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Abstract: Tetrapyrazinoporphyrazine with peripheral menthol-thiophenyl substituents was synthe-
sized using Linstead conditions and purified by flash column chromatography. The optimized
synthetic and purification procedures allowed us to obtain a new macrocycle with 36% yield.
Tetrapyrazinoporphyrazine derivative was characterized by UV-Vis and NMR spectroscopy, as
well as MS spectrometry. Complex NMR studies using 1D and 2D NMR techniques allowed the
analysis of the bulky menthol-thiophenyl substituted periphery of the new macrocycle. Further,
photochemical stability and singlet oxygen quantum yield were determined by indirect method with
diphenylisobenzofuran. The new tetrapyrazinoporphyrazine revealed low generation of singlet
oxygen with a quantum yield of singlet oxygen formation at 2.3% in dimethylformamide. In turn, the
macrocycle under irradiation with visible light presented very high stability with quantum yield for
photostability of 9.59 x 10~¢ in dimethylformamide, which figures significantly exceed the border
for its classification as a stable porphyrinoid (10~%-1072).

Keywords: menthol; photostability; phthalocyanines; singlet oxygen; terpenes

1. Introduction

Phthalocyanines (Pcs) are synthetic, tetrapyrrolic macrocycles revealing interesting
physicochemical properties and many practical applications in technology [1]. Pcs have
been successfully utilized as green chemistry catalysts for electrochemical reduction of
CO; [2,3] or as components in alkaline membrane fuel cells [4]. Moreover, Pcs are con-
sidered useful materials for chemical sensors, non-linear optics applications, and data
storage [5]. One of the unique features of Pcs is their ability to generate singlet oxygen and
other reactive oxygen species upon excitation with visible light. Therefore, Pcs have been
applied or at least considered as promising candidates for photosensitizers (PSs) in pho-
todynamic therapy (PDT) and photodynamic antimicrobial chemotherapy (PACT) [6-8].
Tetrapyrazinoporphyrazines constitute a distinct class of Pcs aza-analogues. Both metal-
free tetrapyrazinoporphyrazines and their metal complexes have demonstrated interesting
optical and electrochemical properties and also potential applications in technology and
medicine [9-16]. Tetrapyrazinoporphyrazines similarly to Pcs reveal comparable abilities
to generate singlet oxygen [17]. Moreover, they exhibit excellent electrochemical properties,
which make their application in Li/SOCI, batteries possible and has resulted in improved
performance in terms of their capacity and discharge voltage [18].
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Implementing a thiophene moiety into the designed macrocycle was related to en-
couraging reports on photosensitizers substituted with this heterocycle in the periphery.
Brominated BODIPYs with thiophene rings were studied as potential photosensitizers for
photodynamic therapy using a low irradiance excitation [19]. The presence of thiophene
rings significantly influenced the red-shifts in their absorption maxima. In another study,
halogenated thieno[3,2-b] thiophene fused BODIPY revealed not only long wavelength
absorptions at maximum up to 720 nm but also photocytotoxicity upon irradiation with
light NIR laser in living HeLa cells [20]. In the study performed by Bai et al., a near-
infrared and lysosomal targeting thiophene-BODIPY photosensitizer was studied in terms
of its photocytotoxicity against A549 cancer cells [21]. Moreover, Onal et al. revealed
photoinduced anti-inflammatory activities of a thiophene-substituted subphthalocyanine
derivative on mammalian macrophages in vitro [22]. They noted this compound’s influ-
ence on the extracellular levels of inflammatory cytokines and their gene expression levels.
Studies that have been presented so far for various phthalocyanines and porphyrazines
revealed the potential of thiophene rings in the modification of their physicochemical
properties. Chen et al. reported that conjugating thiophene ring with phthalocyanine
systems could significantly improve their multi-proton absorption cross-section [23], which
can be of value for potential applications of these macrocycles in the third-order nonlinear
optics. In another study, a self-assembled monolayer of cobalt thiopheneethoxy-substituted
phthalocyanine presented interesting electrocatalytic behavior towards catalytic oxidation
of thiocyanate, L-cysteine, and 2-mercaptoethanol [24]. Many papers have been published
on porphyrazines with annulated strongly electron-withdrawing thia- and selenodiazole
rings, which revealed distinct structural, electronic, UV-Vis spectroscopic, and electro-
chemical features [25]. Unfortunately, there are few examples of porphyrazines containing
5-membered heteroaromatic rings substituted directly to the 3-position of the macrocyclic
system. One example is a coplanar binuclear magnesium(Il) porphyrazine bearing six
bis-(trimethylthiophenyl) photochromic functionalities at the periphery, which was con-
sidered as a molecule of potential applications for technology in information data storage,
and as a component of imaging devices and switches [26]. Other examples, obtained
in our group, are unsymmetrical porphyrazines containing mixed dithienylpyrrolyl and
dimethylamino groups in the periphery, which were subjected to structural and spectro-
scopic characterization [27]. Among azaphthalocyanine macrocycles, worth noting are
zinc(Il) azaphthalocyanines with thiophen-2-yl, 5-methylthiophen-2-yl, and pyridine-3-yl
peripheral substituents, which were obtained and subjected to physicochemical study by
Moerkved and Zimcik [28].

