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Dear Readers! This issue of the “Macroheterocycles”  published five years ago.[!
contains several papers dedicated to Professor Aslan Recent selected results will be presented in following
Yusupovich Tsivadze, full member of Russian Academy of interconnected fields:
Sciences, President of Mendeleev Russian Chemical Socie- sSynthesis of novel macrocyclic systems
ty, scientific leader of A.N. Frumkin Institute of Physical *Spectroscopy and theory
Chemistry and electrochemistry of Russian Academy of *Biomedical applications
Sciences on the occasion of his 80 birthday. *Catalytic applications
This welcoming review summarizes and highlights * Hybrid materials
some of scientific advances in the field of tetrapyrroles, *Proton-conducting metal-organic frameworks
which were achieved under the leadership of A. Yu. Tsivadze *Magnetic materials
over 2018-2022. This digest complements a previous review *Molecular switches and supramolecular chemistry
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Advances in Tetrapyrrolic Chemistry over 2018-2022
Synthesis of Novel Macroheterocyclic Systems

In the last five years, special attention has been paid to
the development of synthetic approaches to extended ana-
logues of porphyrins and phthalocyanines. It is known that
such an extension changes the physicochemical properties
of macrocycles, which is widely used to tune their function-
al characteristics.

Porphyrins conjugated with heterocycles

A general strategy for the preparation of functional-
ized imidazole- and pyrazine-appended porphyrins involv-
ing in situ generation of 2,3-diaminoporphyrin and its sub-
sequent interaction with carbonyl compounds was devel-
oped (Figure 1).12!

Several methods for the post-synthetic modification of
imidazo[4,5-]porphyrins were also proposed. First, a syn-
thetic approach to the isomeric difunctionalized porphyrins,
containing two [3,’-fused 2-aryl-1-imidazole cycles at adja-
cent or opposite pyrrole rings of the macrocycle was devel-
oped. The core chemistry of this synthetic route was the
transformation of 2-aryl-1-imidazo[4,5-]porphyrins into
corresponding imidazodioxochlorins followed by Debus—
Radziszewski condensation with aromatic aldehyde. Next,
2-(4-bromophenyl)-1-imidazo[4,5-]-5,10,15,20-tetramesityl-
porphyrin was transformed into useful carboxy- and phos-
phonato-substituted precursors for material chemistry ac-
cording to palladium-catalyzed C—C and C-P bond forming
reactions.[34]

A convenient synthetic strategy for the efficient prepa-
ration of new functionalized low-symmetry A,BC-type
porphyrins bearing meso-areneimidazolyl fragment was
developed. The reactivity of the key precursors, namely 5-
bromo-15-imidazolylporphyrins, in C—C-coupling reactions
was evaluated providing access to target functional deriva-
tives.)

Heteroleptic sandwich complexes with imidazole- or
pyrazine-appended low-symmetry porphyrin ligands were
synthesized, and influence of heterolcyclic annelation on
optical properties of complexes was revealed.!®

Zinc complex with 2-(4-pyridyl)-1H-imidazo[4,5-
b]porphyrin was found to behave as a supramolecular tec-
ton: in crystalline phase, this complex exists as a zigzag
coordination polymer formed through the axial coordination
of the pyridine nitrogen atom to the zinc ion of the neigh-
bouring porphyrin molecule.!”]
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Figure 1. Revisiting 2, 3-diaminoporphyrins: key synthons
for heterocycle-appended porphyrins.[?]
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Figure 2. Heterocycle-appended porphyrins: synthesis
and challenges.]

New pyrazine-fused porphyrin dimer was unexpected-
ly produced by mild oxidation of [2,3-diamino-5,10,15,20-
tetrakis(4-butoxyphenyl)porphyrinato]nickel(1r) in 40% yield.
The obtained porphyrin dimer demonstrated bathochromic
shift of absorption bands compared to the reported ana-
logues, along with panchromatic absorption in the 250—650 nm
range, which is promising for optical, photovoltaic and
medical applications.!®

The advances in synthesis of heterocycle-appended
porphyrins were summarized in a comprehensive review, !
which also comprises the most interesting and promising
physical-chemical properties of these compounds and relat-
ed challenges of their practical applications in different
fields (Figure 2).

n-Extended derivatives of phthalocyanines

Tetra-15-crown-5-naphthalocyanines as first repre-
sentatives of crown-substituted m-extended phthalocyanines
were synthesized and characterized (Figure 3). The possi-
bility to control their aggregation and photophysical proper-
ties by reversible formation of supramolecular assemblies
in the presence of KOAc was demonstrated.''” In course of
investigation of crown-substituted phthalo- and naphthalo-
cyanines the side process of aromatic nucleophilic substitu-
tion causing crown-ether cleavage was found.!''! The guide-
lines were suggested for the choice of bases and template
agents in the synthesis of (na)phthalocyanines functional-
ized with macrocycles.

The approach toward synthesis of 5,8-disubstituted
naphthalonitriles as the universal platform for the range of
novel functionalized highly soluble and nonaggregating
naphthalocyanines was developed.['?! The selective bromin-
ation of 15-crown-5-naphthalonitrile was described, that
can pave way to wide application of transition-metal cata-
lyzed cross-coupling reactions for the synthesis of function-
alized naphthalonitriles and naphthalocyanines based on
6,7-dialkoxy-substituted precursors.
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Figure 3. Crown-substituted naphthalocyanines: synthesis and
supramolecular control over aggregation and photophysical
properties.[1%
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Figure 4. Synthesis, electronic structure and NH-tautomerism
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Figure 5. Methodological survey of simplified TD-DFT methods
for fast and accurate interpretation of UV—vis—NIR spectra
of phthalocyanines.[!”]

