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Introduction

Photodynamic therapy (PDT) is a minimally invasive therapy

Sulphur-containing pyrrolidine-fused chlorins as
potential candidates for photodynamic therapy:
experimental and theoretical photophysical
evaluationt

Juliana Machado, 92 José Almeida,® Tania M. Ribeiro, (9 °
Tiago E. C. Magalhaes, (2 * Valeria Butera,® Giampaolo Barone
Ana M. G. Silva () *d

*< and

Two novel sulphur-containing pyrrolidine-fused chlorin derivatives, Chlor-SH_trans and Chlor-CSH_trans,
were synthesized through a 1,3-dipolar cycloaddition reaction of meso-tetrakis(pentafluorophenyl)por-
phyrin with azomethine ylides generated in situ through the condensation of paraformaldehyde with
cysteine or L-thiazolidine-4-carboxylic acid (for Chlor-SH_trans) and homocysteine (for Chlor-CSH_trans).
The synthesized chlorins were structurally characterized using various techniques, including nuclear mag-
netic resonance, UV-vis absorption and fluorescence spectroscopy and mass spectrometry. Density func-
tional theory calculations confirmed that the trans isomer is the most stable for both chlorins, corroborating
nuclear magnetic resonance findings. The reaction mechanisms were elucidated, revealing the potential
formation of multiple products from the interaction of formaldehyde units with the amino acids cysteine or
homocysteine. Chlor-CSH_trans exhibited enhanced stability, potentially due to the formation of a six-
membered ring. In dimethylformamide, Chlor-CSH_trans demonstrated a slightly higher molar absorption
coefficient at 650 nm, but a lower fluorescence quantum yield compared to Chlor-SH_trans. Interestingly,
Chlor-SH_trans showed enhanced singlet oxygen production, attributed to a higher value of spin—orbit
coupling and higher triplet state stability. Neither chlorin exhibited significant aggregation or photodegrada-
tion at the studied concentrations, indicating promising properties for photodynamic applications.

antiviral activities,” making it a potential treatment for infec-
tious diseases.
Ideally, the PS should accumulate in cancer tissues or cells,

that uses a photosensitizer (PS), molecular oxygen and light to
induce cell death.! Initially developed for cancer treatment,>
the application of PDT has since expanded to various medical
fields, including dermatology,® ophthalmology,” and dentis-
try.”> Additionally, PDT has demonstrated antimicrobial® and
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thereby minimizing damage to healthy surrounding areas,® "
and preferentially target different subcellular organelles,
including mitochondria, endoplasmic reticulum, and lyso-
somes. The PDT process initiates with the photoactivation of
the PS, which involves the transition from its ground state to
an electronically excited singlet state (Fig. 1). At this stage, due
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Fig. 1 Simplified Jablonski diagram for production of ROS through
Type | and Il mechanisms.
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to its electronic structure, the PS can undergo intersystem
crossing (ISC), leading to the transition to an excited triplet
state. In this state, the PS can undergo two types of reaction
pathways: (a) Type I involving an electron transfer to form
radical intermediates or (b) Type II involving energy transfer to
molecular oxygen to form singlet oxygen (*0,).">™** As a result,
oxidative damage can occur, potentially leading to cell death
through various pathways, including necrosis, apoptosis, and
autophagy.'®"”

In PDT, it is generally considered that Type II predominates
over Type I, with 'O, standing out as the main cytotoxic agent
responsible for the oxidation of various biologically important
macromolecules, including nucleic acids, proteins, and
lipids."? Although 'O, is highly reactive, it has a short lifetime
and a small radius of diffusion, which limits its spread from
the site of formation."®

PSs can be classified into three generations: (I) first-gene-
ration PSs, which include hematoporphyrin (Hp) and other
porphyrin-based molecules characterized by light activation at
wavelengths below 640 nm, exhibiting slow body clearance and
prolonged skin photosensitivity;'” (II) second-generation PSs,
which include chlorin derivatives with improved cancer speci-
ficity and tissue penetration, absorption spectrum ranging
from 650-800 nm (within the therapeutic window) and fewer
side effects. However, many of these PSs have poor water solu-
bility, which can result in aggregation in solution and low
generation of singlet oxygen;'® and (III) third-generation PSs,
involving conjugation or encapsulation of second-generation
PSs within a transport vehicle, thereby allowing the achieve-
ment of better stability and hydrophilicity, and enhanced phar-
macokinetics, pharmacodynamics and biodistribution."?

Thus, the key characteristics of an ideal PS include: (i)
absorption within the phototherapeutic window and a high
molar extinction coefficient; (ii) efficient singlet oxygen pro-
duction; (iii) high photostability and resistance to photodegra-
dation during the irradiation process; (iv) selectivity for cancer
cells or target tissue; (v) low dark toxicity; (vi) water solubility
or compatibility with delivery systems; (vii) chemical purity
and stability; and (viii) rapid clearance from the body."*"%°

It has been reported that the combination of important fea-
tures of both organic and inorganic PSs results in metal-
organic dyads with extraordinary phototherapeutic and photo-
cytotoxicities indices.”’™® On the other hand, the search of
organic compounds with unprecedented PDT activity is also
growing.