Conjugation of biologically active compounds from different chemical groups is one
of the modern drug development approaches. Various molecular consortia appeared to
be useful in the drug development process and brought the desired biological effect [29].
In the literature, many other molecular consortia consisting of menthol and photosensi-
tizers can be found, which compounds revealed interesting technological and biological
properties. For example, menthol was tagged with BODIPY (borondipyrromethane) in
search of fluorescence biological markers [30,31]. Lately, Lv et al. presented “pinwheel-
like” phthalocyanines with four (D)- or (L)-menthol units at non-peripheral positions and
assessed their spectroscopic and electrochemical properties [32]. Romero et al. studied
photophysical and photodynamic activity of zinc(II) phthalocyanine-menthol ((15,2R,5S)-
2-isopropyl-5-methylcyclohexyloxy) conjugate, which was incorporated in micelles of 12
different surfactants. The lipophilic conjugate incorporated in Pluronic® F-127 formulation
was found to be an ideal drug delivery system for this PS [33]. It is worth noting that
introducing a bulky menthol substituent to the phthalocyanine periphery was also found
as an aggregation reducing factor [34]. The rationale for our approach resulted from our
former study in which there were obtained biologically active terpene-macrocycle conju-
gates, composed of thymol or carvacrol and phthalocyanine. In that study, these conjugates
were synthesized, characterized, loaded into modified liposomes, and subjected to detailed
optical and biological experiments. Thymol-phthalocyanine conjugate at both 100 and
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10 pm concentrations revealed high, ca. 5 log photoinactivation potential on the growth of
Enterococcus faecalis [35].

Interest in menthol as a component of molecular consortia is related to its unique med-
ical properties. Menthol, 5-methyl-2-(1-methylethyl)cyclohexanol, is a cyclic monoterpene
with three asymmetric carbon atoms. It occurs as four pairs of optical isomers. What is
more, it can be isolated from the mint leaves essential oil and has been used in traditional
medicine since ancient times. Menthol is utilized in pharmaceuticals, confectionery, hygiene
products, cosmetics, and pesticides [36,37]. Moreover, it has been widely used as a food
additive and in cosmetics due to its taste and cooling sensation. Its cooling properties en-
ables the application of menthol as a topical analgesic [38]. In medicine, menthol is known
for its antioxidant, anti-inflammatory, and analgesic activity [37]. Like many terpenes,
menthol exhibits intense antimicrobial activity against various microorganisms, including
bacteria and fungi [39]. Moreover, there are many examples of synergistic responses when
combinations of monoterpenes with antibiotics are studied. Kifer et al. researched the
antimicrobial potency of single and combined mupirocin with various monoterpenes. They
found that the application of the monoterpene-menthol with antibiotic-mupirocin could
potentiate the antimicrobial activity according to the synergism pathway. In addition, they
suggested that menthol loosens the bacterial membrane making it prone to be crossed by
various molecules, including photosensitizers [40].

