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Photochemistry of Resveratrol: Beyond the Reactivity of
Metal-Free Porphyrins Immobilized on Lignin

Elisa De Marchi,* Alessia Marino, Fabiana Fosso, Natalia Ceccotti Vlas, Davide Piccinino,
Eliana Capecchi, Lorenzo Botta, Marcello Crucianelli, and Raffaele Saladino*

The photochemistry of resveratrol with singlet oxygen ('O,)
under blue-LED irradiation is explored in the presence of three
metal-free porphyrins as photosensitizers. Irradiation at 450 nm
yields products of C=C bond scission, 6-electron electrocyclic ring
closure, and [4+ 2] cycloaddition, including benzaldehydes,
2,4,6-trihydroxyphenanthrene, and resveratrol cyclic endoperox-
ide. The selectivity of the process is controlled by the structure of

1. Introduction

Among reactive oxygen species (ROS),"? singlet oxygen ('0,) is
notable for the unique electrophilic nature, due to the high reac-
tivity of the low-energy LUMO."®! Production, lifetime,>®' and
selectivity of 'O, in organic transformations are reported,” often
in connection with biomolecules of relevance for cell life. In
human health, 'O, damages lipids, proteins, and DNA, improving
inflammation, aging, and diseases.®~'” Nonetheless, the benefi-
cial role of '0, in photodynamic therapy (PDT) of cancer is well
recognized.""” The photochemistry of 'O, with shikimic acid
metabolites is still an open matter of study, with a particular focus
on the reactivity of stilbene derivatives. Resveratrol, 5-(4-hydrox-
ystyryl) benzene-1,3-diol,"">*® is a bioactive stilbene character-
ized by modulation of lipid metabolism, inhibition of oxidation
of low-density lipoprotein (LDL) and platelet aggregation, and
anti-inflammatory, anti-cancer, neuroprotective, and cardiopro-
tective effects.**>% It acts as radical-scavenger,* offering pro-
tection from photo-oxidative damage. Resveratrol is isomerized
at 350 nm to corresponding cis-isomer, with successive formation
of 2,4,6-trihydroxyphenanthrene through 6-electron electrocyclic
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the metal-free porphyrin and by the nominal capacity of the blue-
LED photon. The scope of the reaction is extended to sustainable
heterogeneous photosensitizers produced by immobilization of
metal-free porphyrins on lignin, the most abundant polyphenol
in nature characterized by beneficial photochemical properties.

ring closure and dehydrogenation.®® As an alternative, the irra-
diation at wavelengths above 493 nm yields cyclic endoperoxide
by [4 + 2] cycloaddition at the phenolic ring.k® Thus, different
photochemical pathways may occur depending on the energy
associated to the photon. Recently, we reported that blue-LED
photons at 450 nm and meso-tetraphenylporphyrin (meso-TPP)
selectively generate '0,, providing a sustainable procedure for
the coupling and functionalization of different phenols and
terpenes.®’=°! With the aim to explore the general scope of this
oxidation, we report here the photochemistry of resveratrol with
blue-LED photons and meso-TPP and other metal-free porphyrins
at 450 nm. The study includes heterogeneous photosensitizers
produced by immobilization of metal-free porphyrin on lignin,
the most abundant polyphenol in nature that acts as a stabilizing
platform in the generation of '0,.57*? The reactivity balance
between resveratrol and cis-resveratrol is discussed in relation
to the formation of cyclic endoperoxide, 2,4,6-trihydroxyphenan-
threne, and products of C=C bond scission.* As a general trend,
metal-free porphyrins favored the formation of 2,4,6-trihydroxy-
phenanthrene and benzaldehyde derivatives under both homo-
geneous and heterogeneous conditions.