Chlorins, which are hydroporphyrins, satisfy several criteria
for ideal PSs. Notably, they have an intense absorption band
around 650 nm, allowing for optimal tissue penetration of
light during PDT treatment. Additionally, the introduction of
heavy atoms into the PS’s structure has been explored as a
strategy to improve its triplet excited state population. This is
crucial for the generation of ROS, particularly *O,, which is the
primary cytotoxic agent in the PDT process. An interesting
example of this strategy came from Prejano et al,> who
demonstrated that replacing an oxygen atom with a sulphur in
4-dimethylaminonaphthalimide dyes results in a red shift of

This journal is © The Royal Society of Chemistry 2025
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the Q absorption band and an increase in spin-orbit coupling
(SOC) constants, suggesting a more efficient ISC mechanism.
Furthermore, Tong et al.>> showed that the addition of sulphur
containing motifs to porphyrin could enhance both photo-
dynamic and photothermal effects. Hence, the introduction of
sulphur in PSs can potentially lead to a higher ability to
produce '0, and increased solubility of the PS.>**’

Inspired by these results, we decided to employ a 1,3-
dipolar cycloaddition (1,3-DC) approach to synthesize sulphur-
containing chlorins using meso-tetrakis(pentafluorophenyl)
porphyrin (TPFPP) and azomethine ylides, generated in situ
through the condensation of paraformaldehyde with cysteine
or r-thiazolidine-4-carboxylic acid and homocysteine. Synthesis
optimization was conducted using microwave heating, which
provides higher heat transfer efficiency and improved heat dis-
tribution.>® The potential application of these two chlorins in
PDT was explored through UV-Vis spectroscopy, fluorescence
quantum yield measurements, singlet oxygen generation and
photostability assays, and DFT calculations.

Results and discussion
Synthesis

1,3-DCs are highly versatile, regio- and stereoselective reactions
that have consistently drawn the attention of organic chemists
due to their ability to construct diverse five-membered hetero-
cycles. In porphyrin chemistry, these reactions have been
extensively employed to synthesize chlorins fused to various
heterocyclic rings. Many of these chlorin derivatives exhibit
promising photophysical and biological properties, making
them potential candidates for PDT.**"*3

meso-Tetrakis( pentafluorophenyl)porphyrin (TPFPP) stands
out as one of the most reactive porphyrins, acting as a dipolar-
ophile in 1,3-DC reactions.”® Its high reactivity is primarily
attributed to the strong electron-withdrawing pentafluorophe-
nyl groups at the meso positions of the macrocycle. Regarding
1,3-dipoles, azomethine ylides, which contain four = electrons
distributed over a C-N-C group, have been widely investi-
gated.?® A straightforward approach involves reacting TPFPP
with the azomethine ylide generated in situ from sarcosine and
paraformaldehyde to yield N-methyl pyrrolidine-fused chlorin
as a single product (Fig. 2a).>® The complexity of these reac-
tions increases when substituents are introduced at the term-
inal positions of the azomethine ylide, leading to the for-
mation of endo/exo diastereoisomeric chlorins (Fig. 2b).
Specifically, while the N-methyl pyrrolidine-fused chlorin is a
meso compound, the newly synthesized sulphur-containing
chlorins yield a mixture of two distinct endo/exo diastereo-
isomers. Each of these diastereoisomers is present as a
racemic mixture. This stereochemical outcome is directly
determined by the structure of the azomethine ylide used in
the reaction.

Following this line of research, we used cysteine,
t-thiazolidine-4-carboxylic acid and homocysteine to generate
the 1,3-dipole, with the aim of studying the reaction products

Org. Biomol. Chem., 2025, 23, 8212-8222 | 8213
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Fig. 2 Single chlorin (a) and diastereoisomeric chlorins (b—d) obtained
from 1,3-DC reactions.?®

and evaluating their potential activity as PSs for PDT (Fig. 2c
and d).

Our initial studies involved a 1,3-DC between TPFPP and
the azomethine ylide generated in situ from cysteine and paraf-
ormaldehyde in a 5:5 molar ratio (Scheme 1a). The reaction,
conducted under conventional heating for 8 hours, yielded two
distinct fractions upon column chromatography: recovered
TPFPP (82%) and Chlor-SH_trans (7%). Although minor sec-
ondary products were observed, Chlor-SH_trans was isolated
as the main product and subsequently characterized, and its
photophysical properties were evaluated. To improve the
efficiency of the reaction, modifications to the original proto-
col were made based on previous work involving the 1,3-DC
approach.>*** Notably, the use of microwave (MW) irradiation
successfully reduced the reaction time from 8 hours to
2 hours, representing a significant decrease in reaction time.
For these reactions, chlorobenzene was chosen as the solvent
due to its high dielectric constant, making it more suitable for
microwave-assisted synthesis.

A second approach for the synthesis of Chlor-SH_trans was
developed using a 1,3-DC between TPFPP and the azomethine
ylide generated from r-thiazolidine-4-carboxylic acid and paraf-
ormaldehyde (Scheme 1b). According to both theoretical and
experimental studies (vide infra), i-thiazolidine-4-carboxylic
acid is the major product of the reaction between cysteine and

o
o
HS’%OH 'S
NH, H™H
chlorobenzene, N»(g)

(7%, conventional heating)
(6%, microwave heating)

a)
@ |TPFPP

CeFs CeFs

®  [Chlor-SH_trans

o
CoF: Cof” N
65 65 b) <NJ)LOH + i
S H™H
TPFPP \ chlorobenzene, N»(g)

(9%, microwave heating)

Secondary

Chlor-SH_trans = | products

Scheme 1 Synthesis of Chlor-SH-trans through 1,3-DC of TPFPP and
azomethine ylide generated from paraformaldehyde and (a) cysteine and
(b) L-thiazolidine-4-carboxylic acid. TLC representation of the reaction
mixture eluted with a mixture of hexane/dichloromethane (6 : 4).
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paraformaldehyde. This compound can further react with par-
aformaldehyde to form the 1,3-dipolar species. The use of
t-thiazolidine-4-carboxylic acid as a precursor may offer poten-
tial advantages in terms of reaction efficiency and product for-
mation, potentially providing a more direct route for the syn-
thesis of the desired 1,3-dipolar species and reducing side
reactions. Using this approach, Chlor-SH_trans was obtained
in 9% yield, which is slightly higher than that obtained with
the initial method. Furthermore, 73% of TPFPP was recovered,
allowing for its potential reuse in subsequent 1,3-DC reactions
to increase product yield (Table S57).

