compounds are shown in Supporting
Information. Because of the high porosity of the crystal-
line macrocyclic complexes (Fig. 3 and reference 11),
their IR spectra tend to contain strong signals of the
residual solvents. However, when samples were dried at
80°C in a vacuum for several hours, the IR spectra were

J. Porphyrins Phthalocyanines 2023; 27: 366—372
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Fig. 1. Experimental UV-Vis (solid), MCD, and fluorescence (dashed) spectra of the target compounds along with their TDDFT-

predicted absorption spectra.

consistent with those reported by Zimcik and co-authors
for § and 6.

The X-ray crystal structures of the vanadyl complex
and linear red trimer are shown in Fig. 3. The unit cell
of the vanadyl complex 2 is isostructural with the iron
and cobalt analogs previously reported by McKeown and
coworkers [11]. It crystallizes in orthorhombic primi-
tive cells with a length of 37.26760(6) A. The nanopore
structure of vanadyl complex 2 consists of tetrapyr-
azinoporphyrazine dimers. Each monomeric unit has
V=0 fragment disordered over the tetrapyrazinopor-
phyrazine plane. These fragments form the nanoporous
structure with walls constructed by four such dimers.
The nanostructure’s porous parameters are similar to

Copyright © 2023 World Scientific Publishing Company

the previously reported iron and cobalt analogs [11].
Although McKeown and coauthors mention that the
presence of the bidentate ligand (so-called wall ties) in
the iron and cobalt structures is critical for the formation
of the nanoporous walls and maintaining stability [11],
the lack of such bidentate ligand in our vanadyl complex
indicates that the hydrophobic isopropyl group interac-
tions can play at least as significant role as the bidentate
ligands. The large intermolecular distances of the cavity
(about 3.7 nm) are critical for the application of the vana-
dyl and titanyl complexes in spintronics as it is expected
that titanyl complex 4 will crystallize in a similar phase.
The low quality of the crystal structure for the red trimer
3 precludes definitive elucidation of the terminal groups.

367
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Fig. 2. EPR spectrum of vanadyl complex 2 in frozen solution
(DCM:THF 50:50 v/v) at 153K.

However, the crystallographically determined C=0 bond
distance is ~1.20 A, which are characteristic for C=0
double rather than imine group. Again, because of the
small size of the crystals, we were not able to refine this
crystal structure and only used it here to prove the con-
nectivity in 3. From a molecular connectivity point of
view (Fig. 3d), it is clear that the driving force for the
formation for the red trimer is the presence of strong
hydrogen bonds between N-H fragments of the outer
subunits and the pyrazine nitrogen atoms located in the
central sububit.

The electronic structure and nature of the excited states
in all macrocyclic complexes were probed by density

functional theory (DFT) and time-dependent density
functional theory (TDDFT) calculations. The energy dia-
gram of the compounds (2-6) and select images of their
frontier orbitals are given in Figs. 4, 5, Supporting Infor-
mation as well as in Table 1. First, we need to mention
that all geometry optimizations, single point, and TDDFT
calculations, were conducted on the full structures of 2-6.
In these cases, the optimized geometry is indicative of
the perpendicular orientation of 2,6-diisopropylphenoxy
groups concerning the macrocyclic plane which agrees
well with all known X-ray crystal structures of this sys-
tem [11]. On the contrary, the usual truncation of the
isopropyl groups from the initial structure of 2-6 leads
to optimized geometries in which one of the phenoxy
groups becomes fully conjugated with the macrocycle.
Such conjugation is expected for phthalocyanines and
their analogs with sterically unhindered aromatic sub-
stituents. Thus, optimization of the full structures (2-6)
results in reasonable geometries. The DFT predicted
HOMO for complexes 2-6 resembles the Gouterman [26]
a,, (in a standard D,, point group notation) orbital. The
LUMO and LUMO+1 in all compounds resemble Gou-
terman’s pair of ¢, orbitals. In the case of the vanadyl
complex 2, the HOMO-1 (oi-set) is a vanadyl-centered
d,, orbital, which agrees well with the observed EPR
spectrum of this compound. The classic Gouterman’s
a,, orbital in all macrocycles is well separated from the
frontier orbitals energies and was predicted to be the
HOMO-21 in the metal derivatives and HOMO-23 in the
metal-free 6. However, the HOMO-2 also has an a,, sym-
metry although it has no electron density on the inner
nitrogen atoms and has a substantial contribution from
the phenoxy groups (Fig. 5).