Novel low-symmetry benzoannelated metal-free
phthalocyanines of A3;B-, ABAB- and AABB-types were
synthesized by statistical condensation of phthalonitrile A
bearing bulky solubilizing groups and new naphthalonitrile B
with OH-terminated diethylene glycol anchors (Figure 4).1'%!
Comprehensive physical-chemical characterization of the
synthesized macrocycles allowed to identify the spectro-
scopic signatures of various tautomers including energy-
unfavourable forms and provided tools to control their ag-
gregation.'4]

Spectroscopy and Theory

A methodological survey of density functional theory
(DFT) methods for the prediction of UV-visible—near-
infrared spectra of phthalocyanines was reported.l'>] Four
methods, namely, full time-dependent TD-DFT and its
Tamm-Dancoff approximation (TDA), together with their
simplified modifications (STD-DFT and sTDA, respective-
ly), were tested by using the examples of unsubstituted and
alkoxy- substituted metal-free ligands and zinc complexes
(Figure 5). The theoretical results were compared with ex-
perimental data derived from UV-visible absorption and
magnetic circular dichroism spectroscopy. This work was
performed with the colleagues from Rhodes University
(Prof. Tebello Nyokong group, South Africa).

The best accuracy for the gas-phase vertical excitations
was observed in the lower-energy Q-band region for calcula-
tions that made use of range-separated hybrids for both full
and simplified TD-DFT approaches. The CAM-B3LYP func-
tional provided particularly accurate results in the context of
the sTD-DFT approach. Together with a general increase in
accuracy, the application of simplified TD-DFT methods
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affords a 23 orders of magnitude speedup of the calculations
in comparison to the full TD-DFT approach. Thus this meth-
od can be readily used on desktop computers during the in-
terpretation of UV—Vis—NIR spectra of phthalocyanines and
related macrocycles, and numerous examples of its success-
ful application were reported by our group over last five
years.[121316-19]

DFT calculations were also widely used to explain
various phenomena related to tetrapyrrole reactivity and
spectroscopy, including formation and photophysics of
complexes with phosphorus(V),[?*?!! nucleophilic substitu-
tion of bromine in B-bromo-porphyrins,’??! optical limiting
by In(Ill) and Ga(Ill) complexes with low-symmetry
phthalocyanines,?*! conjugation in imidazoporphyrins with
appended polycyclic aromatic hydrocarbons,?! Raman
spectroscopy of phthalocyanines for development of ultra-
sensitive optical fingerprinting of biorelevant molecules on
nanostructured metasurfaces.’]

Biomedical Applications

Novel photosensitizers and multimodal agents for
thermometry and imaging

New synthetic pathway toward water-soluble phthalo-
cyanines bearing cationic 4-(N,N,N-trialkylammonium-
methyl)-phenoxy groups has been elaborated (Figure 6).[2!
It involved the convenient reductive amination of various
(4-formylphenoxy)-substituted phthalonitriles with diethyl-
amine and NaBH(OAc);, leading to 3-, 4- and 4,5-(p-
diethylaminomethyl-phenoxy)-substituted phthalonitriles as
precursors to new Zn(II), Mg(Il) and metal-free phthalocy-
anines containing four or eight cationic groups in non-
peripheral (a-) or peripheral (3-) positions. Cationic com-
plexes showed moderate solubility in water with high ten-
dency to aggregation, however a-substituted Zn(Il) and
Mg(II) complexes existed in water in predominantly mon-
omeric states capable of singlet oxygen generation. Further
monomerization of Zn(Il) complex in aqueous solution was
achieved by interaction either with non-ionic surfactant
Tween-80 or bovine serum albumin (BSA). The advantage
of these results was not limited to new convenient synthetic
approach to the cationic phthalocyanines but it also consist-
ed in preparation of new phototherapeutic agents with
promising photophysical and photochemical properties.
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Figure 6. Robust route toward cationic phthalocyanines through
reductive amination.[2%]
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Anti-cancer treatment efficiency can be significantly
enhanced by the synergistic effect of the combined photo-
therapy that nowadays is under intensive preclinical and
clinical studies. To minimize collateral damage, the com-
bined phototherapy should be accompanied by a real-time
thermal sensing. However, it is still challenging to develop
multifunctional agent which combines therapy and tempera-
ture control.

In collaboration with Saint Petersburg State University
we have shown that contactless fluorescent thermometry
based on ratiometric and lifetime approaches can be per-
formed using water-soluble anionic tetra sodium salt of
meso-tetrasulfonatophenylporphyrinate and cationic meso-
mono(4-pyridyl)-triphenylporphyrinatophosphorus(V) bro-
mide MPyPP(OH), photosensitizers (Figure 7).*”1 Both
sensing techniques provide simple linear calibration
curves in the biological temperature range. Porphyrins'
cytotoxicity was studied in vitro both in dark and blue-
light activated conditions. Exposure-dependent cell viabil-
ity showed that porphyrins could be used as molecular
thermometers for phototherapy to avoid heat-induced ad-
verse effects or as promising photosensitizers depending
on chosen laser power.

Figure 7. Water-soluble multimode fluorescent thermometers based
on porphyrins photosensitizers.?”]
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Figure 8. Platinum(Il) and palladium(Il) complexes with
electron-deficient meso-diethoxyphosphorylporphyrins: synthesis,
structure and tuning of photophysical properties by varying peripheral
substituents.[*”]

MPyPP(OH), was then used as subcellular ratiometric
thermal sensor in CHO-K1 and HeLa cells within the bio-
logical temperature range (3044 °C).*¥ Introduction of
porphyrin into cells resulted in its dephosphorylation and
change of luminescence properties. Ratiometric sensing
was performed using peak-to-peak and peak-to-valley rati-
os. Thermometric performance was evaluated in terms of
absolute and relative sensitivities, temperature resolution.
Relative thermal sensitivity and temperature resolution
reached 0.61% K- and 0.1 °C, respectively in the case of
CHO-K1 cells.

