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ns-A2B-corrole derived from
a lapachone derivative: photophysical, TD-DFT and
photobiological assays†

Bruna M. Rodrigues,a Carlos C. Diniz,a Vinicius N. da Rocha,b Mateus H. Köhler, b

Guilherme P. Brandão,c Luana A. Machado,cd Eufranio N. da Silva Júnior *c

and Bernardo A. Iglesias *a

In this work, the synthesis, characterization and photophysical assays of a new trans-A2B-corrole derivative

from the naturally occurring quinone are described. b-Lapachone is a naturally occurring quinoidal

compound that provides highly fluorescent heterocyclic compounds such as lapimidazoles. The new

trans-A2B-corrole compound was obtained from the reaction between 2,3,4,5,6-(pentafluorophenyl)

dipyrromethane and the lapimidazole bearing an aldehyde group. The dyad was characterized by high-

resolution mass spectrometry (HRMS), NMR spectroscopy (1H, COSY 2D, HMBC, 19F), FT-IR, UV-vis,

steady-state and time-resolved fluorescence, electrochemical studies (CV), TD-DFT analysis and

photobiological experiments, in which includes aggregation, stability in solution, photostability and

partition coefficients assays. Finally, ROS generation assays were performed using 1,3-

diphenylisobenzofuran (DPBF) method and the presented compound showed significant photostability

and singlet oxygen production.
1. Introduction

Fluorescent compounds are indispensable tools for a wide
range of applications for several purposes such as uorescent
sensors,1 OLEDs,2 and bioimaging studies.3

Lapachol (1) is a naturally occurring quinoidal compound
isolated from the heartwood of trees from the Bignoniaceae
family, known in Latin America as the Ipe tree and possesses
a wide range of biological activities.4 Lapachol moiety is the
synthetic precursor of b-lapachone (2), in which the redox
centre modication4c,d allows the synthesis of outstanding
heterocyclic compounds featuring prominent uorescent
properties such as lapimidazoles and lapoxazoles (Scheme 1A).

In recent years, our research group has made efforts to
construct novel uorescent compounds based on lapachone
moiety for various applications such as selective uorescent
mitochondrial imaging probes,5 lapoxalozes derivatives for
imaging of lipid droplets6 and, uorescent boron-complexed
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lapoxazoles as superior and selective probes for endocytic
pathway tracking in live cancer cells.7 Recently, our research
group also reported the synthesis of highly uorescent
compounds based on lapachone derivatives through transition
metal catalysed C–H annulation reactions. These protocols
provided a one-step fashion to achieve highly extended
compounds with remarkable photophysical properties8

(Scheme 1B).
Corroles are tetrapyrrole macrocycles in the class of

porphyrins commonly used as sensitizers in photodynamic
processes, including photodynamic therapy (PDT) and antimi-
crobial photodynamic therapy (aPDT). Depending on the elec-
tronic structure (substituents, metal ion center) these
derivatives may present good photostability, high reactive
oxygen species (ROS) production yield, and interaction with
target biomacromolecules.9,10 A number of charges, aggregation
state, and hydrophobicity character are determining factors for
the compounds to have a promising photodynamic action.9,10

The study of ROS formation is fundamental for photodynamic
assays, requiring the combination of a photosensitizer (PS),
molecular oxygen (O2), and the adequate light source. In this
case, there are two main reaction mechanisms: type I, which
produces radical species (cOH, O2c

−, cOOH) by electron/hole
transfer, and type II, which might generate 1O2 species by
energy transfer processes.11 Due to their high reactivity, ROS can
oxidize different biological substrates and biomacromolecules,
including nucleic acids, lipoproteins, serum albumin, micro-
organisms, and cells.12
RSC Adv., 2023, 13, 11121–11129 | 11121
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Scheme 1 Overview.
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In the present manuscript, we report the synthesis of new
mono-substituted corrole containing lapachone unit at meso
position (H3LapCor) (Scheme 1C). Their characterization by
high-resolution mass spectrometry, FT-IR and NMR techniques
were recorded. The photophysical study by absorption, steady-
state and time-resolved uorescence emission analysis was
conducted in several solvents, with TD-DFT calculations anal-
ysis. In addition, photobiological properties, including aggre-
gation, stability, photostability, coefficient partition values, and
ROS were conducted and studied.
2 Experimental
2.1. General