2. Results and Discussion

Initially, we investigated the photochemistry of resveratrol (trans-1)
under the experimental conditions previously applied in the
photo-oxidation of terpenes.*” Trans-1 (22 mM) and meso-TPP
(1 mol% with respect to 1) were dissolved in 2-methyltetrahydro-
furan (2-MeTHF; 2 mL) and the solution was stirred at room tem-
perature (200 rpm) for 48 h. The photoreactor consisted of a 4 mL
vial inserted into a jacketed beaker with commercial blue LED
(450 nm; nominal capacity m~' 12 W) wrapped around it (photo-
catalytic set-up is in SI#1). The oxygen quantum yield (®'0,) of
meso-TPP was 0.60 as previously reported.*” We observed the
formation of benzaldehydes 2 and 3 in similar (but low) yield
(Table 1, entry 1). They are products of C=C bond scission. No
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Table 1. Photo-oxidation of trans-resveratrol using blue-LED (12 W).?

OH OH
Blue-LED (0]
HO O X __meso-TPP ‘
i:/ +
2 MeTHF
OH
HO \

OH o
trans-resveratrol (1) 2 3
Entry Product Conv. [%] Yield [%]”
1 2(3) 35 9 (8.7)
29 2(3) 60 30 (28.9)
399 2 (3) 63 31 (29)

JThe reaction was performed by solubilizing resveratrol (22 mM) and meso-
TPP (1 mol% with respect to substrate) in 2-MeTHF. ®The yield was
calculated on starting substrate (mmol). “Reaction carried out by increasing
the concentration of trans-1 to 65 mM. “Reaction performed with 0.5 mol%
meso-TPP.

trace amounts of cis-1, 2,4,6-trihydroxyphenanthrene 4 and cyclic
endoperoxide 5 were detected (Scheme 1). The low mass balance
was probably due to the formation of polar oxidative coupling
products not isolated in our case. The reaction repeated in the
absence of meso-TPP or in dark conditions was unproductive.
Better results were obtained by increasing the amount of trans-1
(65 mM), in which case 2 and 3 were isolated in appreciable yield
(Tabel 1, entry 2). Meso-TPP was active at 0.5 mol% with respect to
substrate (Table 1, entry 3). The presence of oxygen radical species
was ruled out by “coumarin” and TEMPO assays, respectively, while
NaN; test confirmed the formation of 'O, (SI#2).

Next, blue-LED photons with different nominal capacity P
(14.4 and 18 W) were studied. P is defined by the following
equation

P=N-E (M

Photosensitizer| hv

[4+2] ]
cycloaddition| 'O2
(Pathway c)

C o} AN
O h hv : S* O

OH trans-1 cis-1 OH

|somer|zat|on OH

electrocyclic
ring closure
(Pathway b)

—_—
Q
cycloaddition OH

(Pathway a) A OH 2 3

hv, 3ps*, 0, HO O‘O
o

where N is the number of photons emitted per second and E is
the energy of the photon given by the Planck-Einstein equation.
Briefly, trans-1 (65 mM) and meso-TPP (0.5 mol% with respect to
1) were dissolved in 2-MeTHF (2 mL) in a photoreactor consist-
ing of a 4.5 cm diameter glass vessel placed inside an additional
7.5 cm diameter glass container and illuminated with blue strip
(450 nm; nominal power m~' P 14.4 W) for 24 h at room temper-
ature. We observed the formation of cis-resveratrol (cis-1), ben-
zaldehydes 2 and 3, 2,4,6-trihydroxyphenanthrene 4, and cyclic
endoperoxide 5 (Table 2, entry 1). The '"H NMR of the mixture
between trans-1 and cis-1 recovered after purification of the
crude at 450 nm and 14 W is reported in SI#3. Compounds 4
and 5 were assigned by comparison of the corresponding
'H-NMR signals, in the reaction crude, with that of original refer-
ences.?>3% Note that 5 was not previously isolated due to its low
thermal stability.®*® Characteristic "H NMR signals of endoperox-
ide 5 (and of 4) are reported in SI#3 in the case of the reaction
performed at 450 nm and 14 W in the presence meso-TPP. The
yield of benzaldehydes 2 and 3 was measured on the basis of
the amount of isolated compounds, while 4 and 5 were esti-
mated by integration of characteristic '"H NMR signals using
trans-1 as a reference. Benzaldehydes 2 and 3 and 2,4,6-trihy-
droxyphenanthrene 4 prevailed in the reaction mixture. The
selectivity observed at 450 nm was different with respect to that
observed in previous irradiations at 350 nm and at wavelengths
above 493 nm.*>*¢ Probably, the reaction pathway occurring at
450 nm (Scheme 1) involved the initial blue-LED photo-activation
of meso-TPP followed by intersystem crossing with formation of a
long-lived triplet excited state.*® This latter intermediate can
facilitate the isomerization of trans-1 to cis-1 and (contemporary)
the formation of '0,. Examples of the effect played by long-lived
triplet excited state in the trans/cis isomerization are reported with
different photosensitizers,****"! including the case of Pterin.*”
Next, [2+ 2] cycloaddition of 'O, to cis-1 may yield dioxetane