Using a similar approach, Chlor-CSH_trans was synthesised
through a 1,3-DC between TPFPP and the azomethine ylide
generated from homocysteine and paraformaldehyde in a
5:5 molar ratio (Scheme 2). The reaction was carried out
under conventional heating conditions for 8 hours and puri-
fied by column chromatography, resulting in four distinct frac-
tions: recovered TPFPP (62%), Chlor-CSH_trans (22%), and
two minor fractions corresponding to a bisadduct and a
second chlorin named Chlor-CSH_cis. Other secondary pro-
ducts were observed, but in very small amounts. Also in this
case, the use of MW irradiation successfully reduced the reac-
tion time from 8 hours to 2 hours, representing a significant
improvement in the synthetic procedure. Other experimental
conditions were explored, including: (i) increasing the concen-
trations of reagents and (ii) lowering the reaction temperature
(Table S5t). However, neither of these approaches proved suc-
cessful in enhancing the yield of Chlor-CSH_trans. Notably,
the use of homocysteine instead of cysteine resulted in a
higher yield of Chlor-CSH_trans (21-22%) compared to the
synthesis of Chlor-SH_trans (6-9%). This suggests that the
longer carbon chain of homocysteine may favourably influence
the reaction outcome.

The structures of Chlor-SH_trans and Chlor-CSH_trans
were confirmed by NMR spectroscopy (Fig. S1-S127) as well as
by ESI mass spectrometry (Fig. S14 and S15%). In the "H NMR
spectrum of Chlor-SH_trans (Fig. S1t), the triplet signal
appearing at 3.72 ppm is attributed to the H-2** proton (J = 8.4
Hz). In the COSY spectrum (Fig. S47), this signal shows cross-
peaks with two double doublets at 2.75 and 2.86 ppm attribu-
ted to H-2* cis and trans, while no cross-peaks were observed
with H-3. This reveals a trans configuration between H-2** and
H-3, possibly related to a dihedral angle approaching 90°,

@ |TPFPP
CeFs CeFs NH, H™ H

chlorobenzene, Ny(g)

(22%, conventional heating) | Chlor-CSH_trans

(21%, microwave heating)

CeFs CeFs
o |Bisadducts
[chior-CSH_cis
= ®~ 7 secondary
products

TPFPP

Chlor-CSH_trans

Scheme 2 Synthesis of Chlor-CSH_trans through 1,3-DC of TPFPP and
azomethine ylide generated from paraformaldehyde and homocysteine.
TLC representation of the reaction mixture eluted with a mixture of
hexane/dichloromethane (6 : 4).
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which is in agreement with theoretical predictions (vide infra).
In the HSQC spectrum (Fig. S5t), H-2** correlates with the
more deshielded aliphatic carbon signal at 77.2 ppm, allowing
the unequivocal attribution of this signal to C-2*%.

For Chlor-CSH_trans (Fig. S71), the H-2*? proton appears as
a double doublet at 3.49 ppm (J = 12.4 and J = 3.2 Hz), which
shows COSY (Fig. S101) cross-peaks with the signals corres-
ponding to H-2* cis and trans. However, no cross-peak is
observed between H-2** and H-3. This spectroscopic evidence
indicates a trans configuration between H-2** and H-3, which
is supported by theoretical calculations (vide infra). In the
HSQC spectrum (Fig. S111), H-2** correlates with the more
deshielded aliphatic carbon signal at 65.6 ppm, allowing the
unequivocal attribution of this signal to C-2*2.

Regarding the "°F NMR spectra (Fig. S3 and S91), no altera-
tions in the signals were observed compared with the starting
porphyrin (TPFPP), confirming the integrity of the pentafluoro-
phenyl groups at the meso positions of both chlorins.

DFT calculations

Thermodynamic calculations were performed for all reaction
steps leading to the formation of sulphur-containing pyrroli-
dine-fused chlorins, considering both cis and trans configur-
ations (Tables S2 and S37), using eqn (1) (see infra).

When combining an amino acid and formaldehyde, three
different products can form: (a) azomethine ylide 1
(Scheme S1aft), (b) a thermodynamic product (Scheme S1bf¥),
and (c) a kinetic product (Scheme S1ct).*® The thermodynamic
product can further react with paraformaldehyde and form
another 1,3-dipolar species, azomethine ylide 2 (Scheme S27).
For the formation of the azomethine ylide 1, a AG; value of
7.2 k] mol™" and 13.6 k] mol~" was obtained in the reaction of
paraformaldehyde with cysteine and homocysteine, respect-
ively (Table S2 and Fig. S171). For the formation of azomethine
ylide 2, a AG; value of 4.8 kJ] mol™" and 104.2 k] mol™" was
obtained in the reaction of paraformaldehyde with
L-thiazolidine-4-carboxylic acid and 1,3-thiazinane-4-carboxylic
acid, respectively (Table S3 and Fig. S187). In the case of the
reaction of 1,3-thiazinane-4-carboxylic acid (thermodynamic
product) with paraformaldehyde, the high AG; value indicates
an unlikeliness of the formation of this product, and a con-
clusion that only the pathway involving the azomethine ylide 1
can occutr.

However, for forming Chlor-SH, two different pathways can
occur simultaneously, which explains the slight improvement
in experimental yield when starting from r-thiazolidine-4-car-
boxylic acid (thermodynamic product) since the formation of
the kinetic product would not occur in this case. Thus, the two
possible pathways are: (i) 1,3-DC of TPFPP with azomethine
ylide 1, followed by reaction with another formaldehyde mole-
cule, leading to the formation of the second ring or (ii) 1,3-DC
of azomethine ylide 2 with TPFPP (Scheme 3).

As is well known, the porphyrin ring system, due to its pla-
narity, creates two different faces that the azomethine ylide
can approach, leading to endo or exo stereoisomers.®” Kinetic
studies of the 1,3-DC reaction of pathway 1 performed for

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Two possible pathways for the synthesis of Chlor-SH
through 1,3-DC of TPFPP and azomethine ylide generated from parafor-
maldehyde and cysteine (Pathway 1) or L-thiazolidine-4-carboxylic acid
(Pathway 2).