The use of both menthol and thiophene fragments attached to the porphyrinoid core
can be considered as a significant factor modifying the physicochemical properties of
the desired terpene-macrocycle conjugates and influence their potential applications in
technology and medicine. Therefore, in our current study, we decided to apply the method-
ology related to molecular consortia synthesis to other structurally relevant macrocycles,
which are tetrapyrazinoporphyrazines and equip these molecules with bulky substituents
containing thiophen-5-yl part and menthol.

2. Materials and Methods
2.1. General Procedures

All reactions were carried out in oven-dried glassware under an argon atmosphere
using the Radleys Heat-On heating system. All solvents were evaporated at or below
50 °C under reduced pressure. Flash column chromatography was carried out on Merck
silica gel, particle size 40-63 pum. Reversed-phase chromatography was carried out on
Fluka C18 silica gel 90 (particle size 40-63 pm). Thin-layer chromatography (TLC) was
made on silica gel Merck Kieselgel 60 F254 plates and visualized with UV illumination
(A max 254 or 365 nm). UV-Vis spectra were measured on a Hitachi UV /VIS U-1900
spectrophotometer. 'H NMR, 3C NMR spectra were recorded using a Bruker Avance
III spectrometer working at 500.25 MHz for 'H and 125.79 MHz for 13C at the Institute
of Bioorganic Chemistry Polish Academy of Sciences in Poznan. Chemical shifts (5) are
quoted in parts per million (ppm) and referred to a residual solvent peak, whereas coupling
constants (J) are quoted in Hertz (Hz). The abbreviations s, d, m refer to a singlet, doublet,
and multiplet, respectively. Mass spectra were measured at Bruker MALDI TOF/TOF
UltrafleXtreme mass spectrometer at the Wielkopolska Centre for Advanced Technologies
in Poznan.

2.2. Synthetic Procedures
5,6-Bis(2-[(1R,2S,5R)-2-isopropyl-5-methylcyclohexyloxy]-thiophen-5-yl)pyrazine-2,3-
dicarbonitrile 1 was synthesized according to a literature method [41].

Magnesium(ll) 2,3,9,10,16,17,23,24-octakis{2-[(1R,2S,5R)-2-isopropyl-5-
methylcyclohexyloxy]-thiophen-5-y1}-1,4,8,11,15,18,22,25-(octaaza)phthalocyanine

Magnesium turnings (2 mg, 0.083 mmol), a small crystal of iodine and n-butanol
(1 mL) were refluxed for 4 h. After the mixture was cooled to room temperature, compound
1 (50 mg, 0.083 mmol) was added. The reaction mixture was refluxed for 20 h. The solvent
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was evaporated with toluene and the residue was dissolved in dichloromethane and chro-
matographed (CH,Cl,: MeOH; 50:1 to 10:1 v/v) to give a dark blue film of azaphtalocyanine
2 (18 mg, 36%):

Rf (CH,Cl,: MeOH, 10:1 v/v) 0.26; UV-Vis A (loge); 405 nm (3.71), 663 nm (4.33). MS
(MALDI) m/z calcd. for Ci36H14sMgN1505S5:2434.0919 [M+H]*; found: 2434.0924. 'H
NMR (500.25 MHz, pyridine-ds) 6 7.96 (s, 8H, Th), 6.69 (s, 8H, Th), 4.33 (s, 8H, Menth), 2.57
(s, 8H, Menth), 2.49 (s, 8H, Menth), 1.79 (s, 8H, Menth), 1.77 (s, 8H, Menth), 1.72 (s, 8H,
Menth), 1.60 (s, 16H, Menth), 1.29 (s, 8H, Menth), 1.23 (s, 8H, Menth), 1.12 (s, 24H, Menth),
1.07 (s, 24H, Menth), 1.06 (s, 24H, Menth), 0.99 (s, 8H, Menth). 3C NMR (125.8 MHz,
pyridine-ds) 6 170.0, 151.8, 148.6, 148.1, 130.4, 129.1, 108.4, 86.0, 48.8, 41.0, 35.0, 32.1, 27.2,
24.4,22.8,21.5,17.5.

