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Biliazines, tetradentate chelates similar to the bilin class of heme metabolites, are ring open phthalocyanine

analogs where the chelate ring is closed by a hydrogen bond. Linked dimers of biliazines, incorporating both
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pyrazole and indazole chelate precursors and zinc ion in a 4 : 3 ratio. The dimers are comprised of zinc
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Introduction

For nearly a century, phthalocyanines and their metal adducts
have performed key roles as blue or green dyes and pigments.'
Comprised of four isoindoline units linked by sp> hybridized
nitrogen atoms, phthalocyanine remains important as both
a bulk colorant and in increasing roles as an advanced material,
useful in applications ranging from light harvesting to catalysis
or organic transformations.*® While the chemistry and proper-
ties of phthalocyanines and their metal adducts are well under-
stood, much less work has been carried out on the development
of phthalocyanine analogue compounds. We have been working
on the development of phthalocyanine analogues, which can be
defined as isoindoline-based chelate systems that share many of
the structural features of normal phthalocyanines.’*** Many of
these compounds can be produced by using 1,3-di-
iminoisoindoline (DII) as a precursor.** DII is commercially
available and can be produced in one step from phthalonitrile.
DII has shown rich chemistry since it was introduced by Linstead
in the early 1950s;*** this compound can be used to form
a variety of metal chelating compounds®**® as well as a class of
phthalocyanine analogues known as the hemiporphyrazines.**

Several years ago, we introduced the biliazine chelate, a ring-
open phthalocyanine analogue comprised of two isoindoline and
two pyrazole or indazole units (Scheme 1).* For this chemistry, we
employed pyrazole or indazole modified DIIs as starting materials,
which we have referred to as semihemiporphyrazines.” The name
biliazine was inspired by the bilin class of heme metabolites,
which can bind to metals as an open macrocycle. The biliazine
open macrocycle is notable as it forms via a template reaction and
the ring is closed by a strong hydrogen bond between the pyrazole
or indazole subunits. We surmised that this hydrogen bonded pair
of heterocycles could potentially coordinate to a metal ion upon
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deprotonation. Replacing the hydrogen bond with a metal ion
would close the ring and potentially affect the electronic structure
of the newly formed metallomacrocycle.

In this report, we present the synthesis and characterization
of a pair of biliazine dimer complexes. This chemistry repre-
sents the first example of such a metal-based ring closure for an
isoindoline-based chelate system. While deprotonation and
subsequent metal chelation is not a viable route for dimer
formation, we were able to use a self-assembly method to afford
the metal linked dimers. These compounds have two zinc
environments: a square pyramidal zinc ion at the core of the
chelates and a second four coordinate Zn(u) site that links the
two biliazine units together. We interrogated the spectroscopy
and electronic structure using both experimental and theoret-
ical methods, and we deduced that closing of the ring with zinc
ion does not induce aromatic ring currents in these systems.

Experimental
General information

All reagents and starting materials were purchased from
commercial vendors and used without further purification. The

pyrazole and indazole semihemiporphyrazine chelate
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Scheme 1 Synthesis of biliazine dimers 1 and 2. Axial solvent mole-
cules (DMF and H,0) on 1 and 2 have been omitted for clarity.
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precursors were synthesized according to published proce-
dures."* Deuterated solvents were purchased from Cambridge
Isotope Laboratories and used as received. NMR spectra were
recorded on a 300 MHz spectrometer and chemical shifts were
given in ppm relative to residual solvent resonances. High-
resolution mass spectrometry experiments were performed on
a Bruker MicroTOF-III and MicroTOF-qIII instruments. X-ray
intensity data were measured on a Bruker CCD-based and
PHOTON II CPAD-based diffractometer with dual Cu/Mo ImuS
microfocus optics (Cu Ko radiation, 2 = 1.54178 A, Mo Ka
radiation, A = 0.71073 A). Crystals were mounted on a cryoloop
using Paratone oil and placed under a steam of nitrogen at 100
K (Oxford Cryosystems). The detector was placed at 5.00 cm
from the crystal, and the data were corrected for absorption
with the SADABS program. The structures were refined using
the Bruker SHELXTL Software Package (Version 6.1)* and were
solved using direct methods until the final anisotropic full-
matrix, least squares refinement of F2 converged. X-ray data
collection and structure parameters are presented in Table S1.
UV-visible spectra were recorded on a SHIMADZU UV-2600i UV-
visible spectrometer.

Synthesis of 1

64 mg (0.303 mmol) of pyrazole semihemiporphyrazine was
dissolved in 4 mL of DMF. 50 mg of Zn(CH;CO,), 2H,0 (0.228
mmol) was added to the DMF solution and stirred at room-
temperature for 1 hour. After removing the solvent DMF with
rotary evaporator, the resultant red powder was washed with
MeOH and dried. Yield: 49 mg (64%). '"H NMR (300 MHz,
DMSO-dg): 6 (ppm): 8.15 (m, 4H), 7.98 (m, 4H), 7.70 (m, 8H),
7.52 (m, 4H), 6.51 (m, 4H). HRMS (TOF LD+) m/z: caled for
Ca4H,5N1gZn5: 1001.0342, found 1001.0362 (M + H'). Crystals
suitable for X-ray diffraction were grown by slow evaporation
from DMF, and we observed the formation of two crystal forms
(1a and 1b) each with two equivalents of DMF solvate per dimer.

