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Abstract

An efficient access to porphyrin derivatives bearing uracil-alditol moieties at the B-pyrrolic position was
developed. The synthetic strategy involved a hetero Diels-Alder reaction between uracil-alditol based
orthoquinodimethanes using 2-vinyl-5,10,15,20-tetraphenylporphyrin as the scaffold. The preliminary
evaluation of their photodynamic effectiveness in prostate cancer cells suggests that the adducts 4-Xyl and

4-Gal are promising photodynamic agents.

Keywords

Porphyrin derivatives, uracil-alditols, photodynamic therapy, prostate cancer

1. Introduction

Porphyrin macrocycles are well known by their role in important biological processes, such as respiration
and photosynthesis, but also by their wide number of applications in different fields like medicine,
materials science and biology [1,2]. These macrocycles have chemical, photophysical and biological
properties that can be easily modulated through functionalization in order to improve their efficiency as
catalysts, sensors, dyes for dye sensitizer solar cell (DSSC) devices or as therapeutic agents among other
applications [2—14]. One of the most promising achievements involving porphyrin derivatives is related to
their use as photosensitizers (PS) in Photodynamic Therapy (PDT) [15]. PDT has been used with success in
the treatment of various oncological and non-oncological diseases such as bacterial infections and some of

the clinically approved PS are porphyrin-based [15—-20]. PDT continues to gain space as an alternative or
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adjunctive treatment modality for various cancers including prostate cancer in order to reduce the possible
resistance development and minimize undesirable side effects [21]. Prostate cancer is one of the most
common malignancies in male worldwide. Although the current treatment options are quite effective in the
management of local disease, tumors eventually become castration-resistant and progress to advanced
metastatic stages to which no efficient treatment is hitherto available. The successful application of PDT as
a focal therapy in prostate cancer models has been reported in several studies, either alone or in
combination with other treatments [21]. PDT combines visible light, molecular oxygen and a non-toxic dye,
known as photosensitizer, to produce reactive oxygen species (ROS), mainly singlet oxygen (10,), which will
induce tissue damage, and consequently, leads to cell death [15,16,22,23]. The possibility to obtain better
porphyrinic systems for a specific application through the adequate functionalization of the macrocycle
core has been an important field of research. Under this context, the conjugation of different synthons with
recognized biological functions is being considered a good approach [15,24,25]. Among the wide range of
nitrogen heterocycles with therapeutic potential is uracil. It is considered a lead compound and an
important platform for further chemical modifications in order to obtain new compounds with better
biological performance, namely antitumoral and antiviral activities [26—28].

Considering the properties of uracils and porphyrins, the construction of porphyrin systems with uracil
units has aroused interest of the scientific community in the last decade. However, there are still few
studies that explore the conjugation of these two entities. Drain and coworkers designed supramolecular
systems through complementary hydrogen bonds based on porphyrins bearing uracil units at meso-
positions (Fig. 1a) [29]. Takeoka and coworkers [30] developed a porphyrin functionalized at two opposite
meso-positions with 6-methyl uracil units (Fig. 1b) that was able, depending on the addition of a melanin
derivative, to afford atropisomers capable to be organized supramolecularly in distinct ways [30]. Oliveira
and co-workers [31] reported the access to B-fused uracil-porphyrin conjugates by tetramerization of
adequate uracil-pyrroles (Fig. 1c). These derivatives proved to be emissive and good singlet oxygen
producers, fundamental features to be considered as PSs in PDT and for photodiagnosis [31]. Jingchao and
coworkers [32] reported the access to several porphyrins as free-bases and as metalloporphyrins
containing L-phenylalanine and/or 1-carboxymethyl-5-fluorouracil as functional substituents with
interesting photophysical properties and photodynamic activity. The in vitro phototoxic assessment against
human esophageal cancer cell line Ec9706 demonstrated that the phototoxicity enhances by the

introduction of one or two uracil unities relatively to the precursor (Fig. 1d) [32].
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Fig. 1. Some structures of porphyrin systems with uracil units reported in literature from (a) [29]; (b) [30]; (c) [31] and (d) [32].
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It is well known that some PSs show low selectivity to target cells, which will lead in certain cases to
undesirable side-effects. In order to promote the selective uptake of PS by cancer cells, PSs entities have
been conjugated with several biomolecules, such as monoclonal antibodies, peptides, epidermal growth
factor, low-density lipoproteins, and carbohydrates [15]. Under this context, the conjugation of
carbohydrates to PS is particularly relevant. The presence of these biomolecules in the porphyrin core can
confer a better solubility to the resulting PS in physiologic medium, and also to provide selectivity as a
result of the presence of overexpressed carbohydrates receptors (e.g. galectins) on the surface of tumour
cells. These receptors will allow an interaction between the PS-carbohydrate conjugate and the target cell
resulting in a higher accumulation of the PS in the tumour cell, making these conjugates suitable for PDT
treatments at lower therapeutic doses [25,33—-38].