Taking into consideration the large size of the systems
and the necessity to use a large basis set for the prediction

Fig. 3. X-ray crystal structure of complex 2 (a-c) and trimer 3 (d); (a): top view of 2; (b) side view of 2; (c) packing diagram for 2.

Copyright © 2023 World Scientific Publishing Company
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Table 1. DFT-predicted (M06 functional) composition for the Table 1. (Continued)
selected MOs in macrocyclic compounds 2, 4-6.

MO Energy/eV % M (M=0) % PyzPz Core % Phenoxy

MO Energy/eV % M (M=0) % PyzPz Core % Phenoxy

H,PyzPz (6)
VOPyzPz (a-set, 2) H-26  -8.096 82.97 17.03
H-3 -6.882 1.24 33.98 64.78 H-23 27786 93.03 6.97
H-2 -6.881  0.64 37.24 62.12 19 -7.157 3471 65.29
H-1 -6.661 62.16 36.67 1.18 H-7 -6.900 34.36 65.64
HOMO -5989 0 94.70 5.29 Hed 6,880 071 99.20
LUMO -3.409 2,29 91.70 6.01 H-3 6877 1.23 98.77
VOPyzPz (f-set, 2) LUMO  -3.350 93.26 6.74
H-4 6891 089 30.77 68.34 L+ 3304 0476 594
H-3 -6.891 089 30.77 68.34 142 1.839 64.68 15.32
H-2 6881  0.54 37.42 62.04 L3 1,683 63.59 36.41
H-1 -6.871 0.08 36.85 63.06
HOMO -5.978 0.00 94.72 5.27
LUMO  -3.409 1.67 92.23 6.11 of the excited state properties, the TDDFT calculations
Lel 3.409 167 92.23 6.11 were conducted only for the diamagnetic compounds.
TDDFT-predicted spectra of all macrocycles agree well
L+2 -1.905 1.10 66.79 3z1 with the experimental data (Fig. 1 and Supporting Infor-
L+3 -1.785 4.23 59.47 36.29 mation). In the case of the higher symmetry titanyl and
TiOPyzPz (4) magnesium complexes 4 and 5, TDDFT calculations pre-
dict three degenerate pairs of transitions that are respon-
H-21 -7.896 11.22 86.29 2.50 .
o sible for the observed Q-band, ~430 nm band, and Soret
H-4 -6.898 1.21 31.34 67.45 band in these compounds. The first pair of the transi-
H-3 -6.898 1.21 31.34 67.45 tions (Table 2) originates from the HOMO — LUMO,
H-2 -6.896 0.57 35.53 63.90 LUMO+1 single-electron transitions and can be easily
assigned as the traditional Q-band in the classic Gouter-
H-1 -6.883 0.08 94 63.98 . .
359 man’s four-orbital model. According to TDDFT calcula-
HOMO -6.045 0 94.67 5.32 tions, the ~420 nm band is dominated by the HOMO-2
LUMO -3.460 143 92.63 5.94 — LUMO, LUMO+1 single-electron transitions. The
L+1 -3.460 1.43 92.63 5.94 HOMQ-Z in these compou.nds .has' a,, Symmetry but a
L2 2304 $7.07 42.49 044 very different e’lectron d.ensr[y dlStI:lblltlon from.the c{as—
sic Goutermna’s a,, orbital. More important, this orbital
L+3 -1.934 141 67.07 31.52 has a predominant (~67%) contribution from the periph-
MgPyzPz (5) eral phenoxy groups, while the LUMO and LUMO+1
H-21 -7.666 1.74 96.44 1.82 are almost entirely localized at the macrocycle. Thus,
this pair of transitions has a significant charge-transfer
e Bl 0 OIS Sl (OPh — Pc) charge-transfer character. Finally, the third
H-3 -6.820 0 40.82 59.17 pair of intense transitions predicted by TDDFT calcu-
H-2 -6.815 0.15 41.90 5795 lations in 300-350 nm spectral envelope belongs to the
H-1 6.776 0 48.69 51.31 Soret band and is dominated by the Gouterman’s a,,
(HOMO-21) — e, (LUMO, LUMO+1) single-electron
HOMO' 5886 : i 515 transitions. Reduction of the effective symmetry from
LUMO  -3.287 0 94.23 5.77 four-fold in the metal-containing complexes 2,4, and 5 to
L+1 -3.287 0 94.23 5.77 two-fold in metal-free 6 results in a larger number of the
L+2 -1.731 0 65.67 34.33 allowed transitions (Table 2). Nevertheless, the Q- and
L+3 1.655 153 60.83 3764 Soret-bands still can be easily identified in the TDDFT