A series of electron-deficient platinum(Il) and palladi-
um(Il) complexes with phosphorylated porphyrins was syn-
thesized and it was demonstrated that these complexes emit
at room temperature in the near-infrared region at 670—770 nm
(Figure 8).*! Effective homogeneous oxygen quenching
and good sensitivity in toluene (~155 Pa™! s™!) were ob-
served for the platinum(Il) complexes with phosphorylpor-
phyrins in solution. Platinum and palladium trimesit-
ylphosphorylporphyrins exhibit high photostability in DMF
solution and seem to be the most potentially interesting
derivatives of the series for oxygen sensing in biological
samples and the covalent immobilization on solid supports
to prepare sensing devices including optic fibers. This study
was performed in collaboration with colleagues from Insti-
tute of Analytical Chemistry and Food Chemistry, Graz
University of Technology, Austria (Dr. Sergey M. Borisov)
and Institut de Chimie Moléculaire de I'Université de Bour-
gogne, Dijon, France (Dr. Alla Bessmertnykh-Lemeune).

Binding of photosensitizers with bilayer lipid
membranes

Bilayer lipid membranes (BLM) have already been
widely acknowledged as convenient models to study bind-
ing of photosensitizers with cell surfaces and mimic photo-
dynamic action in membrane environment.[3% In collabora-
tion with the laboratory of bioelectrochemistry (IPCE RAS)
we reported the synthesis, lipid membrane binding and pho-
todynamic activity of three novel cationic PSs based on 3-
imidazolyl-substituted porphyrin and its Zn(II) and In(III)
complexes.?!! Comparison of the behavior of the investi-
gated porphyrins at the BLM demonstrated the highest ad-
sorption for the In(IIl) complex and the lowest one for
Zn(IT) complex. The photodynamic efficiency of these por-
phyrins was evaluated by determining the oxidation rate of
the styryl dye, di-4-ANEPPS, incorporated into the lipid
membrane. These rates were proportional to the surface
density of the porphyrin molecules at the BLM and were
roughly the same for all three porphyrins. This indicates
that the adsorption of these porphyrins at the BLM deter-
mines their photodynamic efficiency rather than the extinc-
tion or quantum yield of singlet oxygen.

We also reported the synthesis, membrane binding
properties and photodynamic efficiency of novel dicationic
free-base, Ni(Il) and Zn(II) pyrazinoporphyrins with termi-
nal tetraalkylammonium groups, to show the possibility to
enhance the membrane binding of PS molecules, regardless
of the central cation (Figure 9).321 All of these substances
adsorb at the lipid membrane, while free-base and Zn(II)
porphyrins actively generate singlet oxygen in the mem-
branes. Thus, this study revealed a new way to tune the
PDT activity of PSs in biological membranes through de-
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signing the structure of the peripheral groups in the macro-
cyclic photosensitizer.

Hybrid materials for biomedical applications

The influence of cerium oxide nanoparticles on singlet
oxygen generation upon photosensitizer irradiation was
studied in collaboration with Laboratory of Synthesis of
Functional Materials and Mineral Processing (IGIC RAS).
Thus, solutions of tetra-15-crown-5-phthalocyanines (alumin-
ium(II), gallium(I1l) and indium(IIT) hydroxide) in DMSO
were used as photosensitizers. Ceria nanoparticles (CNPs)
were shown to inhibit the photobleaching process of the
crown-phthalocyanines induced by UV- and visible irradia-
tion of these photosensitizers. The photoprotective proper-
ties of CNPs were shown to depend on their size and lattice
parameter, with these in turn being determined by condi-
tions of CNPs’ synthesis. In addition, the deactivation of
the reactive oxygen species and the UV-shielding effect of
ceria nanoparticles were demonstrated.

Association of photosensitizer molecules with nano-
particles that perform the delivery function can lead to a
change in the functional state of the photosensitizer. Thus,
in collaboration with Faculty of biology in Lomonosov
Moscow state university we studied the effects observed upon
incorporation of octa- and hexadeca-carboxyphthalocyanines
of zinc(Il) and aluminum(IIl) (Pcs) into the polymer shell
of nanoparticles with a semiconductor CdSe/CdS/ZnS core
with various spectral and optical methods.

Photoexcitation

- Synthesis of

- Behaviorin a

Figure 9. Lipid membrane adsorption determines photodynamic
efficiency of pyrazinoporphyrins.3?!
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Figure 10. Switchable nanozyme activity of porphyrins intercalated in
layered gadolinium hydroxide.*4!
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First, the interaction of Pc with the polymer shell lead
to a change in the spectral properties of Pc; the effect
strongly depends on the structure of the Pc molecule (num-
ber of carboxyl groups as well as the nature of the central
cation in the macrocycle). Secondly, upon incorporation of
several Pc molecules, concentration effects became signifi-
cant, leading to Pc aggregation and/or nonradiative energy
transfer between neighboring Pc molecules within a single
nanoparticle. These processes lead to the decrease of a
number of the Pc molecules in an excited state. Such effects
should be taken into account during the development of
multifunctional platforms for the delivery of photosensitiz-
ers, including the use of nanoparticles as enhancers of pho-
tosensitizer activity by energy transfer.

Organo-inorganic nanohybrids with enzyme-like ac-
tivity were prepared by in situ intercalation of anionic
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin and its Zn(II)
and Pd(IT) complexes into gadolinium layered hydroxide. 4!
The enzyme-like activity of individual constituents and
hybrid materials, was studied by chemiluminescence analy-
sis using the ABAP/luminol system in phosphate buffer
solution (Figure 10). All the individual porphyrins exhibit-
ed dose-dependent antioxidant properties with respect to
alkylperoxyl radicals at pH 7.4. The intercalation of free
base porphyrin into the layered hydroxide preserved the
radical scavenging properties of the product. Conversely, in
hybrid samples containing Zn(II) and Pd(II) complexes, the
antioxidant properties of the porphyrins changed to dose-
dependent prooxidant activity. Thus, an efficient approach
to the design and synthesis of advanced materials with
switchable enzyme-like activity was developed.