Considering that both units, uracil and carbohydrate, could give rise to compounds with a better

photodynamic performance towards cancer cells we envisage the possibility to decorate a porphyrin with
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both entities by recurring to the uracil-alditols (scheme 1) reported by Palasz et al. [39]. These authors
tested the reactivity of these orthoquinodimethanes using enol-ethers as dienophiles. Based on our
expertise on cycloaddition reactions involving porphyrins [40-43] we decide to select the 2-vinyl-
5,10,15,20-tetraphenylporphyrin (B-vinylTPP) as the dienophile [41,42]. So, in this work, it is reported the
advantage of an inverse electron demand hetero Diels-Alder transformation to give access for the first time
to new porphyrin derivatives bearing uracil-alditol moieties. Preliminary studies concerning the
photodynamic efficiency of these conjugates against prostate cancer cell line (PC-3 cell line) will be also

discussed.

2. Experimental

2.1. General remarks

All commercial chemicals were used as supplied and were purchased from Sigma-Aldrich or Merck. The
solvents were purified or dried according to the literature procedures [44]. 1H and 13C solution NMR spectra
were recorded on Bruker Avance 300 (300.13 and 75.47 MHz, respectively) and 500 (500.13 and
125.76 MHz, respectively). Tetramethylsilane (TMS) was used as an internal standard, chemical shifts (&)
are expressed in part per million (ppm) and the coupling constants (J) in Hertz (Hz). Unequivocal H
assignments were made using two-dimensional COSY (1H/H). ESI spectra were recorded on a Micromass
Q-Tof spectrometer operating in positive mode. Mass spectra HRMS were recorded on a LTQ Orbitrap XL
mass spectrometer (Thermo Fischer Scientific, Bremen, Germany) using chloroform as solvent. UV-Vis
spectra were recorded on an UV-2501-PC Shimadzu spectrophotometer, and emission spectra were
recorded on a HORIBA-Jobin-Yvon Fluoromax 3 spectrofluorimeter, using DMF as solvent and at 293 K.
Preparative thin-layer chromatography (TLC) was carried out on 20x20 cm glass plates coated with silica gel

60 (Merck, 0.5 mm). Analytical TLC was carried out on precoated sheets with silica gel 60 (Merck, 0.2 mm).

2.2 Synthesis
2.2.1. Synthesis of 2-vinyl-5,10,15,20-tetraphenylporphyrin (1)
2-Vinyl-5,10,15,20-tetraphenylporphyrin (B-vinylTPP, 1) was prepared according to literature procedures

and the spectroscopic data are in accordance with the data reported (see Fig. S1 and Fig. S2) [45,46].