Synthesis of 2

The same procedure was used as for 1 but with 84 mg of inda-
zole semihemiporphyrazine (0.304 mmol) and 50 mg of
Zn(CH;CO,),-2H,0 (0.228 mmol). Yield: 54 mg (59%). "H NMR
(300 MHz, py-ds): 6 (ppm): 8.18 (dd, 4H), 7.98 (d, 4H), 7.78 (d,
4H), 7.75 (m, 8H), 7.34 (dd, 4H). 7.21 (t, 4H), 7.11 (t, 4H). HRMS
(TOF LD+) m/z: caled for CgoH3z3NigZns: 1201.0974, found
1201.0980 (M + H"). Crystals suitable for X-ray diffraction were
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grown by slow evaporation from DMF. The crystal included two
equivalents of DMF solvate per dimer.

Computational details

The starting geometries of compounds 1 and 2 were optimized
using a B3LYP exchange-correlation functional,” and were in
good agreement with experimentally determined data. Energy
minima in optimized geometry were confirmed by the
frequency calculations (absence of the imaginary frequencies).
The solvent effect was modeled using the polarized continuum
model (PCM).*® In all calculations, DMF was used as the solvent
(in the PCM-TDDFT calculation, the first 30 states were calcu-
lated. All light atoms were modeled using the 6-311G(d)* basis
set. Full-electron Wachter's basis set was used for zinc atoms.
Gaussian 09 software was used in all calculations.*® The QM
Forge program was used for molecular orbital analysis in all
cases."*

Results and discussion

Initially, we attempted to insert a metal after synthesis of the
biliazine. The zinc biliazine hydrogen bond can be considered
as very strong, as it exhibits a chemical shift of 16.73 ppm as
well as a N-N distance of ~2.7 A.** Unsurprisingly, the strength
of the hydrogen bond is such that moderate bases such as di-
isopropyl ethylamine (DIPEA), pyridine, or metal acetate salts
are unable to deprotonate this position. The significantly
stronger organic base 1,8-diazabicycloundec-7-ene (DBU) simi-
larly does not deprotonate zinc biliazine. We can remove the
bridging proton by using lithium diisopropylamide, as observed
by UV-visible spectroscopy, but strong bases tend to hydrolyse
the ring if water is present. Although we are currently opti-
mizing the deprotonation of metal biliazine complexes with
lithium salts, we found that a zinc bridged dimer complex could
be produced directly via self-assembly from pyrazole- or
indazole-modified diiminoisoindolines by reacting with an
increased number of equivalents of metal acetate salt in DMF
solution.

Scheme 1 shows the reaction between the pyrazole and
indazole-based DII chelates and an increased number of
equivalents of zinc acetate in DMF. Reaction between the
chelate precursors and zinc ions in a 4:3 ratio results in the
formation of biliazine dimers. The resultant compounds were
much less soluble than their parent monomeric biliazines,
showing only appreciably solubility in DMF and in pyridine. We

Fig. 1 X-ray crystal structures of 1a (left), 1b (middle), and 2 (right) with 50% thermal ellipsoids. Hydrogen atom positions and co-crystallized
solvent molecules (two equivalents of DMF per dimer for each structure) have been omitted for clarity.
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Table 1 Selected bond lengths (A) and angles (°) for 1a, 1b, and 2
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la 1b

2

Zn-N (macrocycle core) A 2.0791(19), 2.1192(19), 2.0904(19),
2.0875(19), 2.0869(19), 2.1189(19),
2.1189(19) 2.0859(19)

1.972(2), 1.969(2), 1.950(2), 1.961(2)
108.28(8), 115.02(9), 113.00(9),

106.00(8), 110.59(8), 103.63(8)

Zn-N (bridging), A
N-Zn-N (bridging), °

were able to isolate the dimeric products as pure crystalline
solids and we obtained single crystals suitable for X-ray struc-
ture determination for both compounds. Two different crystal
forms were elucidated for the pyrazole-based biliazine system
along with a single crystal form for the indazole variant. The
structures of the two forms of 1 and the single form of 2 are
shown in Fig. 1. Selected bond lengths and angles for the three
structures are shown in Table 1. Both pyrazole-based dimer
crystals were grown from DMF, and each exhibits a five coor-
dinate Zn(u) ion at the centre of the chelate with an axial solvent
bound through its oxygen atom. In 1a, the two metal sites have
different solvents (water and DMF) while in 1b the axial solvents
are both DMF molecules. In both cases, the two chelate rings
are closed and linked together via a third Zn(u) ion. The primary
difference between the two forms is the relative twist of the two
biliazine rings; in one form the two rings are nearly orthogonal,
while in the second there is an appreciable bend in the overall
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Fig. 2 Experimental and TDDFT calculated spectra for 1 (top) and 2
(bottom) in DMF. Calculations used axial water ligands in place of DMF.
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2.104(5), 2.084(6), 2.115(5), 2.068(5)