Chlor-SH

Chlor-SH show the approximation of the 1,3-dipolar species in
an endo and exo approach, giving rise to Chlor-SH_trans and
Chlor-SH_cis, respectively (Fig. S197). Finally, in pathway 1, the
reaction with formaldehyde occurs spontaneously (shown by
the negative values of AG;) for both isomers for Chlor-SH and
Chlor-CSH.

In both reactions, the trans isomer (-51.9 and —-70.3 kJ
mol ™, respectively) has a higher stability than the cis isomer
(=50.9 and —63.0 k] mol™"), as shown by a more negative rela-
tive Gibbs free energy value. By comparing the formation
energy of Chlor-SH_trans (—181.5 k] mol ') and Chlor-
CSH_trans (—193.5 k] mol™), it is possible to conclude that
Chlor-CSH_trans is more stable, having a lower AGy, possibly
due to the formation of the six-membered ring, and this can
be related to its higher yield (Fig. 3a and Table S2+).

Furthermore, the analysis of the linear correlation between
theoretical vs. experimental '"H and *C NMR chemical shift
values (Table S4, Fig. S20 and S21t) shows a higher linear cor-

3 50 oounoisms D)
i, * Chlor-CSH_trans 1.4 .
(o RO T
— 513 ¢
C .
g %0 212
<2 -100 i
9 -150 ™ <
< T 1.0
-200 ggfasassaasssaaaas: '0,
J
-250 T T T & &
\\\\be; 0\\0 Q;\\OQ y '%Qs / 'O%Q\ ’
&(\\00 OQS* oﬂé\ 0‘0\ CQ\O‘
Q'
N o &
L4 N
D)
Fig. 3 (a) Standard Gibbs free energy of formation values, relative to

the reactants, for Chlor-CSH_trans and Chlor-SH_trans, calculated
using eqn (2) and (b) energy difference between the ground singlet state
and the excited triplet state, calculated using eqn (3).
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relation coefficient R* for the trans isomer for both chlorins,
corroborating the structural attributions by NMR spectroscopy.

The computed energy required to generate the singlet
oxygen species is 0.93 eV,*® which is in good agreement with
the experimental value of 0.98 eV. The singlet-triplet energy
gap (AEs_r) calculated for Chlor-SH_trans (1.34 eV) and Chlor-
CSH_trans (1.37 eV) is larger than the AEgy of oxygen,
showing that both compounds have the ability to promote the
formation of singlet oxygen. Furthermore, the triplet state of
Chlor-SH_trans is more stable than that of Chlor-CSH_trans,
suggesting a longer triplet state lifetime, resulting in higher
singlet oxygen production (Fig. 3b).

For both chlorins, there are two triplet states below the first
singlet and one triplet is close in energy to the singlet, leading
to three possible ISC channels (Table 1). The spin-orbit coup-
ling (SOC) values were calculated. Our results show a higher
value of SOC for Chlor-SH_trans for all the channels, which
should result in higher singlet oxygen production, as shown in
the experimental results (see infra).

Study of optical properties

UV-Vis spectroscopy. The electronic spectra of chlorins were
obtained at different concentrations. Absorbance was studied
as a function of concentration at the maximum absorption
wavelength (A, of the Soret and Q-bands. The slope from
the linear fitting corresponds to the molar absorption coeffi-
cient (¢), according to the Lambert-Beer law (A = ¢ [ ¢, with A
being the absorbance, [ the path-length and ¢ the concen-
tration).>® A higher molar extinction coefficient shows a higher
absorbance by the chlorin. Hence, at 652 nm (band at the
photodynamic window), Chlor-CSH_trans shows a relatively
higher absorption capability than Chlor-SH_trans (Table 2).

Since most porphyrins and chlorins have a great tendency
to self-aggregate, due to stacking from interaction between

Table 1 SOC values (cm™) of the more relevant ISC channels from S,
to T, of Chlor-SH_trans and Chlor-CSH_trans and the corresponding
energy gap AE(S,—T,,) (eV)

Chlor-SH_trans Chlor-CSH_trans

Su—Tpm  SOC(Sy—Tn) AE(S,;~Ty) Sp-Tm SOC (Sy-T») AE(S,~T,)
S;-T;  5.09 0.34 S.-T;  3.63 0.29
S,-T, 4.15 0.33 S,-T, 0.88 0.28
S.-T;  2.06 -0.01 S,-T; 1.98 —0.01
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n-systems,*® which can reduce singlet oxygen generation and
lower PDT capabilities, the prepared solutions were used to
study the tendency of aggregation of chlorins in DMF (Fig. S23
and S24%). The results obtained show a linear relationship
between absorbance and concentration, following the
Lambert-Beer law. Moreover, An.,x and band broadening
remained stable over the range of concentrations studied for
both chlorins in DMF at room temperature. This tendency can
be extrapolated to lower concentrations, since the aggregation
phenomenon increases with the increase in concentrations.
The asymmetry of the chlorins can be the reason for the
reduced aggregation.**

We have also assessed the stability in solution over time of
both chlorins Chlor-SH_trans and Chlor_CSH_trans, which
demonstrated that these compounds remain stable in DMF
solution for at least one year (Fig. S25 and S267).

Fluorescence quantum yield measurements. When exposed
to light, chlorins can absorb energy and become excited. The
subsequent de-excitation process can happen via fluorescence
or phosphorescence. The fluorescence of chlorins is character-
ized by an emission at around 655 nm, as is shown for the syn-
thesized chlorins (Fig. S271). As shown in Fig. 4, the fluo-
rescence quantum yield (®) of both Chlor-SH_trans and Chlor-
CSH_trans is moderately solvent dependent. These com-
pounds display higher @ values in low-polarity solvents like
toluene (e = 2.38) compared to polar solvents such as methanol
(e = 32.7) and DMF (¢ = 36.7). This trend suggests that the fluo-
rescence efficiency decreases with increasing solvent polarity,
likely due to enhanced non-radiative decay pathways in polar
environments. Notably, Chlor-CSH_trans in DMF exhibits the

® Chlor-SH_trans
* Chlor-CSH_trans

w ]
©-0.2

Toluene Methanol

Fig. 4 Graphical representation and values obtained for fluorescence
quantum yields (&) of Chlor-SH_trans and Chlor-CSH_trans in toluene,
methanol and DMF.