Catalytic Applications

Photocatalysis

New promising photoactive functionalized pyrazino-
porphyrins were prepared and preliminarily tested as ho-
mogeneous catalysts in the photooxidation of organic sul-
fides (Figure 11).3%1 An extremely low loading of the cata-
lysts (1073 mol%) allowed oxidation of thioanizole to the
corresponding sulfoxide with the conversion of 98—100%,
TON ca. 95060-98000 and TOF ca. 5941-6125, providing
the selectivity of the corresponding sulfoxide formation of
97-98%. A survey of the meso-substituents of the porphy-
rin was performed allowing determination of optimal deriv-
atives providing high catalytic activity together with suffi-
cient stability and solubility under reaction conditions and
along the synthetic pathway. The presence of the diethoxy-
phosphoryl- and methoxycarbonyl-substituents in the pre-
pared compounds allows to consider them as prospective
starting materials for further grafting to solid supports and
thus as a platform for the development of heterogeneous
photocatalysts.

A series of m-expanded pyrazinoporphyrins were suc-
cessfully prepared and tested as sensitizers for photocatalyt-
ic aerobic sulfides oxidation.[*®! 2,3-Diaminoporphyrin de-
rivative was used as a key intermediate for the preparation
of porphyrins fused with naphtho-, phenanthrene-, phenan-
throline- and acenaphthoquinone fragments. The photocata-
lytic performance of the obtained m-expanded pyrazinopor-
phyrins was investigated in the aerobic oxidation of thioan-
isole and revealed the increase of the activity with the ex-
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pansion of the m-system of the molecule. The maximal
TON = 89,000 could be reached with 10 mol% catalyst
loading. DFT analysis revealed the presence of orbitals with
predominant localization either at porphyrin macrocycle or
at peripheral polyaromatic part of the molecule, allowing to
expect charge separation upon photoexcitation.

Phthalocyanines as catalysts in carbene transfer
reactions

Catalytic activity of iron and ruthenium phthalocyani-
nates was studied in collaboration with Dr. Alexander B.
Sorokin (Institut de recherches sur la catalyse et
I’environnement, Lyon, France).

Iron(IIl) phthalocyaninate decorated with crown ether
substituents, [(15C5)4PcFe]Cl, efficiently catalyzed the
insertion of carbene derived from ethyl diazoacetate to six
amines functionalized with thiazole, thiazoline and thiadia-
zole heterocycles. The reactions were carried out under
practical conditions using EDA: amine stoichiometric ratio
with 0.05 mol% catalyst loading.[*”!

Electron-rich ruthenium phthalocyanine complexes
were evaluated in carbene transfer reactions from ethyl di-
azoacetate (EDA) to aromatic and aliphatic olefins as well
as to a wide range of aromatic, heterocyclic and aliphatic
amines for the first time.® It was revealed that the ru-
thenium octabutoxyphthalocyanine carbonyl complex
[(BuO)sPc]Ru(CO) is the most efficient catalyst converting
electron-rich and electron-poor aromatic olefins to cyclo-
propane derivatives with high yields (typically 80—100%)
and high TON (up to 1000) under low catalyst loading and
nearly equimolar substrate/EDA ratio. This catalyst showed
a rare efficiency in the carbene insertion into amine N-H
bonds. Using a 0.05 mol% catalyst loading, a high amine
concentration (1 M) and 1.1 eq. of EDA, a number of struc-
turally divergent amines were selectively converted to
mono-substituted glycine derivatives with up to quantitative
yields and turnover numbers reaching 2000. High selectivi-
ty, large substrate scope, low catalyst loading and practical
reaction conditions place [(BuO)sPc]Ru(CO) among the
most efficient catalysts for the carbene insertion into
amines.

Ruthenium phthalocyanine complexes bearing n-OBu
substituents in the peripheral or non-peripheral positions
were efficient catalysts for the selective double or single
carbene insertion to the amine N-H bonds.*” This com-
plementary reactivity of two Ru complexes can be used for
the synthesis of asymmetric tertiary amines and diamines
bearing different substituents and has been demonstrated by
two examples of readily available primary amines using dif-
ferent carbene precursors in successive reactions (Figure 12).

Novel ruthenium complexes have been synthesized for
possible catalytic and photocatalytic applications. Series of
substituted p-carbido diruthenium(IV) bisphthalocyaninates
was synthesized using two alternative approaches!’l — (i)
direct metalation of phthalocyanines with Ru3(CO);2 in
refluxing o-dichlorobenzene where [Pc*Ru],(u-C) are
formed as by-products together with monomeric complexes
[Pc*Ru](CO) and (ii) dimerization of [Pc*Ru](CO) by di-
chlorocarbene generated in situ from chloroform and bases,
which affords target complexes in high yield. Application
of the appropriate base — NMe;sOH was found to be crucial in
the case of synthesis of crown-substituted p-carbido dimers.
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Figure 11. Diaryl-pyrazinoporphyrins — prospective photocatalysts for
efficient sulfoxidation.®!
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Figure 12. Substitution pattern in ruthenium octa-n-
butoxyphthalocyanine complexes influence their reactivity in N-H
carbene insertions.?”)

We also reported an extensive study of axial ligand
replacement in ruthenium(Il) complexes with tetra-tert-
butyl-phthalocyanine (tBusPc).['¥! For this purpose oxidative
decarbonylation of [tBusPcRu](CO) in the presence of trime-
thylamine was performed providing [tBusPcRu](NMes),. Its
heating with pyrazine in o-dichlorobenzene at 100 °C gave
[tBusPcRu](Pyz), in quantitative yield. A simplified TD-
DFT approximation has been used to explain the difference
in the appearance of UV—-Vis spectra of synthesized com-
plexes with different N-donor ligands in terms of m-m* or
charge transfer excitations, assignment was validated by the
studies of solvatochromism of synthesized complexes. The
reported finding can pave a convenient way to a relatively
mild selective synthesis of ruthenium phthalocyaninates
carrying N-donor aromatic ligands. Such complexes attract
interest for various photo- and electroactive applications,
catalysis and medicine.