All chemical reagents were of analytical grade and purchased
from Sigma-Aldrich® and Oakwood Chemical® (USA) without
any further purication. Column chromatography was carried
out using silica-ash 230–400 mesh from Aldrich. Analytical
preparative thin-layer chromatography was performed on
aluminum sheets (1.0 mm thick) Merck TLC silica-gel 60.
11122 | RSC Adv., 2023, 13, 11121–11129
Compounds were analyzed using a high-resolution mass
spectrometer with electrospray ionization (HRMS-ESI) in the
positive mode using a micrOTOF-QII mass spectrometer
(Bruker Daltonics, Billerica, MA). Mass spectrum was recorded
for each sample in methanolic solution (concentration of 500
ppb) with ow of 4.0 mL min−1 and capillarity of 3500 V. 1H, 19F,
COSY 2D and HMBC NMR spectra were recorded with a Bruker
Avance III spectrometer at 600 (1H) and 565 MHz (19F) respec-
tively, using deuterated chloroform (CDCl3) as the solvent and
tetramethylsilane (TMS) as the internal reference. The chemical
shis are expressed in d (ppm) and coupling constants (J) are
given in Hertz (Hz). The multiplicities are expressed as: s,
singlet; d, duplet, and m, multiplet. Fourier-transform infrared
spectroscopy (FT-IR) spectra was recorded on a Bruker Vertex 70
spectrometer equipped with diamond attenuated total reec-
tance (ATR) accessory in the 4000–400 cm−1 region.
2.2. Synthesis of corrole H3LapCor

The compounds aldehyde LapCHO and 2,3,4,5,6-(penta-
uorophenyl)dipyrromethane C6F5-DPM were synthesized
© 2023 The Author(s). Published by the Royal Society of Chemistry
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according to the literature.5,13 Dipyrromethane C6F5-DPM
(0.159 g; 0.512 mmol) and the aldehyde LapCHO (0.091 g; 0.256
mmol) were dissolved in 50 mLMeOH. Subsequently, a solution
of HClaq (37%; 2.5 mL) in H2O (50 mL) was added and the
reaction was stirred at room temperature for 1 h. In the next
step, the mixture was extracted with DCM, and the organic layer
was washed twice with H2O, dried (with anhydrous Na2SO4),
ltered, and diluted to 250 mL with DCM. A solution of DDQ
(0.115 g; 0.512 mmol) in toluene/dichloromethane mixture (1 : 3
v/v; 8 mL) was added, and the mixture was stirred for 15 min.
The reaction mixture was concentrated to half of this volume,
and it was puried rst on a silica-gel chromatography column
(ethyl acetate/n-hexane, 60 : 40). Then, the resulting residue was
recrystallized using a mixture of DCM/n-hexane (20 : 80) to
obtain pure dark greenish corrole H3LapCor.

2.2.1. Spectroscopic data for H3LapCor. Yield 0.040 g;
0.041mmol (16%). M. p. > 300 °C (decomp.). 1H NMR (600MHz,
CDCl3): 1.48 (s, 6H, CH3, 1), 2.03 (s, 2H, CH2, 2), 3.17 (s, 2H,
CH2, 3), 7.44 (s, 1H, ArLap, 4), 7.54 (s, 1H, ArLap, 7), 8.25 (d, 2H, J
= 7.6 Hz, ArLapCor, 8), 8.31 (d, 2H, J= 8.4 Hz, ArLapCor, 9), 8.47 (d,
2H, J = 7.7 Hz, ArLap, 5, 6), 8.55 (d, 2H, J = 4.1 Hz, b-Hcorrole, 12,
14), 8.66 (s, 4H, b-Hcorrole, 10, 11) and 9.09 (d, 2H, J = 4.05 Hz, b-
Hcorrole, 13, 15).

19F NMR (565 MHz, CDCl3): −137.86 (s, 2F,
Fmeta); −152.77 (t, 1F, J = 21.5 Hz, Fpara) and −161.74 (d, 2F, J =
23.35 Hz, Fortho). FTIR (ATR, cm−1): 3423, 3093, 2920, 2851,
1715, 1486, 1097, 954, 785. HRMS-ESI(+): m/z = 957.2394 (calcd
for C53H30F10N6O); m/z = 957.2316 ([M + H]+, found for
C53H30F10N6O).
2.3. Absorption and emission analysis

UV-vis absorption spectra in all solvents (toluene – Tol; tetra-
hydrofuran – THF; dichloromethane – DCM; ethanol – EtOH;
acetonitrile – ACN; N,N-dimethylformamide – DMF, dimethyl
sulfoxide – DMSO and DMSO(5%)/Tris–HCl pH 7.4 buffer
mixture) were obtained using the Shimadzu UV-2600 spectro-
photometer (1.0 cm optical path length) and measured in the
250–800 nm region, with concentrations of about 10 mM.

For steady-state uorescence emission spectra, were ob-
tained using the Horiba Jobin-Yvon Fluoromax Plus uorimeter
(slit Em/Exc 2.0 mm), measured in the 600–800 nm region, with
concentrations of about 5.0 mM, and excited in the respective
Soret band. The uorescence quantum yields (Ff) of the corrole
sample dissolved all solvents were measured using meso-tet-
ra(phenyl)porphyrin in DMF solution as standard (TPP; Ff =

11%).14 Unfortunately, it was not possible to record any emis-
sion spectrum of corrole in DMSO (5%)/Tris–HCl pH 7.4 buffer
mixture solution, due to the absence of emission bands.