Table 2 Molar extinction coefficient of the absorption bands for Chlor-SH_trans and Chlor-CSH_trans in DMF solutions at 25 °C

Absorption

Amax NM ™" (¢/mol ™ dm™ em™)

Chlorin Soret

Q bands

Chlor-SH_trans
Chlor-CSH_trans

405 (1.32 x 10%)
406 (1.35 x 10°)

8216 | Org. Biomol. Chem., 2025, 23, 8212-8222

503 (1.23 x 10%)
504 (1.28 x 10%)

598 (3.99 x 10°)

652 (3.34 x 10%)
598 (3.99 x 10°)

652 (3.66 x 10%)
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lowest quantum yield, aligning with the observed inverse
relationship between @ and dielectric constant.

Singlet oxygen assay. Singlet oxygen is known as the major
cytotoxic agent of PDT. For its measurement, we employed a
spectroscopic method, using 1,3-diphenylbenzofuran (DPiBF)
as the probe, which exhibits a characteristic absorbance band
at 415 nm. This compound can react with 10, and other ROS
species to form an endoperoxide via a [4 + 2] cycloaddition,
which subsequently decomposes into 1,2-dibenzoylbenzene,
resulting in loss of absorbance at 415 nm.*” Since Chlor-
CSH_trans has a lower fluorescence quantum yield in DMF, it
might be expected to be the one with higher production of
10,. However, as shown in Fig. 5, Chlor-SH_trans showed the
best performance. When compared with the theoretical data
obtained, Chlor-SH_trans showed a lower AG between singlet
and triplet states and higher values of SOC, which could indi-
cate a higher triplet quantum yield and lifetime and explain
the higher values of singlet oxygen production.

Photostability assay. Photostability studies were performed
using an adaptation of the method described by N. Moura
et al.*’ The chlorin samples were irradiated for 30 min using a
halogen lamp with an irradiance of 40 mW c¢m™>. The UV-Vis
spectra, recorded at 5 min intervals, did not show any signs of
degradation, as the absorption bands maintained their absor-
bance over time for both chlorins Chlor-SH_trans and Chlor-
CSH_trans (Fig. S28 and S297).

Experimental
Materials and methods

All reagents and solvents were of reagent-grade and used with
no additional purification unless otherwise stated.

Flash chromatography was accomplished using silica gel
(Merck, 230-400 mesh), while preparative thin-layer chromato-
graphy (TLC) was performed on 20 x 20 cm glass plates coated
with Merck 60 silica gel (1 mm thick). Analytical TLC was per-
formed on silica gel precoated sheets (Merck 60, 0.2 mm
thickness).

Microwave-mediated cycloaddition reactions were carried
out in a CEM Discovery Labmate circular single-mode cavity

. 0.5
NH - HN Irradiation time /' s
; 0.04 0
5
Wl S <
(" <05
" -
E N Eo ¥ TPP
P oS . -1.0 * @ Chlor-SH_trans
F H . o * Chlor-CSH_trans
5 LI -15

Fig. 5 Singlet oxygen generation of TPP (purple), Chlor-SH_trans (red)
and Chlor-CSH_trans (green) by monitoring the decrease in the absor-
bance of DPIiBF at 415 nm in DMF under red-light irradiation at 30
seconds intervals, represented by the linear regression of In(A/Ao) as a
function of irradiation time. TPP (purple) was used as the reference
photosensitizer.
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instrument (300 W max magnetron power output) from CEM
Corporation.

High-resolution mass spectrometry (HRMS) analysis was
performed via electrospray ionization (ESI) using an
LTQ-Orbitrap-XL instrument (Thermo Scientific) with the fol-
lowing ESI source parameters: electrospray needle voltage, 3.1
kv; sheath gas (nitrogen), 6; capillary temperature, 275 °C;
capillary voltage, 41 V and tube lens voltage, 130 V. Ionization
polarity was adjusted according to the sample.

Nuclear magnetic resonance (NMR) spectra for all com-
pounds were recorded on a 400 MHz NMR spectrometer (oper-
ating at 400.14 MHz for proton, 100.62 MHz for carbon and
376.52 MHz for fluorine atoms), where CDCl; was used as the
solvent and TMS as the internal reference. The chemical shifts
(6) are expressed in ppm and the coupling constants (J) in Hz.
In the case of 'F NMR spectra, CcH;CF; was used as the
reference.

Electronic absorption spectra were recorded on a Shimadzu
UV-3600 UV-Vis-NIR spectrophotometer, equipped with a
Shimadzu TCC-Controller (TCC-2404A), at 25 °C, in 1 cm path
length cuvettes, in the wavelength range of 300-800 nm. The
solutions were prepared in DMF in concentration ranges of
107°-1077 mol dm™ for the determination of the molar
absorption coefficient (¢). Six valid values for each absorption
band (below 1 of absorbance) were obtained. The A, for each
band and the broadness of the band were recorded and com-
pared to evaluate possible aggregations.

Fluorescence measurements were performed in a Varian
Cary Eclipse fluorimeter, equipped with a constant tempera-
ture cell holder (Peltier single cell holder), at 25 °C, in 1.00 cm
cuvettes. Spectra were recorded with excitation and emission
slit widths between 5 and 10 nm and 650 to 700 V. Emission
spectra were recorded by exciting the corresponding absorp-
tion Amax Of each chlorin. To minimize reabsorption effects,
sample’s absorbance values were kept below 0.1. The solutions
for the fluorescence measurements were prepared in DMSO
and diluted with the studied solvent, with the final concen-
tration of DMSO being below 2%. Absolute photoluminescence
quantum yield measurements were carried out using an absol-
ute  photoluminescence quantum yield spectrometer
(Quantaurus QY C11347-11 spectrometer) equipped with an
integrating sphere to measure all the luminous flux, using a
stock solution of chlorin in DMSO, which was dissolved in the
desired solvent to obtain a solution with absorbance values
below 0.1.