2.3. Measurement of Singlet Oxygen Quantum Yield

Singlet oxygen quantum yield was measured in dimethylformamide (DMF) solu-
tion under aerobic conditions. It was performed according to a previously described
method [42-46]. 1,3-Diphenylisobenzofuran (DPBF) was applied as a singlet oxygen chem-
ical quencher. The unsubstituted zinc(II) phthalocyanine (ZnPc) was used as a reference.
The mixture of DPBF and photosensitizer was irradiated with monochromatic light at the
wavelength adjusted to the maximum of Q band in the absorption spectrum. The UV-Vis
spectrum was recorded during the measurements in equal time intervals. Finally, DPBF
decomposition kinetics was calculated and compared with the reference.

2.4. Determination of Photostability Quantum Yield

Photostability evaluation was performed by irradiation of solution containing studied
compound with light at the wavelengths above 450 nm in DMF. During irradiation at
specified time intervals, the UV-Vis spectra were measured. The calculations of quantum
yields were performed according to the method presented earlier [44,47—49].

3. Results and Discussion
3.1. Synthesis and Characterization

The menthoxy-thiophenyl functionalized dicyanopyrazine 1 was synthesized and
characterized following lately published procedure [41]. The conjugate 1 was subjected
to the Linstead macrocyclization reaction using magnesium n-butanolate as a base in n-
butanol (Scheme 1). After refluxing the reaction mixture for 20 h, thin layer chromatography
was made and revealed the formation of a distinct dark blue colour macrocycle. Multiple
flash column chromatography was performed on a silica gel as the stationary phase using
a mixture of dichloromethane and methanol as the mobile phase. New tetrapyrazinopor-
phyrazine with peripheral menthol-thiophenyl substituents 2 was purified and isolated
with 36% yield.

R R
M

N r:l
‘jij (BuO),Mg, Butanol I :é i ;;lf I
| N—Ng—-|
- reflux, 20 h i
N‘? § N
~
3 N N
=T 0 9
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Scheme 1. Synthesis of azaphthalocyanine 2 conjugate.
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Conjugate 2 was characterized using mass spectrometry, NMR spectroscopy (including
one- and two-dimensional techniques) and UV-Vis spectrophotometry. In the MALDI mass
spectrum of the novel conjugate, a quasimolecular ion m/z 2434 formed by the addition of
a proton was found.

Various NMR 1D and 2D techniques, accompanied by literature data allowed to assign
hydrogens and carbons to signals appearing in the 'H and '*C NMR spectra. There were
not many correlations present in the "H-'H COSY and 'H-'3C HMBC NMR spectra. There-
fore, signals resulting from the hydrogens belonging to cyclohexane ring (b—f, Figure 1)
were assigned following the data obtained in the study and analyzed together with that
previously obtained by other authors. It concerns especially Lv et al. who performed
a study for structurally similar phthalocyanine with four (D)- or (L)-menthol units at
non-peripheral positions [32], as well as conformational analysis made by Héartner et al.
for menthol diastereomers using NMR and DFT computation [50]. The effects observed
in the NMR spectra related to coupling constants and correlation spots were the result of
dihedral torsion angles between vicinal hydrogens within cyclohexane-menthoxy chair
conformation and reflected the Karplus equation [51]. In the 'H NMR spectrum of 2 two
distinct singlets were found in the aromatic region at 7.96 and 6.69 ppm, which originate
from thiophene ring protons (t). In the 'H NMR spectrum signal of the aliphatic hydrogen
atom (a) at carbon atom participating in the ether bond was observed at 4.33 ppm. At ca.
2.5 ppm, two close singlets were noted. The signal at 2.57 ppm belongs to f hydrogens
in the cyclohexane ring, located between ether bond carbon and tertiary carbon linked to
the methyl group. The signal at 2.49 ppm was assigned to the j hydrogens linked with
tertiary carbon within the isopropyl group. Both signals mentioned above exhibit similar
integration, which confirms that hydrogens at f position appear in axial and equatorial
positions and that the signal at 2.57 ppm results from one of two protons only. Another
close signals pair appears in the 'H NMR at 1.79, and 1.77 ppm and belongs to adjacent c
and d hydrogens in the cyclohexane ring. The above-mentioned signals result from one
of two hydrogens only, which are present in these positions. The signals from b and e
hydrogens at the tertiary carbon atoms of the substituted cyclohexane ring appeared at 1.72
and 1.60 ppm, respectively. Poorly distinguished multiplets at 1.29 ppm, 1.23 ppm, and
0.99 ppm represent the second of the {, c and d hydrogens, respectively. According to the
signal integration, the peak appearing at 1.12 ppm was assigned to h methyl group protons
within the isopropyl group, and it represents only one of two methyl groups present within
this moiety. Close singlets appearing at 1.07 and 1.06 ppm represent two distinguished
methyl groups of which the signal at 1.07 ppm represents the second of the h methyl groups
within the isopropyl moiety, whereas the signal at 1.06 ppm corresponds to the methyl
group g hydrogens. The NMR spectra were also included in the Supporting Information.