2.2.2. Synthesis of uracil-alditols 2-Xyl and 2-Gal



109 The uracil-alditols 2-Xyl and 2-Gal were prepared in two steps according to the literature procedure. Their
110 spectroscopic data are in accordance with the literature (see Fig. S3-S6, Sl) [39,47].
5111  Compound 2-Xyl: H NMR (300.13 MHz, CDCls): & 2.06 (3H, s, OAc), 2.10 (3H, s,
CH,OAc
AcO——HL2  OAc), 2.11 (3H, s, OAc), 2.19 (3H, s, OAc), 3.340 (3H, s, N-CHs), 3.344 (3H, s, N-CH3),
s ppy
4.14 (1H, dd, J = 5.8 and 12.3 Hz, H-5), 4.38 (1H, dd, J = 3.9 and 12.3 Hz, H-5), 5.39-
AcO——H 2
- Q A 114 5.44(1H,m, H-4),5.68 (1H, dd, / = 2.8 and 7.0 Hz, H-3), 6.48 (1H, dd, J = 2.8and 7.0
N H 1
2\ 115 Hz, H-2), 7.45 (1H, d, J = 7.0 Hz, H-1) ppm. ESI-MS(+):m/z calcd for Ci9H24N2011Na
(0] N (0]
| 116 [M+Na]* 479.13; found 479.1.
117
6118 Compound 2-Gal: IH NMR (300.13 MHz, CDCls): 6 2.04 (6H, s, OAc), 2.05 (3H, s,
CH,OAc
AcO—H9  OAc), 2.16 (3H, s, OAc), 2.19 (3H, s, OAc), 3.33 (3H, s, N-CHa), 3.38 (3H, s, N-CH3),
4 H
3.90 (1H, dd, J = 7.5 and 11.6 Hz, H-6), 4.31 (1H, dd, J = 5.0 and 11.6 Hz, H-6), 5.33-
3 H——0Ac
AcO—T191  5.37(1H, m, H-5), 5.56 (1H, dd, J = 2.0 and 9.9 Hz, H-4), 5.68 (1H, dd, /= 1.9 and 9.9
0]
~N = \IHZIZ Hz, H-3), 6.39 (1H, dd, J = 1.9 and 6.9 Hz, H-2), 7.40 (1H, d, J = 6.9 Hz, H-1) ppm. ESI-
O)\N o 123 MS(+):m/z calcd for C2;H2sN>013Na [M+Na]* 551.15; found 551.2.
I
124
125 2.2.3. Synthesis of protected porphyrin-uracil-alditols conjugates 3-Xyl and 3-Gal
126 Porphyrin B-vinylTPP 1 (20 mg) and compounds 2-Xyl or 2-Gal (2 eq.) were dissolved in dry (2 mL) toluene
127 and the reaction mixture was maintained under stirring for 4 h at 120 °C or for 15 h at room temperature.
128 After this time, the solvent was evaporated under reduced pressure. The crude was purified by thin-layer
129 chromatography using dichloromethane-methanol (1%) mixture as eluent.
5 130 Compound 3-Xyl: 76% vyield at 120 °C vs 53% at room temperature.
CH,0Ac
AcOT—H 4 131  H NMR (300.13 MHz, CDCl3): & -2.72 (2H, s, NH), 1.90 (3H, s, OAc),
3 H—OAc
6\001‘—H 2 132 1.93 (3H, s, OAc), 1.94 (3H, s, OAc), 2.28-2.40 (5H, m, H-1’ e OAc),
HY HY
;N\)jf 2.75-2.82 (1H, m, H-1), 3.28 (3H, s, N-CHs), 3.35 (3H, s, N-CHs), 3.97
0 'i‘ (1H, dd, J = 7.1 and 11.5 Hz, H-5), 4.26 (1H, dd, J = 5.4 and 11.5 Hz, H-
5), 4.82 (1H, dd, J = 0.6 and 10.5 Hz, H-2’), 5.22 (1H, dd, J = 2.7 and
8.8 Hz, H-3), 5.47-5.53 (1H, m, H-4), 6.10 (1H, dd, / = 1.3 and 8.8 Hz,
H-2), 7.61-7.66 (1H, m, H-m,p-Ph), 7.73-7.82 (10H, m, H-m,p-Ph),
138  7.97-8.00 (1H, m, H-m,p-Ph), 8.08 (1H, d, J = 7.6 Hz, H-0-Ph), 8.18-8.25 (7H, m, H-0-Ph), 8.72 (1H, d, J = 4.9
139  Hz, H-B), 8.79-8.95 (6H, m, H-B) ppm. 13C NMR (125.76 MHz, CDCls): & 20.56, 20.64, 20.7, 20.9, 21.1, 21.2,
140 27.9, 28.1, 28.7, 28.8, 29.7, 31.9, 32.9, 62.2, 62.6, 68.2, 68.9, 69.18, 69.21, 70.75, 70.82, 85.05, 87.12,



141
142
143

144

153
154
155
156
157
158
159
160
161
162
163
164

119.2, 120.3, 120.4, 120.6, 120.7, 124.0, 126.8, 126.9, 127.3, 127.6, 127.9, 128.0, 129.5, 133.4, 133.7,
134.56, 134.64, 134.8, 134.9, 134.9, 141.3, 141.6, 141.7, 142.0, 142.3, 151.0, 156.6, 158.1, 162.1, 169.4,
170.0, 170.6, 171.0 ppm. UV-Vis (DMF): Amsx (log €): 419 (5.62), 516 (4.51), 554 (4.15), 592 (4.04), 647 (3.89)

nm. HRMS-ESI(+): m/z calcd for CgsHs7NgO11 [M+H]* 1097.4080; found 1097.4090.