Once the steady-state uorescence spectra were recorded for
all the samples, uorescence quantum yields were determined
using adequate equation according to the current literature.15

Lifetime uorescence decays (sf) in the singlet-excited state were
recorded using Time Correlated Single Photon Counting
(TCSPC) method with DeltaHub controller in conjunction with
Horiba uorimeter. Data was processed with DAS6 and Origin®
8.5 soware using exponential (mono-exponential) tting of raw
data. NanoLED (Horiba) source (1.0 MHz, pulse width <1.3 ns at
© 2023 The Author(s). Published by the Royal Society of Chemistry
441 nm excitation wavelength) was used as an excitation source.
In this way, radiative (kr) and non-radiative (knr) constants can
be determined by knowing the uorescence quantum yield and
uorescence lifetime, as following equations according to the
literature.16

2.4. TD-DFT calculations

Electronic and structural properties of the corrole were studied
through DFT calculations, as implemented in Gaussian 09.17

The ground state geometrical structures were optimized (energy
minimization) with Berny's optimization algorithm, which
involves calculating the analytical derivatives of the energy with
respect to nuclear coordinates, specically in redundant
internal coordinates.17 The optical absorption spectra were ob-
tained by a single-point TDDFT calculation on the optimized
geometries. All calculations were conducted at the wB97XD/6-
31G(d,p) level of theory.18 The polarizable continuum model
(PCM) was employed to calculate molecular properties in
dichloromethane (DCM), dimethyl sulfoxide (DMSO), or aceto-
nitrile (ACN).

2.5. Electrochemical measurements

Cyclic voltammograms were recorded with a potenciostat/
galvanostat AutoLab Eco Chemie PGSTAT 128 N system at
room temperature and under argon atmosphere, in dry DCM
solution. Electrochemical grade tetrabutylammonium hexa-
uorophosphate (TBAPF6, 0.1 M) was used as a supporting
electrolyte. Employing a standard three-component system
these CV experiments were carried out with: a glassy carbon
working electrode; a platinum wire auxiliary electrode and
a platinum wire pseudo-reference electrode. To monitor the
reference electrode, the ferrocenium/ferrocene redox couple
was used as an internal ref. 19.

2.6. Aggregation and stability in solution

UV-vis absorption spectroscopy was conducted as a function of
successive increase of corrole concentration (0.5 to 20 mM) in
ACN, DMF, DMSO and DMSO(5%)/Tris–HCl mixture buffer (pH
7.4) solutions and changes in the respective Soret band were
monitored.20 The stability experiments in ACN, DMF, DMSO
and DMSO(5%)/Tris–HCl mixture buffer (pH 7.4) of related
corrole was also monitored by absorption electronic UV-vis
measurements at total time of 3 days. All experiments were
performed in duplicate and independently.

2.7. Photostability, singlet oxygen quantum yield (FD) and
superoxide formation assays

The photostability experiments in DMSO(5%)/Tris–HCl mixture
buffer (pH 7.4) solution of related corrole was also monitored by
UV-vis absorption analysis at different exposure times (0 to 30
min) under white-light LED array system (400 to 800 nm) at
irradiance of 50 mW cm−2 and a total light dosage of 90 J cm−2

and red-light LED array system (660 nm) at irradiance of 100
mW cm−2 and a total light dosage of 180 J cm−2, respectively.
Photodegradation constant (kPB) and photodegradation
RSC Adv., 2023, 13, 11121–11129 | 11123
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quantum yield (FPB) are also determined. All experiments were
performed in duplicate and independently.

Singlet oxygen production (FD) was recorded according to
typical 1,3-diphenylisobenzofuran (DPBF) photo-oxidation
analysis, in DMSO, DMF and ACN solutions. In order to
measure singlet oxygen generation, absorption UV-vis spectra of
each solution were recorded at different exposure times (0 to
900 s, using red-light LED array system (660 nm) at irradiance of
100 mW cm−2 and a total light dosage of 180 J cm−2). The
singlet oxygen production quantum yield (FD) was calculated
applying according to the literature, using as standard meso-
tri(phenyl)corrole TPhCor in DMSO, FDstd = 0.67.21

The superoxide formation in DMF and DMSO solutions was
evaluated by NBT reduction experiment, to detect the formation
of superoxide radical species (O2c

−). This approach was carried
out using at the same conditions in the literature.22 Corrole
sample was irradiated under aerobic conditions with white-
light LED source at total period of 30 min (irradiance of 50
mW cm−2 and a total light dosage of 90 J cm−2). The progress of
the reaction was monitored by following the increase of the
absorbance close to 560 nm. The superoxide generation
constant (kSO) can be obtained from the slope in the plot
Absformazan versus time.