According to the expectations, in the 'H NMR spectrum, the protons in the cyclohex-
ane ring of menthoxy moiety appearing at equatorial and axial positions were present at
various chemical shifts confirming the presence of two populations of signals originating
from two different population of hydrogens. Such a phenomenon was also noted in the
IH-13C HSQC NMR spectrum (Figure 2), where the hydrogen signals at 1.77, 1.23 ppm (c
position of the cyclohexane ring) were correlated with the same carbon atom at 24.4 ppm.
Similarly, pairs of hydrogens appearing at 1.77, 0.99 ppm (d position of cyclohexane ring)
and at 2.57, 1.29 ppm (f position) were correlated with carbon atoms at 35.0 ppm and
41.0 ppm, respectively. In the 'H-1*C HSQC NMR spectrum very close proton signals at
1.07 ppm and 1.06 ppm present at two different cyclohexane ring substituents were also
distinguished, which is also in agreement with the data lately reported by Zeng et al. [52].
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Figure 1. Signals for hydrogen and carbon atoms of 2 according to NMR spectroscopy and corre-
lations observed in two-dimensional COSY, HSQC, and HMBC experiments; COSY—Correlation
Spectroscopy, HSQC—Heteronuclear Single Quantum Correlation, HMBC—Heteronuclear Multiple
Bond Correlation.
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Figure 2. Fragment of 'H-13C HSQC NMR spectrum of 2 in pyridine-ds.

The 'H-'H COSY NMR spectrum of 2 revealed correlations between hydrogens within
the isopropyl group and c and d vicinal hydrogens. Further, the correlation of signals at
1.60, 1.06 ppm proved proximity of e and g hydrogens (Figure 3).

In the 'H-'3C HMBC NMR spectrum of the obtained conjugate, a few long-range
heteronuclear correlations were observed (Figure 4), which allowed us to assign hydrogen
signals at 1.07 and 1.06 ppm to the methyl group within the isopropyl substituent and
5-methyl group, respectively.
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Figure 4. Fragment of ' H-'3C HMBC NMR spectrum of 2 in pyridine-ds.

3.2. Photochemical Properties

In the UV-Vis spectrum of 2 two absorption bands were noted. The spectrum profile
is typical for azaphthalocyanines, with the Soret band in the range of 300460 nm and the
Q band located in the range of 600-750 nm (Figure 5). These bands arise from the 7-7t *
transitions. Slightly increased absorption in the range of 500-600 nm could be the result of
aggregates formation. A similar phenomenon has been previously noted for tetrapyrazino-
porphyrazines [17]. Compared to Pcs, tetrapyrazinoporphyrazines macrocycles with the
same substituents and containing the same central metal cation in the core revealed a
higher tendency to form aggregates. In the emission study, macrocycle 2 upon excitation at

the Soret as well as the Q band did not emit fluorescence.
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Figure 5. The absorption spectrum of studied compound 2 in DMF.

