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Phenyl and phenoxy-substituted boron subphthalocyanines were decorated by non-steroidal anti-inflammatory drug
diclofenac using axial exchange reaction. Target complexes show high values of singlet oxygen generation (@4 = 0.44-0.55)
and fluorescence quantum yields (®r = 0.20-0.33). The flash photolysis method allowed us to detect and characterize
the triplet states of subphthalocyanines. In the case of phenoxy-substituted subphthaloyanine, introduction of
diclofenac results in pronounced increase in fluorescence quantum yield.
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Introduction oxygen generation.[?] These brilliant properties result from
nonplanar cone-shaped structure of these molecules.[4
Boron subphthalocyanines exhibit low aggregation Until recently, subphthalocyanines have been studied as

propensity, bright fluorescence, and high yields of singlet ~ promising materials for dye sensitized solar cells,>-#1 highly
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sensitive sensors®!'!l and materials for nonlinear optics.['>!3]
However, they demonstrate high potential for application in
photodynamic therapy and fluorescent visualization.!!+17]
Introduction of different peripheral functional groups into
subphthalocyanine macrocycle or axial ligand exchange
allows to tune optical and photochemical properties of
boron subphthalocyanines.!'®!") Functionalization of the
subphthalocyanine molecule can be achieved in the starting
dinitriles up to the stage of template cyclization or in the
formed macrocycle using a postsynthetic strategy.?! The
introduction of bulky axial ligands increases the solubility
and bioavailability of sub-phthalocyanines.?'-?? In addition,
the mild reaction conditions of the axial ligand exchange
expand the range of functional groups that can be used for
this procedure.['>2!] In the recent paper of J. Demuth et al.
the increase of phototoxicity was demonstrated for axially
substituted boron subphthalocyanines.['®! An interesting
way of axial functionalization of subphthalocyanine
molecules is decorating with physiologically active
compounds. However, only a few examples of
subphthalocyanines of this type are described in the
literature.['®23] The present paper focuses on the synthesis
and photochemical properties of subphthalo-cyanines
bearing diclofenac as an axial ligand. The presence of a
non-steroidal anti-inflammatory drug in the
subphthalocyanine molecule can initiate the appearance of
dual pharmacological properties in target molecules. These
studies are a preliminary step before in vitro studies and
have the main goal of showing the possibility of generating
singlet oxygen by subphthalocyanines containing
diclofenac. As objects of structural modification, we chose
two symmetrically substituted boron subphthalocyanines
(phenyl- and phenoxy substituted). These subphthalo-
cyanines have shown good yields of singlet oxygen
generation['>?4] in previous studies and may be good lead
compounds for further functionalization.

Experimental

Hexaphenylsubphthalocyanine ~ boron  chloride, and
hexaphenoxysubphthalocyanine boron chloride were obtained
using template synthesis by analogy with the previously published
method.l'>?’! Diclofenac acid was prepared from corresponding
sodium salt using the standard protocol of hydrolysis.[?*?1 N,N-
Diisopropylethylamine (Sigma-Aldrich, ReagentPlus®, >99%),
silver trifluoromethanesulfonate (Sigma-Aldrich, >99%), phenol
(Sigma-Aldrich, >99%) were used without additional purification.
All reactions were monitored by TLC and/or UV-Vis spectroscopy
until  the complete  disappearance  of the  starting
subphthalocyanines unless otherwise specified. TLC was
performed using TLC aluminum sheets (silica gel layer,
ALUGRAM SIL G UVass, 20x20 cm, MACHEREY-NAGEL).
Matrix  assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectra were measured on a Bruker Autoflex
Il mass spectrometer without matrix. 'H and "B NMR spectra
were recorded on a Bruker AVANCE 600 spectrometer. Chemical
shifts are given in ppm relative to SiMes. In the case of ''B NMR,
BF3xEt,O was used as external standard.

UV-visible and fluorescence spectroscopy

UV-vis absorption spectra were recorded on a Shimadzu
UV-3101PC spectrophotometer (Japan) in the range of 300-800
nm in a quartz cuvette with an optical pathlength of 1 cm at room
temperature.
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The fluorescence spectra were recorded using a FluoTime
300 fluorescence lifetime spectrometer (PicoQuant GmbH,
Germany) with a xenon lamp as an excitation source in a 1.0x1.0
cm quartz cuvette at room temperature.