2.8. Water/n-octanol partition coefficients (log POW)

The partition coefficient of corroles was determined using n-
octanol (3.0 mL) and water (3.0 mL), according to the literature23

and the log POW value was calculated from UV-vis absorption
analysis.

3 Results and discussions
3.1. Corrole synthesis

The access to meso-10-substituted corrole H3LapCor was per-
formed, according to Gryko methodology,24 and involved the
condensation of (pentauorophenyl) dipyrromethane C6F5-
DPM and the derivative prepared from b-lapachone LapCHO,5

in a mixture of MeOH/H2O using HCl as catalyst (Scheme 2).
The reaction mixture was maintained under stirring for 1 h at
room temperature and aer the usual work up and chromato-
graphic purication, we were able to isolate corroleH3LapCor in
16%. Furthermore, condensation in DCM in the presence of
Scheme 2 Synthetic route for the synthesis of corrole H3LapCor.

11124 | RSC Adv., 2023, 13, 11121–11129
TFA acid was tested, but the yields were not satisfactory (close to
3.0% – data not show). The structure of this free-base corrole
was fully conrmed by mass spectrometry, NMR, electrochem-
istry, and absorption/emission spectroscopy.
3.2. Structural characterization of corrole

Considering the characterization of compound H3LapCor, its
mass spectrum (see ESI – Fig. S1†) show three ion peaks: one at
m/z 957, corresponding to the original ion ([M + H]+), other atm/
z 901 probably corresponding to the species originating from
the fragmentation of the aliphatic ring of lapachol rings and
other atm/z 685 probably corresponding to loss of lapachol unit
followed by HF loss of corrole substituent. In the FT-IR ATR
vibrational spectrum, the main vibrations of the corrole were
selected, due to the difficult attribution of the signals with
precision (see ESI – Fig. S2†). In general, the 1H NMR spectrum
of corrole H3LapCor showed the expected prole of typical
trans-A2B-corroles (see ESI – Fig. S3†). For example, the signals
at d 9.10 to 8.50 ppm range correspond to the b-pyrrolic protons
of corrole derivative. As expected, the doublets at d 8.35 to
8.20 ppm range were identied as the phenyl ring protons
between corrole and lapachol moiety. The resonances of the
protons of the phenyl rings of lapachol were assigned to the
signals at d 8.47, 7.54, and 7.44 ppm, respectively. Finally, the
aliphatic proton signals corresponding to the O-ring are
observed at d 3.20 to 1.40 ppm range. The 1H–1H COSY 2D and
1H–13C HMBC NMR spectra are listed in the ESI (Fig. S4 and
S5†).

The 19F NMR spectrum ofH3LapCor showed the same prole
of the typical C6F5-substituted corroles.25 For example, 19F NMR
spectrum shows the resonances of the uorine atoms in the
meta position as a singlet signal at d −137.86 ppm, the reso-
nances of para uor atoms appear as triplet at d −152.77 ppm
and the ones belonging to ortho atoms as doublet at
d −161.74 ppm (see ESI – Fig. S6†).
3.3. Photophysical properties of corroles

The absorption UV-vis spectra of corrole H3LapCor was recor-
ded in several different solvents: acetonitrile (ACN), dichloro-
methane (DCM), dimethyl sulfoxide (DMSO), DMSO(5%)/Tris–
HCl pH 7.4 buffer mixture, N,N-dimethylformamide (DMF),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Normalized absorption UV-vis spectra of corrole H3LapCor in all solvents (concentration at 10 mM), (b) steady-state fluorescence
emission spectra of corrole H3LapCor in all solvents (concentration at 5.0 mM), using lexc the Soret band and (c) solutions in UV365nm light
irradiation.
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ethanol (EtOH), tetrahydrofuran (THF) and toluene (Tol) at
room temperature and 250–800 nm range and absorption
spectra illustrated in Fig. 1A.