6 145 Compound 3-Gal: 93% yield at 120 °C vs 47% at room temperature. 'H

CHzoAC
AcO——H5 146  NMR (300.13 MHz, CDCl3): & -2.74 (2H, s, NH), 1.78-2.23 (15H, m, 5

4 H——OAc
;Cg::mc 147  OAc), 2.24-2.32 (2H, m, H-1’), 2.90-3.00 (1H, m, H-1), 3.21-3.43 (6H,

Oyl Hr
- )Ajf 148  m, 2 N-CHs), 3.81-3.90 (1H, m, H-6), 4.23-4.35 (1H, m, H-6), 4.56-4.65
1]

o)\ 149  (1H, m, H-2’), 5.13-5.27 (2H, m, H-4 and H-5), 5.44-5.56 (1H, m, H-3),

0  5.93-6.02 (1H, m, H-2), 7.53-7.91 (12H, m, H-m,p-Ph), 7.99-8.37 (8H,
h
51 m, H-0-Ph), 8.55-8.95 (7H, m, H-B) ppm. 13C NMR (125.76 MHz, CDCls):

152 6 20.7, 20.90, 20.92, 21.2, 28.0, 28.7, 29.1, 29.3, 29.7, 30.2, 31.6, 35.2,

Ph

62.2, 62.6, 67.6, 67.7, 68.6, 70.8, 85.8, 88.4, 119.1, 120.3, 120.4, 120.5, 120.6, 120.7, 126.8, 126.9, 127.3,
127.9, 128.0, 128.9, 129.7, 133.3, 133.5, 134.56, 134.63, 141.3, 141.5, 141.6, 141.9, 142.0, 142.2, 142.3,
150.9, 151.0, 157.9, 162.7, 162.8, 169.6, 169.7, 169.9, 170.0, 170.3, 170.5, 170.6 ppm. UV-Vis (DMF): Amax
(log €): 420 (5.73), 515 (4.50), 552 (4.16), 592 (4.04), 650 (3.92) nm. HRMS-ESI(+): m/z calcd for CesHe1NsO13

[M+H]*1169.4291; found 1169.4304.

2.2.4. Unprotected porphyrin-uracil-alditol conjugates 4-Xyl and 4-Gal

Sodium methoxide (2 eq.) was added to conjugates 3-Xyl or 3-Gal (10 mg) dissolved in of a mixture of
methanol and tetrahydrofuran (THF) (2 mL, 1:1). The reaction was stirred at 50 °C and its evolution was
controlled by TLC. When no starting material was observed in the TLC, the reaction was allowed to cool
down and it was added a solution of citric acid. The desired product was extracted with dichloromethane,
washed with water and crystalized in dichloromethane:hexane.

5 165  Compound 4-Xyl: 75% yield. 1H NMR (300.13 MHz, CDCls): & -2.69 (2H,

H4 166  m, NH) 2.39-3.31 (3H, m, H-1 and H-1’), 3.35 (3H, s, N-CH3), 3.38 (3H,
Hz 167 s, N-CHs), 4.56-5.87 (6H, m, H-2, H-3, H-4, H-5 and H-2’), 7.57-7.91
N 168  (12H, m, H-m,p-Ph), 8.00-8.41 (8H, m, H-0-Ph), 8.58-8.97 (7H, m, H-B)
9  ppm. 13C NMR (125.76 MHz, CDCls): & 14.2, 19.7, 22.7, 25.6, 28.0,
\70  28.4, 28.5, 29.06, 29.13, 29.4, 29.7, 30.3, 32.0, 32.9, 34.4, 36.7, 49.0,

71 63.6, 64.1, 68.0, 70.5, 70.9, 72.7, 73.0, 73.1, 73.7, 74.4, 76.8, 77.0,

Ph
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198

199

200
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202
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77.3, 77.9, 80.7, 85.5, 89.3, 118.8, 120.4, 120.6, 120.7, 126.8, 126.9, 127.0, 127.4, 127.8, 127.9, 128.1,
128.6, 129.0, 133.6, 133.9, 134.55, 134.63, 141.6, 142.0, 142.2, 143.2, 150.4, 150.5, 157.70, 157.73, 158.3,
165.36, 165.40 ppm. UV-Vis (DMF): Amsx (log €): 419 (5.44), 514 (4.54), 553 (4.19), 591 (4.08), 649 (3.88) nm.