Fluorescence lifetime measurements

The fluorescence decay curves of SubPcs were obtained
with a FluoTime 300 fluorescence lifetime spectrometer
(PicoQuant GmbH, Germany) by a picosecond time-correlated
single photon counting (TCSPC) and a SOLEA laser. The
instrument response function (IRF) was obtained using Ludox
(DuPont) as a scattering standard. All experiments were carried
out at room temperature. The fluorescence decay was fitted by
using the FluoFit software (PicoQuant GmbH, Germany). The
fluorescence lifetimes were estimated by using a multi-
exponential model according to the equation described in:[2%]

—t—#1
1) = [*_IRF(t)Ir, Le' = at’ ),
where /; is the amplitude and 7 is the lifetime of the i-th decay
component, and n is the number of decay component. The
goodness of fit was evaluated by 7 test (close to 1 for the best fit)
as well as by the control of residuals and autocorrelation function.

Flash photolysis

The triplet-triplet absorption spectra and kinetics decay of
subphthalocyanines were measured using a conventional flash
photolysis setup: optical path length 20 cm quartz cuvettes,
excitation was performed by a Xe-lamp (20 ps) through different
blue and orange optical glass filters. Signals were recorded on a
PMT-38 photomultiplier (MELZ, USSR) at 400-800 nm. All
solutions were degassed before the experiments.

Singlet oxygen quantum yields

Singlet oxygen luminescence spectra were recorded in
toluene using tetraphenylporphyrin (TPP; @, = 0.66)*! as a
standard. The concentrations of the compounds were selected in
the range of (2.3 — 3.7)-10° M, while the optical density at the
excitation wavelength was the same for all solutions.

The luminescence spectra of singlet oxygen in toluene (Amax
~1270 nm) were obtained by irradiation with a Xe-lamp
(photoexcitation at A = 513 nm of solutions saturated with oxygen
at room temperature).

The quantum yields of singlet oxygen were determined in
toluene according to the formula:(*%!

; Fla
By = s i -

where ¢ i is the quantum yield of singlet oxygen for the standard,

Fi and Fs are the areas under the luminescence spectra of singlet
oxygen for the sample and the standard, 4; and 4s are the optical
absorption densities of the sample and the standard at the
registration wavelength, respectively.

Fluorescence quantum yields

Fluorescence spectra were recorded using quartz cuvettes
with an optical path length of 1 cm at room temperature. Quantum
fluorescence yields of subphthalocyanines were recorded in n-pro-
panol using rhodamine 6G as a standard (®r = 0.96 in n-pro-
panol3!) irradiated with the xenon lamp at 505 nm.

To avoid the internal filter effect, the optical density of the
standard and sample solutions at the excitation wavelength was
not more than 0.1.

The quantum yields of fluorescence were determined by the
method described in 32! according to the formula:

i _ Fifmi s, (11T
(Pf FSfing qbf
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where cpfs is the fluorescence quantum yield for the standard, F;

and Fs are the areas under the luminescence spectra of the sample
and the standard, nf and ng are the squares of the refractive

indices in the used solvent for the sample and standard,
respectively. fi = 1 — 10, where A: is the absorption of the
sample at the excitation wavelength.

Synthesis

Preparation of boron subphthalocyanine 2a (PhSubPcB-
DCF). A mixture of hexaphenylsubphthalocyanine boron chloride
1a (60.0 mg, 0.068 mmol) and silver trifluoromethanesulfonate
(23.0 mg, 0.085 mmol) was stirred in dry toluene (1.5 mL) at
room temperature under argon for 2.5 h. After the complete
conversion of initial complex 1a to corresponding triflate (TLC
control, SiO2, CsHs), diclofenac acid (40 mg, 0.135 mmol) and
N,N-diisopropylethylamine (0.015 mL, 0.085 mmol) were added
into the reaction mixture. The mixture was stirred at room
temperature during 20h. Then the hexane was added to the
reaction mixture and the precipitate was filtered off. Then the
target compound was washed with benzene. The benzene solution
was evaporated under reduced pressure. Additional purification
was carried out using gel permeating chromatography (bio-beads
SX-1, CsH¢). The complex 2a was obtained as a purple powder
(65 mg, 83%). UV-Vis (CH3CN) Amax nm (lge): 579 (4.36). 'H
NMR (600.13 MHz, CDCls) 8u ppm: 3.76 (s, 2H, CHy»); 6.47-7.26
(m, 37H, SubPc and diclofenac aromatics); 7.46-7.88 (m, 6H, Hp.);
8.59 (br.s, 1H, NH). "B NMR (192.55 MHz, CDCls3) s ppm: —
14.84. MS-MALDI-TOF (negative mode) m/z: 1101 ([M-CO.],
85%); 1145 (IM], 100%).