For compound H3LapCor, maximum absorption bands were
observed at about 419 to 425 nm, which are attributed to the
Soret band in the corrole structure. The changes in the
absorption maxima in this transition have a small variation,
depending on the polarity of the solvent, and the values are
listed in Table 1. The Q-bands were found between 560 to
630 nm range, with corrole showing more intense Q bands in
the red region in some solvents, such as ACN, DMF and DMSO
(Fig. 1A). According to the current literature, the corrole deriv-
atives here can be present in the anionic form in some solution
and this possibility can affect the UV-vis prole in lower energy
region, due to the basicity of the solvent.26 Also, at more higher
energy region, the transition bands around 280 to 300 nmwhich
can be assigned to the lapachol moiety (p / p*).
Table 1 Photophysical parameters of the studied corrole in all solvents

Solventa l, nm (3; M−1 cm−1)b
lem, nm
(Ff, %)c,d

Toluene 300 (26 732), 419 (59 182), 566 (8151), 617 (5939) 653 (3.0)
THF 367 (39 098), 421 (52 165), 588 (7237), 631 (10 100) 646 (2.3)
DCM 299 (37 313), 412 (70 099), 566 (10 820), 611 (8681) 671 (2.0)
EtOH 296 (40 248), 409 (65 373), 567 (10 945), 612 (7985) 674 (4.1)
ACN 295 (41 829), 419 (71 884), 582 (7998), 623 (14 465) 645 (3.7)
DMF 297 (58 504), 425 (89 998), 586 (14 659), 628 (20 582) 649 (4.4)
DMSO 298 (55 812), 425 (74 389), 587 (12 335), 628 (18 235) 650 (7.0)

a Dieletric constant (30 = 2.38 for toluene; 30 = 7.52 for THF; 30 = 8.93 for D
47.0 for DMSO). b Concentration at 10 mM. c Concentration at 5.0 mM and e
11%). e SS = Stokes shis (Q bands): Dl = 1/labs − 1/lem (cm−1). f Exci
constants. h Radiative lifetimes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The steady-state uorescence emission spectra of corrole H3-
LapCor was recorded in all solvents mentioned above, and the
emission spectra and UV lamp solution photography are illus-
trated in Fig. 1B and C. The studied corrole exhibited classical
emission bands at the red region when excited in Soret transition
band, which can be assigned to the S0 / S2 electronic transition
state (Table 1). Some emission shis are observed in the
maximum emission peaks, mainly in DCM and EtOH solution
and we can attribute this to a difference in the stabilization of the
structures in the excited state, probably by secondary interactive
forces. The uorescence quantum yields (Ff) and Stokes Shis
(SS) are measured in all solvents (Table 1) and the results are low
and agree with similar uorescence properties of corrole deriva-
tives in the literature.27 The small SS values were observed for all
solvents, and this can be attributed to the vibrational relaxation
or dissipation and solvent reorganization, which can increase the
separation of the energy levels of the ground and excited states.
SS e

(nm cm−1−1) sf
f(ns) c2

kr
(×106 s−1)g sr

h(ns)
knr
(×106 s−1)g

36/893 4.71 � 0.05 1.02591 6.37 1.57 205.9
15/368 4.32 � 0.04 1.14370 5.32 1.88 226.1
60/1463 4.19 � 0.04 1.07256 4.77 2.10 233.8
62/1503 4.05 � 0.05 1.06452 10.12 0.99 236.8
22/547 4.40 � 0.05 1.12275 8.41 1.19 218.8
21/515 4.20 � 0.04 1.17435 10.48 0.95 227.6
22/539 4.51 � 0.05 1.02708 15.52 0.64 206.2

CM; 30 = 24.6 for EtOH; 30 = 36.64 for ACN; 30 = 38.25 for DMF and 30 =
xcited in the rst Q band. d Using TPP in DMF solution as standard (Ff=
ted by nanoLED source at 441 nm. g Radiative and non-radiative rate
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Using time-resolved uorescence decay (sf), the corrole H3-
LapCor presented slightly variation in the uorescence decays
according to the solvent polarity (Table 1). The uorescence
lifetimes directly excited in the Soret transitions are about 4.00
to 4.50 ns range, and this likely indicates a reduction in the non-
radiative (knr) relaxation due to more restricted molecular
motion, thereby favoring radiative (kr) constant values (Table 1).
The uorescence lifetime measured for corrole are in agree-
ment with those obtained for other corrole derivatives in the
literature.27 Using the radiative decay time (sr), it is possible to
see that the is very slow when compared with the uorescence
lifetime in all solvents, indicating that probably for corrole
H3LapCor the main relaxation mechanisms are probably the
internal conversion (IC) and/or triplet state formation.
3.4. TD-DFT analysis

Fig. S7† (ESI) shows the TD-DFT optical absorption for the
corrole structures in DCM (black), DMSO (red), and ACN
(green). The data were obtained at the ground state equilibrium
geometry for each compound.28 We can notice a very similar
absorbance behavior between all the solvents, with a slight red
shi observed in acetonitrile. As peculiar in corrole-conjugated
molecules,29 we found two peaks at the Q-band (∼510 and ∼535
nm), which correspond to S0 / S1 and S0 / S2 transitions, and
a more pronounced peak at approximately 370 nm in the Soret
band, which correspond to an S0 / S3 transition. All the
implicit environments present very close values for energy and
oscillator strength in these transitions (see ESI; Table S1†).