MS (MALDI): m/z 929.3 [M+H]*. HRMS-ESI(+): m/z calcd for Cs7H49NsO7 [M+H]*929.3657; found 929.3667.

p 177 Compound 4-Gal: 63% yield. IH NMR (300.13 MHz, CDCls): 6 -2.75 (2H,
m, NH) 2.40-4.11 (9H, m, N-CHs3, H-1 and H-1’), 4.47-5.82 (7H, m, H-2,
H-3, H-4, H-5, H-6 and H-2’), 7.49-7.88 (12H, m, H-m,p-Ph), 8.03-8.43
(8H, m, H-0-Ph), 8.56-9.03 (7H, m, H-B) ppm. 13C NMR (125.76 MHz,
CDCl3): 6 22.7, 23.9, 25.6, 28.0, 29.0, 29.4, 29.5, 29.7, 34.6, 67.4, 68.0,
72.1, 76.8, 77.0, 77.3, 119.0, 119.5, 120.5, 120.6, 126.7, 126.8, 126.9,
127.8, 127.9, 133.5, 133.9, 134.6, 140.0, 141.6, 141.9, 142.2, 143.2,

157.6, 171.6 ppm. UV-Vis (DMF): Amax (log €): 419 (5.56), 515 (4.54),

551 (4.19), 591 (4.07), 648 (3.87) nm. MS (MALDI): m/z 959.3 [M+H]*. HRMS ESI (+): m/z calcd for

CsgHs1N6Os [M+H]*959.3763; found 959.3777.

2.3. Characterization studies

2.3.1. Singlet oxygen generation

A stock solution of each porphyrin-uracil-alditol conjugate (3-Xyl, 3-Gal, 4-Xyl and 4-Gal) at 0.1 mM in DMF
and a 10 mM stock solution of 1,3-diphenylisobenzofuran (DPiBF) in DMF were prepared. In a quartz cell,
aliquots of 2.5 mL of compound 3-Xyl, 3-Gal, 4-Xyl, 4-Gal or 5,10,15,20-tetraphenylporphyrin (TPP) (used as
reference) at the concentration of 0.5 uM and DPiBF at the concentration of 50 uM were stirred at room
temperature and irradiated with a LED array (5 x 10 LEDs; A = 630 + 20 nm) at an irradiance of 4.0 mW cm-2.
The singlet oxygen production was monitored by measuring the decreasing of DPiBF absorbance at 415 nm,

at intervals of 60 s, during 600 s of irradiation.

2.3.2. Emission properties

The fluorescence quantum vyields (®F) of the conjugates 3 and 4 were obtained using a solution of TPP in
DMF as standard (@ = 0.11, in DMF). All the measurements were recorded in DMF at 293 K, in quartz cells
(3). In all measures, it was recorded the absorption spectra of the compound and of the standard, and
samples were excited at the wavelength of the absorbance crossing point of both. The absorbance at this

crossing point was kept in the range 0.02-0.04 and the excitation occurred in the Soret band region.
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Fluorescence quantum yield was calculated from equation 1 (Egn. 1), where (Di?td is the fluorescence
quantum vyield of TPP (standard), and A and Agq are the integrated area under the fluorescence curves of

the compounds and the standard, respectively.

A
Eqn. 1)  ®p= cbéfdA—
Std

2.4. Biological studies

2.4.1. Cell Culture

The human prostate cell line PC-3 (prostatic adenocarcinoma cells, grade 1V, isolated from bone metastasis
of a 62-years-old Caucasian man) used was kindly provided by Dr. Rui Medeiros, University of Porto,
Portugal. The cells were grown as monolayers in Roswell Park Memorial Institute (RPMI) 1640 medium,
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin and streptomycin mixture).
Cells were maintained in a MCO-170AICUV incubator (Panasonic Healthcare Co., LTD — Hamburg, Germany)

at 37 2Cin a humidified 5% CO, atmosphere.

2.4.2. Stock solutions

Stock solutions of 10 mM of conjugates 3-Xyl, 3-Gal, 4-Xyl and 4-Gal were prepared in dimethyl sulfoxide
(DMSO) and were kept protected from light at room temperature. The final concentrations of the
conjugates used in the biological studies were obtained by further dilution of the stock solutions in RPMI-

1640 medium. In all assays, the highest concentration of DMSO used per well was 1% (v/v).

2.4.3. Light source

Irradiations were performed using a Back-Light LED-Setup (provide by AG Photobiophysik, Humboldt-
Universitat zu Berlin, Germany), which delivers white light (400-800 nm). The LED-Setup was covered with a
red filter (A = 630 + 20 nm) and cells were exposed to red light at an irradiance of 1.28 mW cm-2, measured
with an energy power meter Coherent FieldMaxII-Top combined with a Coherent PowerSens PS19Q energy

sensor.