Hybrid Materials

First examples of supramolecular hybrid organic—
inorganic cluster-porphyrin systems constructed via metal—
ligand coordination have been reported (with Prof. Sokolov
group, NIIC, Novosibirsk).*!! The pyridine end-decorated
Mo(II) halide cluster, possessing remarkable photophysical
properties, was chosen as the inorganic part and zinc por-
phyrin was selected as the organic part. The crystal struc-
tures of hybrids bearing either two or six porphyrin units
per one cluster were demonstrated (Figure 13).
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Figure 13. Hybrid organic—inorganic supramolecular systems based
on a pyridine end-decorated molybdenum (II) halide cluster and
zinc (II) porphyrinate.[!]

Porphyrin-based metal-organic frameworks on sur-
faces are a new class of planar materials with promising
features for applications in chemical sensing, catalysis, and
organic optoelectronics at nanoscale. We studied systemati-
cally a series of the SURMOFs assembled from meso-
carboxyphenyl/pyridyl-substituted porphyrins and zinc ace-
tate on template monolayers of graphene oxide via layer-
by-layer deposition.[*?! This microscopically flat template
initiated the growth of macroscopically uniform SURMOF
films exhibiting well-resolved X-ray diffraction. By apply-
ing the D’yakonov method, which has been previously used
for the extraction of self-convolution of electron density in
clay minerals, to the analysis of the experimental diffraction
patterns of the SURMOFs, we determined the relation be-
tween the structure of porphyrin linkers and the geometry
of packing motives in the films. Our method provides an
enlightening picture of the interplay between supramolecu-
lar ordering and surface-directed assembly in porphyrin-
based SURMOFs and is useful for rationalizing the fabrica-
tion of various classes of layered metal-organic frame-
works on solids.

We studied the SAM-forming ability of a simple oc-
tylthiobenzoate and a redox-active metal-free phthalocya-
nine bearing two thiobenzoyl-terminated diethyleneglycol
chains.¥] By the means of cyclic voltammetry for both
solutions and SAMs of the studied phthalocyanine com-
pound, it was demonstrated that this anchoring group does
indeed allow formation of densely packed SAMs from the
thiobenzoyl-containing compounds on gold surface without
the need in additional ex situ deprotection synthetic step.
This approach can be used for further design of novel build-
ing blocks for SAM containing this anchor group.

The post-modification of UiO-type materials with a
porphyrin bearing phosphonic acid moieties is reported for
the first time (Figure 14).[*1 The prolonged interaction
of Ui0-66 and tetrakis(4-phosphonatophenyl)porphyrinato
nickel(Il) resulted in the formation of a hybrid material with
the preservation of the crystallinity of the material. Thor-
ough physical-chemical analysis of the obtained material
and its precursors allowed assuming the binding motifs of
the phosphonic acid residues.

The efficient application of the trialkylammonium
group as an anchor for grafting of porphyrin to silica was
demonstrated on the example of the novel imidazoporphy-
rin bearing peripheral triethylammonium unit.*3! The opti-
mal synthetic sequence towards the target type of functional
derivatives was revealed. The grafting of the prepared
Ni(II) porphyrin to the surface of the commercially availa-
ble silica was performed and the stability of the obtained
hybrid material was investigated.

Maxpozemepoyuxivl / Macroheterocycles 2023 16(1) 5-18

A. G. Martynov, and Yu. G. Gorbunova

(HO),OP PO(OH),

(HO),OP PO(OH),

Surface modification of UiO-type MOFs
Model for prospective heterogeneous catalysts

Figure 14. An approach towards modification of UiO-type MOFs
[44]

with phosphonate-substituted porphyrins.
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Figure 15. Highly proton-conductive zinc metal-organic framework
based on nickel(I1) porphyrinylphosphonate.[*?!

Proton-Conducting Metal-Organic Frameworks

The design of new solid-state proton-conducting mate-
rials is a great challenge for chemistry and materials sci-
ence. Thus, a new anionic porphyrinylphosphonate-based
MOF (IPCE-1Ni), which involves dimethylammonium
(DMA) cations for charge compensation, was reported
(Figure 15).1401 As a result of its unique structure, IPCE-
INi exhibited one of the highest values of the proton con-
ductivity among reported proton-conducting MOF materials
based on porphyrins (1.55-107 S-cm™ at 75 °C and 80 %
relative humidity). Studies of hydrogen conductivity were
performed in collaboration with laboratory of ionics of
functional materials (IGIC RAS).

A novel metal-organic framework IPCE-2Ni based on
partially deprotonated 5,10,15,20-tetrakis(3-(phosphonatop-
henyl)-porphyrinato-nickel(I) species), with outstanding
proton conductivity (1.0:102 S-cm™ at 75°C and 95 %
relative humidity) has been obtained.™”! The high concen-
tration of free phosphonate groups and compensating dime-
thylammonium cations bound by hydrogen bonds in the
unique crystal structure of IPCE-2Ni is a key factor re-
sponsible for the observed high proton conductivity, which
is one order of magnitude higher than for the MOF IPCE-
1Ni and comparable with that of leaders among MOFs.