To elucidate the optical transitions predicted by TD-DFT
calculations, in Fig. 2 we show the natural transition orbitals
(NTOs) associated with the most prominent peaks in the corrole
compound, in the S0 / S1 and S0 / S3 transitions. As we can
learn from Fig. 2, all the transitions associated with both the
Soret and the Q-bands come from the entire molecule (HOMO)
Fig. 2 Natural transition orbitals (NTOs) for studied H3LapCor corrole as

11126 | RSC Adv., 2023, 13, 11121–11129
to the tetrapyrrole macrocycle portion of the corrole (LUMO). In
both environments, the HOMO and LUMO orbitals are formed
from p-like orbitals on the entire molecule, and do not exhibit
a solvent-dependent electronic distribution. The solvent does
not affect the optically induced electronic transitions in these
corroles with lapachol moiety. The results highlight the elec-
tronic distribution in these compounds.

We found a HOMO–LUMO energy gap of 5.442, 5.355, and
5.354 eV for DCM, DMSO, and ACN implicit solvents, respec-
tively. A higher HOMO–LUMO energy gap implies higher kinetic
energy, with elevated chemical reactivity. The HOMO–LUMO
energy gaps of all solvents are very similar, which implies that
the stability is independent of the environment.

3.5. Electrochemical analysis

The electrochemical behavior of corrole H3LapCor was investi-
gated by cyclic voltammetry (CV) analysis in dry DCM solution
and the redox peaks are listed in the Table 2. All CV data are
presented in the ESI (Fig. S8†).

Scanning in the anodic region (positive potentials) the free-
base corrole H3LapCor showed three irreversible processes at
+1.00 to +1.60 V range. These processes can be assigned to the
p-cation radical species, following to the cationic and dicationic
species, according related to the literature.30 Moving to the
cathodic region (negative potentials) studied corrole presented
two irreversible processes at −1.10 to −1.85 V range. The
observed redox processes can be assigned to the p-anion radical
species, following to the anionic and dianionic species.

3.6. Photobiological experiments

3.6.1. Aggregation, stability in solution, photostability and
partition coefficients. To evaluate the aggregation behavior of
corrole H3LapCor in solution, we studied this phenomenon by
UV-vis absorption analysis in several solvents (ACN, DMF,
sociated with the absorption peaks in (a) DCM, (b) ACN and (c) DMSO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Redox potentials of corrole H3LapCor, in dry DCM solution (E versus SHE) at scan rate 100 mV s−1

Compound Eox1 Eox2 Eox3 Ered1 Ered2 EHOMO
c(eV) ELUMO

d(eV) DEe

H3LapCor +0.91 Va +1.38 Va +1.58 Va −1.15 Vb −1.83 Vb −5.71 −3.65 2.06

a Anodic peak= Epa.
b Cathodic peak= Epc.

c EHOMO=−[4.8 + Eox1 (versus SHE)] eV. d ELUMO=−[4.8 + Ered1 (versus SHE)] eV. e DE= EHOMO – ELUMO.

Fig. 3 UV-vis aggregation assays of corrole H3LapCor in DMSO(5%)/
Tris–HCl pH 7.4 buffer mixture solution, in the concentration variation
from 0.5 to 20 mM. Inset: AbsSoret versus concentration plot.

Table 3 Photobiological parameters of corrole H3LapCor

Solvent

1O2 generation O2c
− generation

kpo
a(M−1 s−1) FD (%) kSO

b(M−1 s−1)

ACN 2.46 × 10−4 21.0 —
DMF 4.96 × 10−4 45.0 3.50 × 10−3

DMSO 3.39 × 10−4 35.0 3.98 × 10−3

Photobiological
parameters

Log POW +2.31
kPB (min−1)c (white- 1.96 × 10−3
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DMSO and DMSO(5%)/Tris–HCl pH 7.4 buffer mixture). In all
cases, we observed that there was not a signicant shi at the
maximum Soret absorbance wavelengths. Using the DMSO
(5%)/Tris–HCl pH 7.4 buffer mixture solution as example, an
increase was observed in the absorption peaks as a function of
the concentration variation from 0.5 to 20 mM (Fig. 3). In
addition, no new absorption band on the UV-vis region was
observed in any cases, indicate that aggregation is not present.
All absorption spectra in other solvents are listed in the ESI (see
Fig. S9–S11†).

The difference in relation to the photostability of the corrole
is described in Fig. 4. The absorption spectra of corrole under
white and red-light LED irradiation conditions (white-LED with
irradiance of 50 mW cm−2 and a total light dosage of 90 J.cm−2;
red-LED with irradiance of 100 mW cm−2 and a total light
Fig. 4 Comparative photostability behavior of corrole H3LapCor in
white-light (black line) and red-light (red line) irradiation conditions,
after 30 min.