2.4.4. Cytotoxic and phototoxic assays
PC-3 cells (7 500 cells per well) were seeded in a 96-well plate (100 uL) for 24 h at 37 °C in a humidified 5%

CO; atmosphere. The compounds were added at different concentrations (1.0, 10 and 100 uM) to the cells
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and incubated in the dark for 4 h. Cells without treatment and cells treated with 1% DMSO were used as
controls. After this period, the plate was positioned on a Back-Light LED-Setup and irradiated for 20 min.
Then, the culture medium was replaced by fresh medium and cells were incubated for 24 h. Four hours
before the endpoint of the assay, 10 pL of AlamarBlue reagent (ThermoFisher, Massachusetts, USA) was
added to each well. Cell viability was assessed by measuring the absorbance, at 570 and 600 nm, using a
microplate reader (Tecan Infinite® 200 Pro series, Mannedorf, Switzerland). Cytotoxic assays were
performed using a similar protocol but protected from light. At least three independent assays were

conducted for each experimental condition.

2.5 Statistical Analysis
The statistical significance of cell viability assays was assessed by Mann-Whitney tests of the equality of
means for independent samples and was conducted using IBM SPSS Statistics Software 22. The significance

level was set at 0.05.

3. Results and Discussion

3.1. Synthesis of porphyrin-uracil-alditol conjugates 3 and 4

The synthetic strategy used to prepare the new porphyrinic derivatives 3 and 4 decorated with uracil-
alditols units is summarized in scheme 2. As it was mentioned above, the key step of the approach was the
hetero Diels-Alder reaction between the orthoquinodimethanes uracil-alditols 2 and the 2-vinyl-5,10,15,20-
tetraphenylporphyrin (B-vinylTPP, 1) selected as the dienophile. The heterodienes 2-Xyl and 2-Gal were
prepared according to the methodology reported by Palasz et al., [39] and involved in a first step the
Knoevenagel condensation between the sugar moieties D-(+)-xylose and b-(+)-galactose with 1,3-
dimethylbarbituric acid. After carbohydrate acetylation and ring-opening in the presence of ZnCl,,
compounds 2-Xyl and 2-Gal were obtained in 55% and 37% yield, respectively (scheme 1 and see in Sl Fig.
S3-S6) [39,47]. The PB-vinylTPP was prepared from the Wittig reaction of 2-formyl-5,10,15,20-
tetraphenylporphyrinatozinc(ll)  with  the ylide generated in situ by treatment of
methyltriphenylphosphonium bromide with NaH, followed by demetalation with trifluoroacetic acid

[45,46].
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Scheme 1. Synthetic strategy used in the preparation of uracil-alditols 2-Xyl and 2-Gal.

The reaction between the B-vinylTPP (1) and the uracil-alditols 2-Xyl and 2-Gal was carried out in dry

toluene at room temperature and at 120 °C, affording in both cases the protected cycloadducts 3-Xyl and

3-Gal in moderate to excellent yields. The best results in terms of reaction time and yields were attained at

120 °C. At this temperature, after 4h, compound 3-Xyl was isolated in 76% vyield at 120 °C vs 53% at room

temperature. For cycloadduct 3-Gal the achievement was even better since it was obtained in 93% yield at

120 °C vs 47% at room temperature. The low yield observed for both adducts (3-Xyl and 3-Gal) when the

reaction was performed at room temperature is probably related with the electron-deficient behaviour of

the hetero-diene that, consequently, requires higher energy to participate in the Hetero-Diels-Alder

reaction. As expected, due to the high number of chiral centres, these conjugates were obtained as a

mixture of diastereoisomers.
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The formation of these cycloadducts was confirmed by adequate spectroscopic techniques (see Sl). In their
1H NMR spectra (see Fig. S7 and Fig. S10, Sl) the characteristic proton resonances of the porphyrin nucleus
appear in the aromatic region with the expected pattern of a mono-substituted porphyrin (seven B-pyrrolic
protons at ca. 6 8.9-8.6 ppm); the signals of the meso-phenyl protons appear as two multiplets at ca. 6 8.4-
8.0 (ortho-H) and 7.9-7.5 ppm (meta- and para-H). The resonances of the porphyrinic vinyl protons (three
doublet of doublets at § 6.4, 5.9 and 5.2 ppm) and of the alditol moiety at § 7.45 ppm do not appear in
cycloadducts 'H NMR spectra confirming the success of the coupling. The protons H-1" and H-2" due to the
formation of the new heterocyclic unit appear in the range of § 2.4-2.2 and 4.8-4.5 ppm, respectively. The
evidence of the proposed adduct was confirmed by the 2D COSY (*H/'H) spectrum (Fig. S8), where the
signal due to the resonance of the H-2’ correlates with the a doublet of doublets signal due to the
resonance of CH, (H-1’) that correlates with H-1.The signals due to the resonance of acetate protons from
the sugar protecting groups and of the methyl protons attached to the uracyl nitrogen atoms appear in the
range of § 2.4-1.7 and of 3.4-3.2 ppm, respectively, the same region found in the alditol 1H NMR spectra