Synthetic procedures

The synthesis of meso-tetrakis(pentafluorophenyl)porphyrin
(TPFPP) was carried out using the method described by
A. M. d’A Rocha Gonsalves et al.**

Synthesis of Chlor-SH_trans

Under conventional heating. TPFPP (40.0 mg, 4.10 x 107>
mol) was dissolved in 5 mL of chlorobenzene. In a mortar,
cysteine (24.9 mg, 2.05 x 10~ mol, 5 equiv.) and paraformalde-
hyde (6.2 mg, 2.05 x 10™* mol, 5 equiv.) were ground together.
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Then, 9.0 mg of this mixture was added to the TPFPP solution.
The reaction was performed in a conventional oil-bath, under
an N, atmosphere and reflux conditions for 2 h. Three more
additions of 9.0 mg of the cysteine/paraformaldehyde mixture
were made, followed by another 2 h of reflux reaction cycle,
resulting in a total reaction time of 8 h. After reaction com-
pletion, chlorobenzene was evaporated, and the reaction
mixture was dissolved in dichloromethane and purified by
flash chromatography using the following eluents: (i) a
6 : 4 mixture of hexane/dichloromethane to recover the remain-
ing TPFPP (32.8 mg, 82% recovery) and (ii) a 1:1 mixture of
hexane/dichloromethane to elute Chlor-SH_trans (3.0 mg; 7%
yield).

Under microwave heating. TPFPP (40.0 mg, 4.10 x 10™> mol)
was dissolved in 5 mL of chlorobenzene. In a mortar, cysteine
(24.9 mg, 2.05 x 10~* mol, 5 equiv.) and paraformaldehyde
(6.2 mg, 2.05 x 10™* mol, 5 equiv.) were ground together and
added to the TPFPP mixture. The reaction was performed
under microwave heating conditions in an open vessel (135 °C
and 290 W maximum power) for 2 h. After purification, using
a similar work-up as described above, Chlor-SH_trans was
obtained in 6% yield (2.7 mg) and 81% of TPFPP was recovered
(32.4 mg).

Using 1-thiazolidine-4-carboxylic acid. TPFPP (40.0 mg, 4.10
x 107° mol) was dissolved in 5 mL of chlorobenzene. In a
mortar, r-thiazolidine-4-carboxylic acid (27.3 mg, 2.05 x 10™*
mol, 5 equiv.) and paraformaldehyde (6.2 mg, 2.05 x 10™* mol,
5 equiv.) were ground together and added to the TPFPP
mixture. The reaction was performed under microwave heating
conditions in an open vessel (135 °C and 290 W maximum
power) for 2 h. After purification, using a similar work-up as
described above, Chlor-SH_trans was obtained in 9% yield
(4.1 mg) and 73% of TPFPP was recovered (29.2 mg).

Chlor-SH_trans. "H NMR (CDCl;, 400.14 MHz) § = —1.73 (s,
2H, NH), 2.75 (dd, J = 7.6 and 10.0 Hz, 1H, H-2*), 2.86 (dd, J =
9.6 and 10.0 Hz, 1H, H-2%), 3.24 (d, J = 9.6 Hz, 1H, H-2"), 3.31
(dd, J = 7.6 and 10.0 Hz, 1H, H-2"), 3.72 (t, J = 8.4 Hz, 1H,
H-2°%), 3.94 and 3.99 (2d, J = 10.0 Hz, 2H, H-2%), 5.28 (d, ] = 8.2
Hz, 1H, H-3), 5.36 (dd, J = 7.6 and 8.2 Hz, 1H, H-2), 8.39 (d, J =
4.0 Hz, 2H, H-f), 8.47 (s, 2H, H-p), 8.70 (d, J = 5.0 Hz, 2H, H-$)
ppm. “F{'H} NMR (CDCl;, 376.52 MHz) § = —-161.23 to
—161.75 (M, 4F, Fpee—Ar), —159.88 (ddd, J = 44.9, 21.1, 8.5 Hz,
2F, Fopera—Ar), —159.41 to —159.64 (M, 1F, Fppere—Ar), —159.07 to
~159.30 (m, 1F, F,pere-Ar), —=151.67 (t, J = 20.7 Hz, 2F, F,,,~Ar),
—151.06 (t, ] = 20.9 Hz, 1F, F,4,,-Ar), =150.61 (t, ] = 21.0 Hz, 1F,
Fpara—Ar), —137.60 (dd, J = 24.0, 8.2 Hz, 1F, F,u,-Ar), —137.13
(dd, J = 24.2, 8.2 Hz, 1F, F,;,-Ar), —136.88 to —137.05 (m, 2F,
Foreno—Ar), —136.57 to —136.86 (M, 2F, Forp-Ar), —134.51 (dd, J
=25.0, 7.4 Hz, 1F, Fo,-Ar), —134.25 (dd, J = 24.1, 8.3 Hz, 1F,
Forino—Ar) ppm. *C{*H} NMR (CDCl;, 100.62 MHz) § = 36.4
(c-2%), 51.8 (C-2), 56.4 (C-2"), 57.0 (C-3%), 58.5 (C-2%), 77.2
(C-2%2), 96.6, 96.7,106.3, 106.4, 115.4, 115.6, 116.0, 123.7,
123.9,128.0, 128.1, 132.4, 132.5, 135.3, 135.3, 140,3. 140.6,
145.0, 147.5, 152.9, 152.9, 167.6, 169.2 ppm. UV-Vis (DMF)
Amax (log €): 405 (5.12), 503 (4.09), 598 (3.60), 652 (4.61) nm.
Fluorescence (DMF) A, = 655; 713 nm, ¢F = 0.297. HRMS
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(ESI) m/z: [M + H]" calculated for Cy4gH;5F,0N5S™ 1076.096 Da;
found 1076.098 Da.