calculations although the TDDFT-predicted splitting of
(Continued) the Q, and Q, bands is rather small.

Copyright © 2023 World Scientific Publishing Company J. Porphyrins Phthalocyanines 2023; 27: 369-372
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Table 2. Major TDDFT-predicted excited state contributions for all compounds using the MOG6 exchange-correlation functional in

the gas phase.
Excited state A (nm) E (cm™) Osc. Str., f % Contributions Assignment
Ti(O)PyzPz (2)
1,2 593 16876 0.3375 H — L/L+1 (81%) Q-band
9,10 429 23336 0.4553 H-2 — L/L+1 (79%) CT
58, 59 332 30143 0.5918 H-21 — L/L+1 (56%) Soret band
MgPyzPz (5)
1,2 584 17131 0.3941 H - L/L+1 (90%) Q-band
8,9 419 23869 0.4481 H-2 - L/L+1 (81%) CT
56, 57 327 30625 1.257 H-21 — L/L+1 (72%) Soret band
H,PyzPz (6)
1 584 17097 0.3603 H — L+1 (87%) Q,-band
2 579 17263 04161 H — L (90%) Q,-band
7 412 24284 0.2966 H-7 — L+1 (72%) CT
9 409 24418 0.5954 H-7 - L(74%) CT
37 375 26671 0.2277 H-19 — L (90%) ?
56 323 30945 1.34 H-23 — L+1 (58%) Soret band
57 322 31059 0.7202 H-23 — L (58%), H-26 — L+1 (23%) Soret band
58 321 31103 0.2385 H-26 — L+1 (68%), H-23 - L (19%) ?
-1 LUMO+3 LU+2 LU+1 LUMO
-2 - = = j— = — S T e
— o
3
-3 3 ; 7,
9;—4~. HOMO HOMO-1 HOMO-2 HOMO-3
[} ¢ B
5 -5+
o
Q
.1 — - - — _ |&
_zal j— - . —— - HOMO-4  HOMO-5 HOMO-8 HOMO-21
VOI ()] VO'(B) Ti10 Mlg Metall free

Fig. 4. DFT-predicted (MO06 functional) energy diagram for the
target compounds.

CONCLUSIONS

In this paper, we have discussed synthetic strategies
for the preparation of titanyl and vanadyl tetrapyrazino-
porphyrazines with eight 2,6-diisopropylphenoxy groups
located at the peripheral positions of the macrocycle.
Formation of the red-colored open-chain trimer was also
observed at specific reaction conditions. The (magneto)
optical spectroscopy of the new compounds reveals the
expected trends although DFT and TDDFT calculations
predict substantial charge-transfer (OPh — Pc) char-
acter for the bands observed between 400 and 500 nm.

Copyright © 2023 World Scientific Publishing Company

Fig. 5. DFT-predicted (MO6 functional) selected frontier MOs
for complex 5.

X-ray crystal structure of the vanadyl complex 2 is very
close to those published for cobalt and iron analogues
and is indicative of the role of intermolecular hydropho-
bic interactions. Redox properties of the new compounds
reveal expected trends with observable oxidation and
reduction waves. EPR spectrum of complex 2 confirms
its axial symmetry and the presence of the EPR-active
d,, orbital.
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