Tetrapyrazinoporphyrazine derivative 2 revealed low solubility in DMF and DMSO,
and it was completely insoluble in the water. Therefore, the quantum yield of singlet oxygen
formation was studied only in DMFE. An indirect method of singlet oxygen generation was
applied using 1,3-diphenylisobenzofuran as a singlet oxygen chemical quencher, whereas
an unsubstituted zinc(II) phthalocyanine (ZnPc) was treated as a reference. The mixture
of DPBF and tetrapyrazinoporphyrazine derivative 2 was exposed to the monochromatic
light at the wavelength adjusted to the maximum of Q band in the absorption spectrum
and monitored in time using the UV-Vis spectroscopy. The DPBF decomposition kinetics
was calculated and compared with the reference zinc(II) phthalocyanine. The value of
the quantum yield of singlet oxygen generation (®,) approached 0.023. The potential of
structurally similar azaphthalocyanine derivative in terms of singlet oxygen generation
was previously presented by Merkved et al. [28]. They reported the quantum yield of
singlet oxygen generation of 0.196 for zinc(Il) tetrapyrazinoporphyrazine derivative I
(Figure 6), which indicates that the thiophenyl functionalization decreased the ®, value
as compared to unsubstituted zinc(Il) phthalocyanine. Usually, zinc(II) ion-containing
phthalocyanine analogs are considered efficient singlet oxygen generators due to the “heavy
atom effect” [53]. For example, unsubstituted zinc(Il) phthalocyanine used as reference
compound reveals significantly higher ®, at the level of 0.56 in DMF and 0.67 in DMSO,
whereas unsubstituted magnesium(II) phthalocyanine 0.28 and 0.14, respectively [54]. A
similar phenomenon appeared in the case of 2. An additional issue that could affect a very
low singlet oxygen formation by 2 can be combined with terpene moiety. In our latest
study, phthalocyanine derivative bearing thymol moieties (II, Figure 6) formed singlet
oxygen with the quantum yield of 0.15 in DMF in comparison to unsubstituted zinc(II)
phthalocyanine 0.56 [35]. The above-mentioned literature data and the experimental results
obtained within current study allow to explain the observed effects. Namely, it seems that
the limited singlet oxygen formation ability of 2 can be the result of both magnesium(II)
ion presence in the core and bulky menthoxy-thiophenyl periphery, which decrease the
solubility of studied macrocycle.
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Figure 6. Chemical structures of macrocycles I-II.

In the photostability study, azaphthalocyanine derivative 2 under irradiation with
visible light presented very high stability. The calculated quantum yield for photostability
(Pp) of 2 at 9.59 x 107 significantly exceeds the border of 10~4-10~°, allowing us to
classify this macrocycle as a stable porphyrinoid following Dilber and et al. [55]. This time,
a high photostability can result from the introduction of menthoxy-thiophenyl moieties in
the periphery as a similar phenomenon was observed for phthalocyanine derivative II [35].

4. Conclusions

A novel, symmetrical menthol-thiophenyl substituted tetrapyrazinoporphyrazine was
synthesized utilizing Linstead conditions. The optimized synthetic and purification proce-
dures allow us to obtain a new macrocycle with a 36% yield. Tetrapyrazinoporphyrazine
derivative was subjected to detailed UV-Vis and NMR spectroscopy studies, accompa-
nied by MS spectrometry characteristics. The analysis of the bulky menthol-thiophenyl
substituted tetrapyrazinoporphyrazine periphery was performed with the use of 1D and
2D NMR techniques and allowed the assigning of the chemical shifts to corresponding
hydrogen and carbon atoms.

In the singlet oxygen quantum yield assessment study, tetrapyrazinoporphyrazine
derivative revealed a low generation of singlet oxygen with a quantum yield of singlet
oxygen formation at 2.3% in dimethylformamide. In contrast, in the photostability study,
the macrocycle appeared very stable under irradiation with visible light with a quantum
yield for photostability of 9.59 x 10~° in dimethylformamide. Absence of fluorescence
emission and very low efficiency of singlet oxygen generation with the value 2.3% al-
lows drawing conclusions on the photophysical and photochemical processes appearing
in the Jablonski diagram [56,57]. It especially concerns the elimination of the radiative
deactivation pathway of the excited photosensitizer to the ground state by fluorescence.
Additionally, it suggests its deactivation by vibrational relaxation which is a non-radiative
deactivation process mediated by the interactions between the macrocycle and its surround-
ing environment. This observation can also be supported by the fact that the deactivation
pathway of the excited photosensitizer from its triplet state to the ground state did not
occur via singlet oxygen formation pathway.

In summary, our finding is that is possible to obtain a new [(1R,2S,5R)-2-isopropyl-5-
methylcyclohexyloxy]-thiophen-5-yl-substituted tetrapyrazinoporphyrazine with magne-
sium(Il) ion, which can be applied in further optical and electrochemical studies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-341
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