Synthesis of Chlor-CSH_trans

Under conventional heating. TPFPP (40.0 mg, 4.10 x 107>
mol) was dissolved in 5 mL of chlorobenzene. In a mortar,
homocysteine (27.7 mg, 2.05 x 10~* mol, 5 equiv.) and paraf-
ormaldehyde (6.2 mg, 2.05 x 10~* mol, 5 equiv.) were ground
together. Then, 9.0 mg of this mixture was added to the
TPFPP solution. The reaction was performed in a convention-
al oil-bath, under an N, atmosphere and reflux conditions for
2 h. Three more additions of 9.0 mg of the homocysteine/par-
aformaldehyde mixture were made, followed by another 2 h
of reflux reaction cycle, for a total reaction time of 8 h. After
reaction completion, chlorobenzene was evaporated, and the
reaction mixture was dissolved in dichloromethane and puri-
fied by flash chromatography using the following eluents:
(i) a 6:4 mixture of hexane/dichloromethane to recover the
remaining TPFPP (24.7 mg, 62% recovered), (ii) a 1: 1 mixture
of hexane/dichloromethane to elute Chlor-CSH_trans
(9.8 mg; 22% yield), and (iii) dichloromethane to elute a
bisadduct and Chlor-CSH_cis (both obtained in very small
amounts).

Under microwave heating. TPFPP (40 mg, 4.10 x 10~ mol)
was dissolved in 5 mL of chlorobenzene. In a mortar, homocys-
teine (27.7 mg, 2.05 x 10™* mol, 5 equiv.) and paraformalde-
hyde (6.2 mg, 2.05 x 10™* mol, 5 equiv.) were ground together
and added to the TPFPP solution. The reaction was performed
in a MW reactor under closed vessel conditions and an N,
atmosphere (135 °C and 290 W maximum power) for 2 h. After
purification, using a similar work-up as described above, the
Chlor-CSH_trans was obtained in 21% yield (9.6 mg) and 62%
of TPFPP was recovered (24.9 mg).

Chlor-CSH_trans. "H NMR (CDCl;, 400.14 MHz) 6 = —1.80
(s, 2H, NH), 0.88-0.93 and 1.88-1.99 (2m, 2H, H-2%cis and
trans), 2.73-2.78 (m, 2H, H-2%), 2.99 (d, 1H, J = 10.0 Hz, H-2"),
3.49 (dd, J = 12.4 and 3.2 Hz, 1H, H-2"%), 3.60 (dd, J = 13.7 and
2.0 Hz, 1H, H-2%), 3.97 (t, ] = 9.0 Hz, 1H, H-2"), 4.17 (d, ] = 13.7
Hz, 1H, H-2%), 4.78 (d, J = 8.4 Hz, 1H, H-3), 5.26 (t, J = 8.2 Hz,
1H, H-2), 8.38 (m, 2H, H-f), 8.46 (s, 2H, H-f), 8.69 (d, J = 4.9
Hz, 2H, H-$) ppm. “F{'H}NMR (CDCl;, 376.52 MHz) § =
—161.54 (t, J = 18.3 Hz, 4F, Fypeq-Ar), —160.47 to —160.67 (m,
1F, Fpera—Ar), —160.00 to —160.19 (m,1F, F,,.;,~Ar), —159.61 to
~159.95 (m, 2F, Fnere=Ar), —151.78 (t, J = 21.0 Hz, 2F, F,,~Ar),
—151.25 (t, ] = 21.0 Hz, 1F, Fpy,-Ar), =151.00 (t, / = 21.0 Hz, 1F,
Fpara—Ar), —137.59 (dd, J = 24.0, 8.0 Hz, 1F, F,,~Ar), —137.10
(d, J = 8.9 Hz, 1F, F,0-Ar), —136.90 to —137.04 (m, 2F, Fyypo-
Ar), —136.82 (d, J = 8.5 Hz, 1F, F,.,,—Ar), —136.76 (d, J = 8.5 Hz,
1F, Forno—Ar), —134.68 (dd, J = 23.7, 7.6 Hz, 1F, F,u,-Ar),
-134.28 (dd, J = 23.9, 6.1 Hz, 1F, F,.;,,~Ar) ppm. “C{'"H}NMR
(cDCl;, 100.62 MHz) § = 25.6 (C-2%), 27.1 (C-2%), 28.7, 29.9,
49.5 (C-2), 51.2 (C-2%), 52.4 (C-2"), 57.8 (C-3), 65.6 (C-2*%), 95.5,
95.7, 105.1, 114.4, 122.6, 122.8, 126.9, 127.0, 131.2, 134.2,
134.2, 139.3, 139.5, 144.0, 146.4, 151.7, 151.8, 167.9,
169.5 ppm. UV-Vis (DMF) A, (loge): 406 (5.13), 503 (4.11),
598 (3.60), 652 (4.56) nm. Fluorescence (DMF) A,.x = 657;
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717 nm, ¢F = 0.217. HRMS (ESI) m/z: [M + H]" Calculated for
CaoH,0F50N5S" 1090.1115 Da; found 1090.1109 Da.

Chlor-CSH_cis. "H NMR (CDCl;, 400.14 MHz) § = —1.72 (s,
2H, NH), 0.15-0.25 and 0.32-0.36 (2m, 2H), 1.91 (dd, J = 13.6
and 2.8 Hz, 1H), 2.53 (ddd, J = 13.4, 12.4 and 2.8 Hz, 1H), 2.99
(t,J = 9.2 Hz, 1H), 3.32-3.38 (m, 1H), 3.93 (dd, J = 13.6 and 2.6
Hz, 1H), 4.03 (t, J = 8.0 Hz, 1H), 4.62 (d, J = 14.0 Hz, 1H), 5.36
(dd, J = 9.4 and 8.0 Hz, 1H), 5.54 (ddd, J = 9.6, 9.2 and 7.2 Hz,
1H), 8.36 and 8.44 (2d, J = 5.1 Hz, 2H, H-p), 8.48 (s, 2H, H-f),
8.70 and 8.73 (2d, J = 5.1 Hz, 2H, H-§) ppm. HRMS (ESI) m/z:
[M + H]" Calculated for C,oH,oFN5S" 1090.112 Da; found
1090.111 Da.