before coupling. Moreover, the molecular formula of these compounds was further confirmed by high
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resolution mass spectrometry ESI(+)-HRMS analysis showing the peak corresponding to the respective
[M+H]* molecular ion (see Fig. S15 and S16, SI).

Knowing that the solubility of a compound in a physiological medium is an important feature to take into
account for its potential application as a PS in PDT, in the final synthetic strategy step, it was considered the
deprotection of the hydroxyl groups in cycloadducts 3 (Scheme 2). This reaction was carried out for both
adducts in tetrahydrofuran at 50 °C, in the presence of sodium methoxide, affording the unprotected and
more polar cycloadducts 4-Xyl and 4-Gal in 75% and 63% yield, respectively. The analysis of their *H NMR
spectra revealed the disappearance of the acetyl groups signals confirming the success of the deprotection
step (see Fig. S13 and S14, SI). The HRMS spectra of 4-Xyl and 4-Gal are also in accordance with the

predicted structure for the [M+H]* molecular ion (see Fig. S17 and S18, SI).

3.2. Photophysical characterization and singlet oxygen generation

The photophysical characterization of cycloadducts 3 and 4 was performed in DMF at 293 K and the most
important photophysical data are presented in Table 1 (see also in SI Fig. S19 and S20). As an example, in
Fig. 2 is represented the absorption, excitation and emission spectra of the porphyrin-uracil-alditol
conjugate 3-Xyl. All the studied cycloadducts 3-Xyl,-Gal and 4-Xyl,-Gal present the typical absorption
pattern of an ethio-type porphyrin macrocycle due to m-nt* transitions [48]. The introduction of the uracil-
alditol units in the porphyrin did not affect significantly the absorption properties of the porphyrinic
macrocycle when compared with the precursor B-vinylTPP 1 displaying the strong Soret band absorption at
ca. 420 nm (Table 1) and the less intense but well-defined Q bands between ca. 514-650 nm (see Fig. 2 and
Fig. S19, SlI). All conjugates in DMF are also emissive compounds as their precursor (Fig. 2 and Fig. S20, SI)
and present two bands centred at ca. 655 and 716 nm, where the first vibrational mode of the fluorescence
is much more pronounced than the second one. This is a typical behaviour of meso-tetraarylporphyrins and
the emission bands are attributed to Qx (0-0) and Qx (0—1) transitions due to a nearly unchanged vibronic
state upon excitation [49,50]. The resemble between the absorption and the excitation spectra indicates
the absence of emissive impurities (Fig. 2 and Fig. S20, Sl).

The fluorescence quantum yields (Table 1) of cycloadducts 3 and 4 were determined by the internal
reference method in DMF using 5,10,15,20-tetraphenylporphyrin (TPP, ®= 0.11 in DMF) as reference.
Compounds 3 and 4 show a slightly weaker emission when compared with the TPP used as reference. This
fact can be due to the quenching of the excited singlet state by the uracil-alditol linked at the beta-pyrrolic
position of the macrocycle. However, the values of @O, for derivatives 3-Xyl,-Gal and 4-Xyl,-Gal are not

significantly affected by the presence of the different uracil-alditol moieties.
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Table 1. Photophysical data of cycloadducts 3 and 4 obtained in DMF and at 293 K.

Compound

Amax (log €) /nm  Aem/nm  Stokes shift / nm D / %2

3-Xyl

419 (5.62)
516 (4.51)
554 (4.15)
592 (4.04)
647 (3.89)

655, 717 7 9

3-Gal

420 (5.73)
515 (4.50)
552 (4.16)
592 (4.04)

653,718 3 9

4-Xyl

419 (5.44)
514 (4.54)
553 (4.19)
591 (4.08)
649 (3.88)

651, 714 2 8

4-Gal

419 (5.56)
515 (4.54)
551 (4.19)
591 (4.07)
648 (3.87)

(
(
(
(
(
(
(
(
650 (3.92)
(
(
(
(
(
(
(
(
(

653, 716 5 8

aTPP (Dru = 11%) was used as reference.