© 2023 The Author(s). Published by the Royal Society of Chemistry
dosage of 180 J.cm−2, both at period of 30 min) in DMSO(5%)/
Tris–HCl buffer pH 7.4 buffer mixture solution show a similar
photo-bleaching prole (Fig. 4 and Table 3). This may be
attributed to better stabilization of the pentauorophenyl (C6F5)
groups in the meso macrocycle positions. In this way, the
presence of C6F5 groups increases the photostability of the
corrole, which was also observed in other corrole derivatives in
the literature.27 Moreover, no changes in the prole of the
electronic spectra of corrole was observed, possibly indicating
that there was no formation of by-products under photo-
bleaching conditions (see ESI – Fig. S12 and S13†).

Furthermore, the partition coefficients (log POW) were
measured for corrole derivative in octanol/water mixture and
the value found for the H3LapCor is in accordance with the
literature, with neutral corrole derivatives,31 showing a hydro-
phobic character, by positive log POW values (Table 3).

3.6.2. ROS generation assays. The ability of corrole H3-
LapCor to produce reactive oxygen species (ROS), in this case,
singlet oxygen (1O2), was monitored using 1,3-
light)
FPB (%)d (white-
light)

4.00

kPB (min−1)c (red-
light)

1.46 × 10−3

FPB (%)d (red-light) 2.80

a DPBF photooxidation constant, using meso-tri(phenyl)corrole TPhCor
as standard in DMSO solution (kpo = 6.50 × 10−4 M−1 s−1 and FD =
67%).30 b Superoxide formation constant, by NBT reduction assay in
DMSO and DMF solution. c Photobleaching constant determined by
photostability assays (white-LED with irradiance of 50 mW cm−2 and
a total light dosage of 90 J cm−2 for 30 min; red-LED with irradiance
of 100 mW cm−2 and a total light dosage of 180 J cm−2 for 30 min), in
DMSO(5%)/Tris–HCl pH 7.4 buffered mixture solution.
d Photobleaching quantum yield determined by photostability assays
(white-LED with irradiance of 50 mW cm−2 and a total light dosage of
90 J cm−2 for 30 min; red-LED with uence rate of 100 mW cm−2 and
a total light dosage of 180 J cm−2 for 30 min), in DMSO(5%)/Tris–HCl
pH 7.4 buffered mixture solution.
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Fig. 5 DPBF photo-oxidation experiment in DMF solution by irradia-
tion with red-light LED source (660 nm; irradiance of 100 mW cm−2

and a total light dosage of 90 J cm−2) in the presence of corrole H3-
LapCor. The inset shows the first order kinetic profile.
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diphenylisobenzofuran (DPBF) quencher in ACN, DMF and
DMSO solution.30,31 The DPBF method has been widely used to
provide a quantitative analysis of singlet oxygen production by
1O2 quantum yield (FD). The DPBF photo-oxidation UV-vis
spectra in ACN and DMSO are presented in the ESI (Fig. S14
and S15†).

In the Table 3 are presented the FD and photo-oxidation
constants (kpo) values in three different solvents of corrole H3-
LapCor. As example, Fig. 5 shows the decrease in the DPBF
absorbance, monitored at 415 nm during irradiation with a red-
light LED source (660 nm), for corrole H3LapCor in DMF solu-
tion. The observed results show that corrole can produce singlet
oxygen with higher yields in DMF and DMSO solution. This fact
may be linked to the fact that this derivative in the related
solutions has a greater tendency to population of triplet-excited
states, favored by a possible intersystem crossing.30–32

The capacity of corrole H3LapCor to generate superoxide
species (O2c

−) by type I pathway was investigated in DMF and
DMSO solutions, and the superoxide formation constant (kSO)
are presented in the Table 3. For this application, solutions of
corrole containing NBT and the reducing agent NADH were
irradiated with white-light LED source under aerobic condi-
tions. The reaction can be monitored following the absorption
band of this product, which is centered close to 560 nm (Fig. S16
and S17†). These results indicate studied corrole H3LapCor,
aer white-light irradiation conditions, can form O2c

− in the
presence of an electron donor agent (NADH), in both solutions.
This result agrees with the data found for other corrole
derivatives.32
4 Conclusions

A new trans-A2B-corrole derivative was synthesized from the
reaction between a highly uorescent lapachone derivative
LapCHO and 2,3,4,5,6-(pentauorophenyl)dipyrromethane
C6F5-DPM. TDDFT calculations showed that the optical transi-
tions are from the whole structure to the main corrole ring,
11128 | RSC Adv., 2023, 13, 11121–11129
indicating a contribution of the lapachone unit in all the solvent
studied here. Furthermore, the predicted optical absorption is
in good agreement with the experiment. Analysis of the photo-
physical and photobiological features of the newly compound
revealed that this derivative presents some indispensable
parameters from a good sensitizer in photodynamic processes
like photostability, hydrophobic character and ROS generation.