The synthesis and characterization of novel anionic
Zn-containing MOF based on palladium(Il) meso-tetrakis(3-
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(phosphonatophenyl))porphyrinate, IPCE-2Pd, were report-
ed (Figure 16).181 Moreover, the proton-conductive proper-
ties and structures of two anionic Zn-containing MOFs
based on nickel(Il) and palladium(I) porphyrinylphospho-
nates, IPCE-2M (M = Ni(II) or Pd(II)), were compared in
details. The high proton conductivity of 1.0-102 S-ecm™! at
75 °C and 95% relative humidity (RH) is revealed for IP-
CE-2Ni, while IPCE-2Pd exhibits higher hydrolytic and
thermal stability of the material (up to 420 °C) simultane-
ously maintaining a comparable value of conductivity
(8.11-107 S-ecm™! at 95 °C and 95% RH). The nature of the
porphyrin metal center is responsible for the features of
crystal structure of materials, obtained under identical reac-
tion conditions. The presence of phosphonic groups in
compared materials IPCE-2M afforded a high concentra-
tion of proton carriers that together with the sorption of
water molecules lead to a high proton conductivity.
Synthesis, structure, sorption properties and applica-
tion prospects of porous porphyrin-based metal-organic
frameworks were summarized in a comprehensive review.*’]

IPCE-2Ni
MOFs

DMF/H,0
- PO(OH),, M = Ni(ll) or

Proton conductivity, 10°c [Se.cm] at 95% RH
10.2 8.1

3.4

IPCE-2Ni

Figure 16. Proton conductivity as a function of the metal center in
porphyrinylphosphonate-based MOFs.“81

(PA)Tb{(15C5), Pc}Tb(Pc) powder

(Pc)Tb{(1 SCS) Pc}Tb(Pc) 6C6H4CI2 crystals

Figure 17. Single-molecule magnets based on heteroleptic terbium
(IIT) trisphthalocyaninate in solvent-free and solvent-containing
forms.[*?
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Magnetic Materials

Magnetic properties of lanthanide complexes with
phthalocyanine ligands provide them with various possible
applications including single-molecule magnetism as well
as NMR thermometry and tomography. Application of
NMR as a versatile tool for studying the structure and mag-
netic properties of paramagnetic lanthanide complexes in
solutions was summarized in 2021.5%

In collaboration with Institute of Problems of Chemi-
cal Physics RAS we studied SMM behaviour of double-[*!]
and triple-decker™ terbium(IIT) phthalocyaninates depend-
ing on their redox-state and solvation in crystalline phase
(Figure 17).

Series of reports on NMR thermosensing properties of
binuclear triple-decker complexes of lanthanides with 15-
crown-5-phthalocyanine Ln[(15C5)4Pc]; was reported>3-¢]
in collaboration with Nikolaev Institute of Inorganic Chem-
istry, The Siberian Branch of the Russian Academy of Sci-
ences. Measuring the lanthanide-induced shift values for
Tb(IlT) complex in CDCl3 has revealed high temperature
sensitivity for the signals of the aromatic protons of the
inner deck: 86/0T = 1.1 ppm/K (Figure 18). It is the highest
sensitivity of the LIS among the published complexes of 4f
and d elements with polydentate ligands in organic media
thus it can be considered as an NMR thermosensors in non-
polar solutions. The possibility of the solubilization of
complexes in aqueous media due to the presence of crown
ether moieties has been also demonstrated.

GO0 SenS|t|V|ty up to 1.1 pmeK
\O@NW‘E;" o . ELL
M Eoo‘_'o_gg =, T SRR W SR ;-‘s‘\
0%'/\; N A ‘ variable
G temperature

'H NMR

Figure 18. NMR thermosensing properties on binuclear triple-decker
complexes of terbium(I1I) and dysprosium(III) with 15-crown-5-
phthalocyanine.!

Original and efficient approach toward hydrophiliza-
tion of Gd(III) complex with hydrophobic octabutoxy-
phthalocyanine was reported.’7! It consists in the solvent-
mediated self-assembly of the preliminary synthesized oc-
tabutoxyphthalocyaninatogadolinium(IIl) acetate into the
colloid species followed by their hydrophilization through
the polyelectrolyte deposition. The magnetic behavior of
the complex revealed it as pure paramagnetic, while mag-
netic relaxation behavior of the colloids pointed to some
specificity. The r»/r| ratio measured at 0.47 T is higher (2.6)
than the ratios commonly reported for Gd(II) complexes,
coming to 36.8 at 11.75 T. Thus, the synthesized colloids
were more efficient as T»- than T;-contrasting agents at
magnetic field strengths above 1.4 T.
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Figure 19. Cation-induced dimerization of heteroleptic
crown-substituted trisphthalocyaninates as revealed by X-ray
diffraction and NMR spectroscopy.©®]

Figure 20. Heteroleptic crown-substituted tris(phthalocyaninates) as
dynamic supramolecular scaffolds with switchable rotational states
and tunable magnetic properties.[>”)

La ]Ee} Pr/Nd|  Sm|Eu/Gd]|Tb| ny]Ho] Er [Tm|Yb|Lu|

*

Figure 21. Rare-earth based tetrapyrrolic sandwiches: chemistry,
materials and applications,®!]

Special attention was paid to sandwich phthalocyanine
complexes with rare earth elements capable of supramolecu-
lar assembling. Thus, we firstly reported comprehensive X-ray
diffraction and NMR studies of potassium-induced dimeriza-
tion of heteroleptic triple-decker crown-phthalocyaninates
[(15C5)4PcIM(Pc)M(Pc) (M = Y and Tb).5¥1 Characteriza-
tion of the crystalline dimer gave the first structural evi-
dence of the formation of a six-decker structure with four
rare earth metal ions perfectly aligned near the symmetry
axis (Figure 19). NMR studies of soluble supramolecular
dimers provided a spectral—structural model that allowed us
to assign the NMR spectra of related complexes with para-
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magnetic lanthanides and to further evaluate their structure
and long-range interaction between the Ln(IIl) centers in
multinuclear tetrapyrrolic complexes. The obtained results
are promising for elaboration of new supramolecular mag-
netic materials.