Bisadduct. The UV-Vis spectrum of the bisadduct (Fig. S227)
confirms the presence of isobacteriochlorin derivatives, dis-
playing spectral features identical to those reported in the
literature.

Singlet oxygen assay

The ability of the newly synthesized chlorins to generate
singlet oxygen ('0,) was determined by measuring the absor-
bance decay of 1,3-diphenylisobenzofuran (DPiBF), a singlet
oxygen quencher. To do so, stock solutions using 1.5 mg of the
photosensitizers (TPP, Chlor-SH_trans and Chlor-CSH_trans)
in 5 mL of DMF were prepared. In a similar way, the stock
solution of DPiBF was prepared by dissolving 1.5 mg of DPiBF
in 5 mL of DMF. The final sample solutions were prepared by
mixing 250 pL of DPiBF with 5 pL of the sample and adjusting
the final volume to 5 mL with DMF. For the singlet oxygen
measurements, one half of each final solution was kept in the
dark while the other half was exposed to an irradiance of
3.6 mW cm™? from a 650 nm diode laser. Each irradiance
experiment took place for a total of 5 minutes, in cycles of 30
seconds of irradiance time followed by absorbance reading at
415 nm.

Photostability assay

To assess the photostability, solutions of chlorins in DMF with
an absorbance of approximately 1 at the Soret band (around
400 nm) were exposed to an irradiance of 40 mW cm™2 from a
halogen lamp for 30 minutes. Absorption spectra were col-
lected at 5-minute intervals to evaluate the integrity of the
chlorins.

DFT calculations

The structure, conformation, properties and reactivity of the
newly synthesized chlorins were investigated by DFT calcu-
lations, using the M06-L** functional and the 6-311G(d,p)*®
basis set, as implemented in the Gaussian 16 program
package.”” Both singlet and triplet spin states were considered.
The effects of DMF, chlorobenzene and chloroform solvents
were included by using the PCM*® implicit method.
Vibrational frequency calculations, within the harmonic
approximation, were performed to ensure that each optimized
geometry corresponded to an energy minimum and to obtain
the relative standard Gibbs free energy values. The Gibbs free
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energy of formation was calculated in the reaction solvent
using one of the following equations:

AG; = <Z GOProducts - Z G;eagents) X 627.5 x 4.184 (1)

AGf = AGf Azomethine ylide + AGf 1,3-DC + AGf 2nd ring (2)

o

AGr = (G - GSingletState) X 27.21 (3)

o
Triplet State

where G° is the Gibbs free energy in Hartree, 627.5 x 4.184 is
the conversion from Hartree to k] mol™* and 27.21 is the con-
version from Hartree to eV.

'H and C NMR chemical shift values were calculated in
chloroform solvent by using tetramethylsilane as the standard
through the following equations:

CS(Hx) = 6(Hpys) — o(Hx) (4)
CS(CX) = G(CTMS) —0(Cx) (5)

where Hx or Cx represents one hydrogen or carbon atom and
the isotropic shielding (o) of the six equivalent hydrogen
atoms, Hrys, or of the four equivalent carbon atoms, Crys, of
TMS has been computed using the same methodology.

The reaction kinetics of Chlor-SH was investigated by moni-
toring the 1,3-DC reaction, and the quadratic synchronous
transit guided quasi-Newton method*® was used to find tran-
sition-state structures, corresponding to a first-order saddle
point.

The S,-T,, energy gaps were calculated considering the ver-
tical energies of both singlet and triplet states, using the
TDA-TDDFT approach. Spin-orbit matrix elements were calcu-
lated with the Orca 6.0.0 program package,’® using the triplet
state optimized structure and the M06L*> functional with the
relativistic ZORA basis sets (ZORA-DEF2-SVP).>' Spin-orbit
couplings (SOCs) were calculated according to the following

formula:
S0C; = \/ > <ws, wT,..n>
n

Further computational details and the cartesian coordi-
nates of the optimized geometries are reported in the ESL¥

2
Hg, Tn=X9,2 (6)

Conclusions

Two novel sulphur-containing pyrrolidine-fused chlorins,
Chlor-SH_trans and Chlor-CSH_trans, were successfully syn-
thesized via a 1,3-dipolar cycloaddition reaction. In these reac-
tions, azomethine ylides were generated in situ through the
condensation of paraformaldehyde with cysteine or
-thiazolidine-4-carboxylic acid (for Chlor-SH_trans) and
homocysteine (for Chlor-CSH_trans).

Due to the planar geometry of the porphyrin ring system,
the azomethine ylides can adopt either endo or exo orien-
tations during cycloaddition, resulting in the formation of
trans and cis stereoisomers. Theoretical calculations indicated
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that the trans isomer exhibits greater thermodynamic stability
for both synthesized chlorins, Chlor-SH_trans and Chlor-
CSH_trans. This finding is consistent with experimental "H
NMR data, which identified the trans isomer as the main iso-
lated product.

Theoretical studies showed how the formation of the
second ring can occur spontaneously by reacting with another
formaldehyde molecule. Furthermore, the possibility of three
different products from the reaction of the amino acid used
with formaldehyde provided an explanation for the lower yield
obtained, since the 1,3-dipolar species formation is not spon-
taneous. Kinetic studies allowed for a better comprehension of
the reaction with the 1,3-dipolar species. By comparing the for-
mation energy of Chlor-SH_trans and Chlor-CSH_trans, it is
possible to conclude that Chlor-CSH_trans is much more
stable, possibly due to the formation of the six-membered
ring, which translates into a higher product yield.

Notably, Chlor-SH_trans demonstrated a higher singlet
oxygen production, which can be attributed to its enhanced
triplet-state stability and higher spin-orbit coupling (SOC)
values. Both chlorins exhibited promising photophysical pro-
perties, including strong absorption around 650 nm, absence
of aggregation and no photodegradation at the tested concen-
trations, suggesting strong potential for applications in photo-
dynamic therapy (PDT).
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