Author contributions

B. M. R., E. N. S. J. and B. A. I. idealized the work. B. M. R., C. C.
D. G. P. B. and L. A. M. conducted the characterization, pho-
tophysical and photobiological experiments. V. N. R. and M. H.
K. conducted the TD-DFT calculations. B. A. I., E. N. S. J. and M.
H. K. wrote and correct the manuscript.

Conflicts of interest

The authors declare that they do not have conict of interest.

Acknowledgements

This research was supported by the CNPq (PQ 309774/2020-9,
PQ-305458/2021-3, Universal Projects 405052/2021-9; 403210/
2021-6 and 306709/2021-0), CAPES (Financial Code 001 and
88881.627934/2021-01), FAPERGS (PQ Gaucho-21/2551-
0002114-4 and 21/2551-0002023-7) and FAPEMIG (PPM-00635-
18 and TEC-RED-00282-16). Mateus H. Köhler thanks CPAD-
UFSM and CENAPAD-SP for the computational time. We
would also like to thank Prof. Thiago Barcellos–Universidade de
Caxias do Sul (UCS) for HRMS analysis.

Notes and references

1 D. Wu, A. C. Sedgwick, T. Gunnlaugsson, E. U. Akkaya,
J. Yoon and T. D. James, Chem. Soc. Rev., 2017, 46, 7105.

2 J. M. Ha, S. H. Hur, A. Pathak, J. Jeong and H. Y. Woo, NPG
Asia Mater., 2021, 13.

3 L. Gao, W. Wang, X. Wang, F. Yang, L. Xie, J. Shen,
M. A. Brimble, Q. Xiao and S. Q. Yao, Chem. Soc. Rev.,
2021, 50, 1219.

4 (a) G. G. Dias, E. R. S. Paz, M. P. Nunes, R. L. Carvalho,
M. O. Rodrigues, F. S. Rodembusch and E. N. da Silva
Júnior, Chem. Rec., 2021, 21, 2702; (b) E. N. da Silva Júnior,
G. A. M. Jardim, C. Jacob, U. Dhawa, L. Ackermann and
S. L. De Castro, Eur. J. Med. Chem., 2019, 179, 863–915; (c)
G. A. M. Jardim, T. L. Silva, M. O. F. Goulart, C. A. De
Simone, J. M. C. Barbosa, K. Salomão, S. L. De Castro,
J. F. Bower and E. N. Da Silva Júnior, Eur. J. Med. Chem.,
2017, 136, 406–419; (d) G. A. M. Jardim, E. H. G. Da Cruz,
W. O. Valença, D. J. B. Lima, B. C. Cavalcanti, C. Pessoa,
J. Raque, A. L. Braga, C. Jacob and E. N. Da Silva Júnior,
Molecules, 2018, 23, 83; (e) G. G. Dias, T. Rogge, R. Kuniyil,
C. Jacob, R. F. S. Menna-Barreto, E. N. Da Silva Júnior and
L. Ackermann, Chem. Commun., 2018, 54, 12840–12843.

5 F. S. dos Santos, G. G. Dias, R. P. De Freitas, L. S. Santos,
G. F. De Lima, H. A. Duarte, C. A. De Simone,
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra00823a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
d’

ab
ri

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
1/

2/
20

26
 9

:3
8:

34
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
L. M. S. L. Rezende, M. J. X. Vianna, J. R. Correa, B. A. D. Neto
and E. N. Da Silva Júnior, Eur. J. Org. Chem., 2017, 3763.

6 G. G. Dias, P. V. B. Pinho, H. A. Duarte, J. M. Resende,
A. B. B. Rosa, J. R. Correa, B. A. D. Neto and E. N. Da Silva
Júnior, RSC Adv., 2016, 6, 76056.

7 G. G. Dias, B. L. Rodrigues, J. M. Resende, H. D. R. Calado,
C. A. De Simone, V. H. C. Silva, B. A. D. Neto,
M. O. F. Goulart, F. R. Ferreira, A. S. Meira, C. Pessoa,
J. R. Correa and E. N. da Silva Júnior, Chem. Commun.,
2015, 51, 9141.

8 (a) G. G. Dias, E. R. S. Paz, J. Y. Kadooca, A. A. Sabino,
L. A. Cury, K. Torikai, C. A. De Simone, F. Fantuzzi and
E. N. Da Silva Júnior, J. Org. Chem., 2021, 86, 264; (b)
L. A. Machado, E. R. S. Paz, M. H. Araujo, L. D. Almeida,
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