OH

|
. +
‘ OH
HO o

OH
4

H

Scheme 1. Proposed reaction mechanism for the photo-oxidation of resveratrol with blue-LED photons. 3PS* is the long-lived triplet excited state of the

photosensitizer.
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Table 2. Investigation of different photosensitizers for the photo-oxidation of resveratrol.?)
Entry Photosensitizer LF [umol mg '] 0'0” TON® Conv. [%] 2(3) [%]?° 4 [%]? 5 [%]?
1 meso-TPP - 0.60 120 60 15(14) 20 5
2 meso-TPP - 0.60 146 73 36(34) - -
3 TCPP - 0.53 44 22 2(traces) 16 -
4 MCPP - 0.69 104 52 3(traces) 45 3
5 Rose Bengal - 0.76 74 37 3(2) 10 15
6 EHL/TCPP 0.39 0.46" 70 35 2(3) 28 -
7 EHL/MCPP 0.18 0.66" 124 62 4(3) 51 -
8 EHLAC/TCPP 0.32 0.92 100 50 1(traces) 53 N
9 EHLAc/MCPP 0.15 0.99 170 85 6(3) 69 N
10 EHLAc/MCPP 0.15 - 166 83 4(2) 67 -
11 EHLAc/MCPP 0.15 - 150 75 2(traces) 59 -
12 EHLAc/MCPP 0.15 - 142 71 3(2) 56 -
13 EHLAc/MCPP 0.15 - 130 65 traces 49 -
@The reaction was performed solubilizing trans-1 (65 mM) and the photosensitizer (0.5 mol% with respect to substrate) in 2-MeTHF. The solution was gently
stirred (200 rpm) under blue-LED irradiation (14.4 W, 450 nm) at 28 °C for 24 h. ®®'0, was measured by standard protocol.*® “The turnover number (TON) was
calculated using the following formula: TON = (moles of substrate converted)/(moles of catalyst used). ?Yield% was calculated on the basis of "H-NMR of the
reaction crude. ®Products 2-3 were recovered in similar yield. “Reaction carried out using blue-LED at 450 nm and 18 W.

intermediate A and rearrangement and C=C bond scission to 2
and 3 (Pathway a), or in alternative 6-electron electrocyclic ring
closure and dehydrogenation to yield 4 (Pathway b). In this latter
case, the role of oxygen has been associated with the dehydroge-
nation step.2>*849 |n addition, trans-1 reacted with 'O, by [4 4 2]
cycloaddition to yield cyclic endoperoxide 5 (Pathway c). Results
suggest that the isomerization of trans-1 to cis-1 and successive
photo-oxidation of cis-1 were the prevalent transformation at
450nm and 144W. A better selectivity of the reaction was
observed by irradiation at 18 W under similar experimental condi-
tions. In this latter case, benzaldehydes 2 and 3 were obtained as
the only recovered products in quantitative yield besides to
unreacted substrate (Table 2, entry 2). These data are in accordance
with the prevalence of formation of dioxetane A by improving the
nominal capacity P of blue-LED photons.