Preparation of boron subphthalocyanine 2b (PhOSubPcB-
DCF). A mixture of hexaphenoxysubphthalocyanine boron
chloride 1b (60.0 mg, 0.060 mmol) and silver
trifluoromethanesulfonate (19.0 mg, 0.075 mmol) was stirred in
dry toluene (1 mL) at room temperature under argon for 1.5 h.
After the complete conversion of initial complex 1b to
corresponding triflate (TLC control, SiO,, Ce¢Hs), diclofenac acid
(35 mg, 0.12 mmol) and N,N-diisopropylethylamine (0.013 mL,
0.075 mmol) were added into the reaction mixture. The mixture
was stirred at room temperature during 19h. Then the hexane was
added to the reaction mixture and the precipitate was filtered off.
Then the target compound was washed with benzene. The benzene
solution was evaporated under reduced pressure. Additional
purification was carried out using gel permeating chromatography
(bio-beads SX-1, CsHg). The complex 2b was obtained as a purple
powder (60 mg, 81%). UV-Vis (CH3CN) Amax nm (Ige): 567 (4.00).
"H NMR (600.13 MHz, CDCl3) 81 ppm: 3.73 (s, 2H, CHy); 6.48—
7.47 (m, 43H, SubPc and diclofenac aromatics); 7.78 (br.s, 1H,
NH). "B NMR (192.55 MHz, CDCl3) 8 ppm: —15.31. MS-
MALDI-TOF (negative mode) m/z: 1206 ([M-CI], 50%); 1241
(IMT, 90%); 1276 ([M+CI], 100%).

Results and Discussion

Synthesis

The protocol for introducing a diclofenac into the
axial position of boron subphthalocyanines includes an
intermediate stage of exchanging a chlorine atom for a good
leaving group, triflate. Then the triflate group was removed
with diclofenac in the presence of N,N-diisopropylethyl-
amine (DIPEA) as a base. We chose silver trifluoro-
methanesulfonate as the triflate source instead of trimethyl-
silyl trifluoromethanesulfonate ' because of the possibility
of carrying out the reaction under mild conditions: fast
process, room temperature. Target compounds 2a,b were
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purified using gel permeation chromatography. This
method was earlier successfully applied for introduction of
isoleucine and substituted benzoic acids into the axial
position of unsubstituted boron subphthalocyanine.?!]

The purity of the hybrid molecules has been proven by
high resolution mass spectrometry and NMR spectroscopy.

MALDI-TOF mass spectra were measured for both
positive and negative ion modes. However, we found that
minimal fragmentation and better resolution was observed
in the case of negative ion mode. Complexes 2
demonstrated intense molecular ions (Figure 1 and
Supporting Information). Under the laser ionization
cleavage of C-Cl bond in diclofenac moiety and
fragmentation of CO; was observed. In addition, the
formation of adduct with chlorine atom was also found for
complex 2a.

'"H NMR spectra for complexes 2 showed the
overlapping  of  aromatic  proton  signals of
subphthalocyanine periphery and diclofenac moiety (Figure
2 and Supporting Information). This statement is supported
by the data of 'H-'H COSY NMR.

In "B NMR spectra of complexes 2 typical signals of
boron atoms coordinated by nitrogen atoms were observed
in the range -14 - -15 ppm.
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Scheme 1. Synthesis of subphthalocyanines 2a,b.
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Figure 1. MALDI TOF mass spectrum (positive ion mode) of
boron subphthalocyanine 2a, isotopic pattern (inset A) and
simulated MS pattern (inset B).
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Figure 2. 'H (A) and aromatic region of 'H-'H COSY (B) NMR
spectra of boron subphthalocyanine 2a measured in CDCls.

UV-Vis spectroscopy and photochemistry

UV-Vis and fluorescence spectra of target hybrid
molecules demonstrate intense absorption and fluorescence
in visible region. The Stokes shifts lie in the range of
14 - 15 nm. The bathochromic shifts of absorption and
fluorescence bands were observed going from phenoxy to
phenyl-substituted complexes. It results from the increase
of quantity of electron-releasing groups on the periphery of
subphthalocyanine macrocycle.

Introduction of axial ligand only slightly influence on
the position of Q band. About 3 nm bathochromic shift of O
band was observed going from complexes 2 to 1. Similar
regularity was found for fluorescence spectra. Fluorescence
lifetimes are slightly lower for diclofenac-substituted
complexes compared to compounds 1. Whereas
fluorescence quantum yields for complexes 2a and 1a are
similar, @y value for complex 2b is about 3 times higher
than for initial compound 1b without diclofenac.

The kinetics of fluorescence decay (Figure 4) were
studied. The values of the fluorescence lifetimes for the
compounds 2 are on the order of 2 ns. It is slightly lower
than corresponding ones for initial complexes 1.

The data show that fluorescence decay kinetics of the
complexes are mono-exponential, with y> < 1.2, which
corresponds to the first-order reaction kinetics.

To study the ability of subphthalocyanines to generate
reactive oxygen species under photoactivation the flash
photolysis measurements were carried out. The spectral-
kinetic parameters of the triplet states of boron
subphthalocyanines in acetonitrile were determined.
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Table 1. UV-Vis, fluorescence and photochemical data for target
compounds and literature data.