In contrast to the other crown-substituted phthalo-
cyanines, the interaction of K* cations with
[(15CS5)4PcIM*[(15CS)4PcIM(Pc) or [M*,M] did not induce
their intermolecular aggregation.[® Instead, the cations
reversibly intercalate between the crown-substituted
phthalocyanine ligands, resulting in switching of the coor-
dination polyhedron of the metal center M* from square-
antiprismatic to square-prismatic (Figure 20). In the case of
terbium(IIT) complexes, such a switching altered their mag-
netic properties, which can be read-out by 'H NMR spec-
troscopy. For [Tb*,Y], such a switching causes an almost
25% increase in the axial component of the magnetic sus-
ceptibility tensor. Even though the polyhedron of the para-
magnetic center in [Y*,Tb] is not switched, minor structural
perturbations associated with the overall reorganization of
the receptor also cause smaller, but nevertheless apprecia-
ble, growth of the axial anisotropy. The observed effects
render the studied complexes as molecular switches with
tuneable magnetic properties.

We reported the comprehensive conformational study
of substituted terbium(IIl) and yttrium(III) trisphthalocya-
ninates in solution depending on the substituents at the pe-
riphery of molecules, redox-states and nature of solvents.[*]
Conjunction of UV-vis-NIR spectroscopy and quantum-
chemical calculations within simplified time-dependent
DFT in Tamm-Dancoff approximation provided the spec-
troscopic signatures of staggered and gauche conformations of
trisphthalocyaninates. Altogether, it allowed us to demonstrate
that the butoxy-substituted complex behaves as a molecular
switcher with controllable conformational state, while the
crown-substituted triple-decker complex maintains a stag-
gered conformation regardless of external factors. The
analysis of noncovalent interactions within the reduced
density gradient approach allowed to shed light on the na-
ture of factors stabilizing certain conformers.

Chemistry, materials and applications of rare-earth
based tetrapyrrolic sandwiches was summarized in a com-
prehensive review (Figure 21).161]

Molecular Switches and Supramolecular Chemistry

The Pt(II) and Pd(II) complexes were co-crystallized
with highly electron-deficient arene systems to form reverse
arene sandwich structures built by m-hole---[M"] (d*M=Pt,
Pd) interactions (Figure 22).”] The reverse sandwiches are
based on noncovalent interactions and calculations indicate
that in rt-hole--[M"] contacts, [M"] plays the role of a nu-
cleophile.

Reversible nucleophilic addition to a phthalocyanine
core was observed for the first time for the electron-
deficient cationic phosphorus(V) complex [PcP(OMe).]",
whose reaction with KOH afforded a highly distorted
nonaromatic adduct bearing an OH group at one of the a-
pyrrolic carbon atoms (Figure 23).[" This adduct was char-
acterized by single-crystal X-ray diffraction, EST HRMS,
and NMR, and UV-vis spectroscopy, together with quan-
tum-chemical modelling. The acidic treatment of this ad-
duct restored aromaticity and recovered the starting cationic
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complex. The reversible aromaticity breakage resulted in
dramatic changes in the photophysical properties of the
studied complex, which could pave the way to novel
switchable Pc-based compounds and materials. Synthesis of
P(V) phthalocyaninates with oxy/hydroxy axial ligands
makes it possible to switch the photochemical and photo-
physical properties of complexes by reversible protona-
tion/deprotonation. !

o+

Figure 22. Reverse arene sandwich structures based upon
mt-Hole-+-[M!] (d® M=Pt, Pd) interactions, where positively charged
metal centers play the role of a nucleophile.[¢?]

AROMATIC

FLUORESCENT

Nu = OH, OMe'*

— MeO

' :Me ot coon Q:‘,N-
é«w

Figure 23. Switchable aromaticity of phthalocyanine via reversible
nucleophilic aromatic addition to an electron-deficient phosphorus (V)
complex.["”]

X-ray structure of

cation-induced assemblies
formed by

crown-phthalocyanines

Ga versus Al

Figure 24. Cation-induced dimerization of crown-substituted gallium
phthalocyanine by complexing with alkali metals: the crucial role of a
central metal.[%%]
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Detection of nitroaromatic compounds (NAC) is an
important task since these substances are hazardous to both
the biosphere and the society. Fluorescent sensors devel-
oped for NAC detection usually demonstrate a ‘turn-oft’
response to the analyte, while ‘turn-on’ sensors are rarely
reported. We published a showcase report on new pyrene-
imidazoporphyrin dyads that demonstrate an unusual ana-
lytic response to NAC with clear ‘turn-on’ behavior fol-
lowed by an unexpected appearance of a new band, which
can be ascribed to exciplex emission.[®*] The porphyrin
backbone of the dyad also allows registration of its own
fluorescence, providing an internal reference signal for rati-
ometric detection.

Supramolecular assembling of crown-substituted
phthalocyanines

Cation-induced supramolecular assembling of crown-
substituted tetrapyrrole macrocycles is a powerful tool to
obtain functional materials. A single-crystal X-ray dif-
fraction study of a supramolecular dimer formed by
[(15C5)4Pc]AI(OH) with rubidium isonicotinate demon-
strated that two molecules of the aluminum crown-
phthalocyaninate isonicotinate are connected through an
Al-O-Al bridge supported by sandwiching of crown ether
moieties by Rb" cations.[*y No p-oxo bridge was observed
between the gallium atoms in the supramolecular dimers
under similar conditions, despite the fact that aluminum and
gallium belong to the same group of the Periodic table
(Figure 24).1%)

A novel method exploiting the binding between crown-
substituted double-decker phthalocyaninate Lu[(15C5)4Pc]>
and K' ions was applied for the one-step fabrication of
macroscopically long conductive one-dimensional quasi-
metal-organic frameworks.[*® It yielded fully conjugated in-
termolecular-bonded nanowires with a thickness of 10—50 nm,
a length of up to 50 um, and a conductivity of up to 11.4 S cm™
the highest among them being reported for phthalocyanine
assemblies. A field-assisted method was developed to de-
posit aligned conductive assemblies on solids. The solid-
supported nanowires can be disintegrated into starting
components in a good aprotic solvent for further recy-
cling (Figure 25).