1.964(6), 1.964(5)
120.5(3), 103.6(2), 102.5(2), 125.8(3)

2.123(5), 2.100(4). 2.110(5), 2.115(4)

1.977(4), 1.978(5)
107.4(3), 114.42(18), 106.92(19),
107.0(3)

structure. The indazole-based dimer 2 exhibits six coordinate
zinc centres in each macrocycle unit, with water and DMF each
bound on opposite sides of the metal, and the central linking
zinc is tetrahedral as observed in 1a and 1b. The variation of the
equatorial Zn-N bond lengths is greater in 1a and 1b (~2.08-
2.12 A) than in 2, where all such bonds measure between ~2.10
and ~2.12 A. For the Zn-N bonds at the central metal position,
which links the two macrocycles, the lengths are shorter,
ranging from an average of ~1.96 in 1a and 1b to ~1.98 in 2. In
the latter case, this increase in length is most likely due to the
steric bulk of the indazole rings. The orthogonal structures 1a
and 2 exhibit less distortion from tetrahedral, showing angles
relatively close to ideal, ranging from ~106° to ~115°. In
contrast, 1b has much greater deviation from ideal angles at the
central zinc ion, with angles ranging between ~103° and ~121°.

In both 1 and 2, the central zinc ions effectively close the
macrocycle rings through coordination of the pyrazole and
indazole units respectively. This ring closure raises the question
of the possible induction of aromaticity upon dimer formation.
In the biliazine monomer systems, the rings are linked through
a hydrogen bond between the pyrazole units, and we did not
observe any aromatic cross conjugation in those systems. Based
on our observation, the closing of the biliazine ring with zinc
ion does not induce any aromatic ring current effects. Experi-
mentally, the lack of aromaticity can be confirmed via UV-visible
spectroscopy and through NMR spectroscopy. The UV-visible
spectrum, shown in Fig. 2, does not exhibit features consis-
tent with an aromatic Gouterman-type four orbital model
system.*>** The spectra of 1 and 2 resemble that of their parent
monomeric systems, and the extinction coefficients, which are
on the order of 10 are consistent with a non-aromatic conju-
gated T system. Neither 1 nor 2 exhibit any significant emission
upon irradiation. The "H NMR spectra of 1 and 2, while missing
the distinctive hydrogen bonded proton position in monomeric
biliazine, lack significant ring current effects in the observed
chemical shifts to attribute any annulene-type aromaticity to
either dimer system. Considering the electronic structure of
zinc ion, which has highly destabilized p orbitals relative to the
7 system of the biliazine chelate, it is not surprising that
aromaticity is not induced in 1 and 2 upon ring closure and
dimerization.

We further probed the electronic structure of 1 and 2
through the use of DFT and TDDFT methods. Fig. 3 shows the
frontier orbital energies and structures for compounds 1 and 2.
Orbital composition charts and frontier orbital structures can
be seen in the SI file (Fig. S3-S6) Due to their orthogonal
structures, the orbitals on each half of the linked dimers

RSC Adv, 2026, 16, 24747-24751 | 24749
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Fig. 3 Simplified frontier energy level diagram of the pyrazole dimer 1
(right) and the indazole dimer 2 (left).

minimally interact. This results in pairs of nearly degenerate
orbitals resulting from the contribution of each biliazine unit.
Individually, the electronic structure of each portion of the
dimer resembles that of monomeric biliazine. The frontier
orbital structures for the two compounds exhibit similar
distributions of electron density (SI Fig. S5 and S6), and
inspection of the atomic orbital composition for the frontier
orbitals reveals that these molecular orbitals are primarily 7 in
character (SI Fig. S3 and S4). As observed in monomeric zinc
biliazine, the zinc ion orbitals do not play a significant role in
the m systems of the dimer. This last aspect of both 1 and 2
helps to explain why the zinc ion bridge does not induce
aromatic cross conjugation in either ring system.

In conclusion we have closed the ring in biliazine via the
synthesis of dimer compounds linked by use of a zinc metal ion.
This synthesis occurs through a self-assembly process, and not
via initial formation and deprotonation of the monomer
precursor, as the strongly hydrogen bonded proton position is
highly resistant to removal. We were able to construct dimers
from both pyrazole and indazole-based isoindoline chelates. The
linking zinc ion is tetrahedral, resulting in non-coplanar linked
rings. Due to this lack of planarity, there is little electronic
interaction between the rings. In addition, due to the closed shell
electronic structure of the linking zinc ion, we do not observe the
induction of aromaticity in either dimer system. We will continue
to explore ring closure and dimer formation in the biliazines and
in related modified isoindoline-based systems.
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