7\48 Ss )\ema ) b .
Compound nrl;la nm* o r‘f;" rflrsb Oaf
PhSubPc-
DCF 2a 578 594 0.20 1.95 1.11 0.50
PROSubPc-
DCF 2b 567 580 0.33 1.94 1.24 0.44
Ph
Slub[IZSC]Cl 582 600 027  2.88 3.10 0.58
a
PROSubPcCl
1bL25] 572 582 0.13  2.90 1.43 0.48

2 _ spectra were measured in n-propanol; ® — spectra were
measured in CH3CN; © — spectra were measured in toluene
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Figure 3. Normalized UV-Vis spectra (blue lines) and emission
spectra (red lines) of subphthalocyanines 2 in n-propanol.
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Figure 4. The fluorescence decay kinetics of boron
subphthalocyanines in n-propanol. Aex = 520 nm, Arg = 580 nm.

Differential ~ triplet-triplet ~ absorption  spectra
demonstrate the bleaching of the O band in the range 500 —
600 nm and the appearance of triplet bands in the ranges of
420 — 500 nm and 600 — 800 nm (Figure 5). The lifetimes
of triplet state correspond primarily to the value of 1 ms
(triplet decay rates kr are listed in Table 2). The kinetics of
the triplet state decay for the subphthalocyanine complexes
are following mono-exponential dependence (kr, reaction 4,
Scheme 2).

Triplet molar extinction coefficients
calculated using singlet depletion method:

er =& (Adr/ Ads), Iv)

where A4r and Adsare differential optical densities after the
flash impulse at triplet absorption maximum and singlet
bleaching minimum, respectively; € is molar extinction
coefficient of the ground state.

(er) were
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Figure 5. Differential triplet-triplet absorption spectra of solutions
of subphthalocyanines 2a,b in CH;CN (C = 1:10° M, time after the
flash 150 ps) (A,B). The kinetics of the triplet states decay at 460
nm (C, D).
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Table 2. Spectral kinetic parameters of triplet states of target
subphthalocyanines.

Compound Amax 1, M I\/Il_‘%g;mca;’l_l kr, s71x 102
PhSubPc-DCF 2a 460 3.96 9.0
PROSubPc-DCF 2b 460 3.54 8.0

The quenching constant (k;) of the triplet state by
oxygen was calculated according to the equation:

k=kr+ kO3], V)

where k is the decay rate of the triplet state, k7 is the decay
rate of the triplet state in the deoxygenated solution, &, is
the bimolecular oxygen quenching constant. Oxygen
quenching constant in acetonitrile is estimated to be k; =
1.9-10° M!s! for all compounds, which is close to the
value of the diffusion rate constant in this solvent,
accounting the spin-statistical factor 1/9.

The results of flash photolysis measurements were
supported by the measurements of 'O quantum yields.
Scheme 2 illustrates the mechanism of photochemical
processes involving subphthalocyanines, including singlet
oxygen formation under irradiation. Singlet oxygen is
generated as a result of energy transfer from the
photosensitizer triplet state (T) to oxygen molecules in the
ground state (equation 5, Scheme 2).

Singlet oxygen quantum yields (®a) were determined
using the relative method of 'O, phosphorescence at 1270
nm (Table 1, Figure 6). The tetraphenylporphyrin (TPP)
was chosen as a reference compound.
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Figure 6. Luminescence spectra of singlet oxygen in the solutions
of subphthalocyanines 2 and reference compound (TPP)
(Aex=513 nm).

Resulting @, values for complexes 2 are similar to
initial compounds 1. In contrast to fluorescence quantum
yields the singlet oxygen quantum yields increase from
PhOSubPc-DCF to P'SubPc-DCF. This regularity can be
explained by the competition between the fluorescence and
singlet oxygen generation processes. Also, the presence of
phenoxy and phenyl substituents leads to an increase in the
contribution of vibrational relaxation, which is expressed in
a decrease in the contribution of the internal conversion
process. The contribution of intersystem crossing decreases,
which leads to a decrease in the quantum yield of singlet
oxygen for compounds with such substituents.

Conclusions

New hybrid photosensitizers consisting of a
subphthalocyanine unit and a diclofenac molecule in the
axial position are presented. Two types (aryl, and aryloxy)
of peripheral substituents were chosen to study the
correlation between the structure of photosensitizers and
their optical properties. It has been found that the ability to
generate singlet oxygen and the fluorescent properties of
subphthalocyanines change in the opposite way. Singlet
oxygen quantum vyields are similar for initial boron
subphthalocyanines and diclofenac-substituted complexes
(®a~0.4 — 0.5). However, the introduction of diclofenac
fragment into phenoxy-substituted subphthalocyanine led to
an increase in the fluorescence yield (@= 0.33).
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