Then we describe the method of planar organization of
the aforementioned nanowires into ordered ultrathin films.
The method utilized the Langmuir-Blodgett technique in
combination with adding tert-butylamine during the synthe-
sis of the supramolecular aggregates.[’l The atomic force
microscopy examination of the resulting films showed that
the introduction of surfactant promoted spreading of hydro-
phobic aggregates on the water subphase yielding ordered
ultrathin layers. The proposed strategy can be used to obtain
ordered coatings from 1D aggregates from various organic
discotics with semiconductor properties.

Molecular switches at the interface

The ongoing collaboration with the Laboratory of
physical chemistry of supramolecular systems IPCE RAS
included studies of molecular switches at the air/water inter-
face in Langmuir monolayers and on electroactive materials.

Achievement of information storage at molecular level
remains a pressing task in miniaturization of computing
technology. One of the promising approaches for its practi-
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cal realization is development of nanoscale molecular
switching materials including redox-active systems. The
reported work demonstrated a concept of expansion of a
number of available redox-states of self-assembled mon-
olayers through supramolecular approach.[® For this, we
synthesized an octopus-like heteroleptic terbium(III)
bisphthalocyaninate bearing one ligand with eight thioace-
tate-terminated “tentacles” (octopus-Pc) and a ligand with
four crown-ether moieties (Ha[(15C5)4Pc]). It is shown that
octopus-Pc forms stable monolayers on gold, where its
face-on orientation allows for subsequent binding of crown-
phthalocyanine molecules via potassium ion bridges, which
brings an additional redox-state to the system, thus expand-
ing the multistability of the system as a whole (Figure 26).
All four redox states available to this system exhibit charac-
teristic absorbance in visible range, allowing for the switch-
ing to be easily read out using optical density measure-
ments. The proposed approach can be used in wide range of
switchable materials — single-molecule magnets, conduc-
tive, and optical devices, efc.

Redox isomerism, that is, the change of a metal cation
valence state in organic complexes, can find promising ap-
plications in multistable molecular switches for various
molecular electronic devices. However, despite a large
number of studies devoted to such processes in organic
complexes of multivalent lanthanides, redox-isomeric
transformations were never observed for europium. We
demonstrated the unique case of redox isomerization of
Eu(IIT)/Eu(Il) complexes on the example of Eu double-
decker octa-n-butoxyphthalocyaninate (Eu[(BuO)sPc],)
under ambient conditions (Figure 27).[°! Both redox-
isomeric states were directly observed by X-ray absorption
near-edge structure spectroscopy in ultrathin films formed
under different conditions. Similar redox-switchable behav-
ior was revealed for other Ln(II/IIT) complexes including
Sm, Er, Tm and Yb."” Fluorescence mode XANES spec-
troscopy was found to be a powerful tool for redox-
isomerism studies in ultrathin films.["!

Figure 25. Ion-driven self-assembly of lanthanide bis-
phthalocyaninates into conductive quasi-MOF nanowires:
an approach toward easily recyclable organic electronics.[%
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Figure 26. Octopus- type crown- bisphthalocyaninate anchor
for bottom- up assembly of supramolecular bilayers with expanded
redox- switching capability.[58]

REORIENTATION
AT INTERFACE

Figure 27. Long-sought redox isomerization of the europium(I11/II)
complex achieved by molecular reorientation at the interface.[’]
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Figure 28. Restriction of the rotational relaxation

of a butadiyne-bridged porphyrin dimer in ultrathin films.[”]

The dynamic behaviour of a porphyrin dimer, based
on the covalent linkage of two macrocyclic moieties with a
butadiyne connector, was studied in thin films by UV-Vis
and emission spectroscopies.[’>73 By exploiting the propen-
sity of the dimer to bind axial ligands through Zn—N bonds,
it was shown that the co-planar and orthogonal confor-
mations of the dimer may be stabilized in ultrathin films at
the air/water interface (Figure 28). Furthermore, using the
Langmuir—Blodgett technique, monolayer-thick matrix-free
films on solid substrates containing the porphyrin dimer
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were obtained. In the latter case, the dimer existed in either
an exclusively co-planar state or a mixture of conforma-
tional states depending on the nature of the axial ligand:
1,4-diazabicyclo[2.2.2]-octane or 4-aminomethylpyridine.
This work was performed in collaboration with Molecular
Tectonics Laboratory, Université de Strasbourg, France.

We showed that coordination-induced spin crossover
effect can be prompted for the commonly available nick-
el(Il) tetraphenylporphyrinate, NiTPP, upon deposition of
this complex at the air/water interface together with a ru-
thenium(II) phthalocyaninate, [(15C5)sPc]]Ru(pyz)., bear-
ing two axial pyrazine ligands (Figure 29).4 The latter was
used as a molecular guiderail to align Ni---Ru---Ni metal
centers for pyrazine coordination upon lateral compression
of the system, which helps bring the two macrocycles closer
together and forces the formation of Ni—pyz bonds. The fact
of Ni(Il) porphyrinate switching from low- to high-spin
state upon acquiring additional ligands can be conveniently
observed in situ via reflection-absorption UV-vis spectros-
copy. The reversible nature of this interaction allows for
dissociation of Ni—pyz bonds, and thus, change of nickel
cation spin state, upon expansion of the monolayer.

Advances in elaboration of functional molecular
switches involving tetrapyrrolic macrocycles were summa-
rized in a comprehensive review (Figure 30).07°!

. 0o N,
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Figure 29. Spin crossover in nickel(Il) tetraphenylporphyrinate via
forced axial coordination at the air/water interface.l™!
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Figure 30. Functional molecular switches involving tetrapyrrolic
macrocycles.[”
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