1.0 1

0.8

0.6 4

0.4+

024
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. 0.0

T
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T  —
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Wavelenght / nm

Fig. 2. Normalized absorption, emission and excitation spectra of compound 3-Xyl in DMF at 293 K (Aexcz-xyi = 516 nm and Aema.xy1 = 717 nm).

The ability of these conjugates to generate 10, was evaluated since it is also an important feature to take

into account before hypothesizing their use as PDT PSs. Under this context, their efficacy to generate 10,

was qualitatively assessed by using an indirect method based on DPiBF photo-oxidation [51,52]. The

generated 10, reacts with the yellow DPIiBF (Amax 415 nm) in a [4+2] cycloaddition process, affording a

colourless oxidized product. The results obtained show that all adducts are able to produce 'O, although
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with a slightly slower rate than the well-known 10, producer, TPP (Fig. 3). We also observed that
cycloadducts 3 are slightly better 10, producers than cycloadducts 4. It is worth referring to the fact that
the decay of DPiBF just occurred when the DPiBF solution was irradiated in the presence of the porphyrinic
derivatives, which clearly indicates their role in the 10, generation. Based on the promising photophysical
properties of the new cycloadducts, a preliminary evaluation of their photodynamic action towards

prostate cancer cells was undertaken.
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Fig. 3. Photo-oxidation of DPiBF in DMF photosensitized by compounds 3-Xyl, 3-Gal, 4-Xyl, 4-Gal and TPP during 600 s at 630 + 20 nm at

an irradiance of 4.0 mW cm-2.

3.3. Biological Assays

The prostate is an interesting target organ for PDT [21], since prostate cancer is often locally confined and
there are procedures for the interstitial administration of radiation that are adequately adapted [53]. The
cytotoxic and phototoxic activities of the conjugates 3 and 4 were assessed against a human prostate cell
line, PC-3 (prostatic adenocarcinoma cells, grade IV). The biological assessment was performed at
concentrations 1.0, 10 and 100 uM in the dark and after exposing the cells to red light (630 + 20 nm) for 20
min at an irradiance of 1.28 mW cm-2. The results obtained (Fig. 4) show that all compounds do not present
any cytotoxicity in the dark, since no significant decrease in cell viability was observed after 24 h of
incubation (Fig. 4) (p >0.05). When the cells were exposed to a red light it was possible to observe that only
conjugates 4 present phototoxicity at the highest tested concentration (100 uM) (p <0.05). At this
concentration the cycloadducts 3 with the protected uracil-alditols moieties did not show any toxicity (p

>0.05). Besides, among compounds 4, their efficiency to reduce the viability of PC-3 cells, seems to be
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dependent on the sugar moiety since the galactose conjugate 4-Gal showed higher efficiency than the
xylose conjugate 4-Xyl. There are some studies that reveal that the presence of galactose moieties in the
structure of the molecules can improve photodynamic efficiency [37,54,55]. This is probably due to the fact
that tumoral cells have galectins, and these proteins have carbohydrate recognition domains that bind
specifically to B-galactoside sugars, resulting in a higher specificity and uptake of the PS by the tumour
tissue [36]. In fact, PC-3 as well as other prostate tumoral cells expresses several members of the galectin
family of proteins, which have been implicated in prostate cancer development and progression [56]. PC-3
cells express galectin-1 (the most abundant), galectin-3, galectin-8 and other members, though at lower

expression levels [56].
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Fig. 4. Viability of PC-3 cells treated with the tested PS non-irradiated and irradiated with red light (1.28 mW c¢m2, 63020 nm) for 20 min. A.
Cycloadducts 3-Xyl,-Gal and B. Cycloadducts 4-Xyl,-Gal at 1.0, 10 and 100 uM. Values are the mean of three independent assays. The error bars

represent the standard deviation of three independent experiments.

4. Conclusion
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In conclusion, we have developed an efficient access to meso-tetraarylporphyrins bearing protected and
unprotected uracil-alditol units at B-pyrrolic positions. The photophysical properties displayed by the prepared
conjugates associated to their photodynamic efficiency against prostate cancer cell line (PC-3) are encouraging and
further studies on the development these type of conjugates as photoactive molecules towards cancer will be

performed.
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