The photocatalytic effect of two alternative metal-free
porphyrins, tetrakis-(4-carboxyphenyl)-porphyrin  (TCPP) and
5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin  (MCPP), was
then evaluated. Porphyrins were selected due to the presence
of carboxylic moiety useful forimmobilization procedure.'#? Rose
Bengal was also studied as a positive reference. The ®'0, of TCPP,
MCPP, and Rose Bengal were 0.53,°% 0.69,°" and 0.76,"? respec-
tively (Table 2). MCPP was prepared with a slight modification of
previously reported procedure.®"

The oxidation of trans-1 with TCPP proceeded with low con-
version of substrate to yield 4 as the main reaction product,
besides low amount of 2 and 3 (Table 2, entry 3). A better reac-
tivity was observed with MCPP, in which case trans-1 was con-
verted in larger amount to afford 4 as the main reaction
product besides the low amount of 2/3 and 5 (Table 2, entry 4).
These results confirm that the porphyrin favors the isomerization
of trans-1 to cis-1 and successive transformations with respect to
alternative  [4+2] cycloaddition  (Pathway «¢). The
6-electron electrocyclic ring closure (Pathway b) prevailed with
respect to [2 + 2] cycloaddition (Pathway a) in the presence of
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the electron-withdrawing carboxylic moiety as a substituent on the por-
phyrin ring, as in the case of MCPP and TCPP. Note that Rose Bengal
was less efficient than metal-free porphyrins showing lower selectivity;
products deriving from trans-1 (compound 5) and cis-1 (compounds
2/3 and 4) were synthesized in similar total yield (Table 2,
entry 5).

The scope of the transformation was further extended to het-
erogeneous photosensitizers produced by covalent immobiliza-
tion of MCPP and TCPP on enzymatic hydrolytic lignin (EHL).
Lignin is the most abundant polyphenol in nature characterized
by beneficial chemical and physical properties in the immobi-
lization of photocatalytic species, including eumelanin and
pheomelanin.®>-*" The electrochemical behavior of lignin is
reported, as well as the capacity to generate '0,.5* For the immo-
bilization procedure, MCPP and TCPP (0.18 mmol) were treated
with EHL (200 mg) and triphenylphosphine (PPhs;, 0.36 mmol)
in THF (10 mL), followed by the dropwise addition of di-isopropyl
azodicarboxylate (DIAD; 0.36 mmol) in EtOAc (2.5 mL). EHL/TCPP
and EHL/MCPP (Figure 1) were isolated by dialysis. The loading
factor was evaluated by *'P NMR analysis (SI#4) after phosphity-
lation (SI#5) with 2-chloro-4,4,5,5-tetramethyl-1,3,2 dioxaphos-
pholane TMDP®® (Table 2, entries 6 and 7). The ®'0, of EHL/
TCPP and EHL/MCPP was measured by the comparative absorp-
tion method, based on 9,10-dimethylanthracene (DMA). The
absorption band of DMA at 398 nm was monitored in the pres-
ence of a selected catalyst at various time intervals after irradia-
tion with blue-LED at 450 nm (14.4 W) (SI#6).*' Rose Bengal was
used as a reference. ©'0, of EHL/TCPP and EHL/MCPP was of the
same order of magnitude as free porphyrins. The photocatalytic
effect of EHL/TCPP and EHL/MCPP was then evaluated. Briefly,
trans-1 (65 mM) dissolved in 2-methyltetrahydrofuran (2-MeTHF;
2 mL) was treated with the appropriate catalyst (0.5 mol% of por-
phyrin with respect to 1) and irradiated with blue-LED photon at
450 nm (14.4 W) under gentle stirring (200 rpm) at room temper-
ature for 24 h. TCPP and MCPP retained their selectivity after the
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Figure 1. Proposed structure for EHL/MCPP and EHL/TCPP.

immobilization procedure affording 2,4,6-trihydroxyphenanthrene
4 as the main reaction product besides 2 and 3 (Table 2, entries 6
and 7). EHL/TCPP and EHL/MCPP showed a reactivity higher than
parent TCPP and MCPP suggesting the beneficial effect of lignin in
the overall transformation (Table 2, entries 3 and 4 versus entries 6
and 7). EHL/MCPP was the best photosensitizer for the synthesis of
4 (Table 2, entry 7).

Acetylation of EHL is reported to improve the generation of
'0,.5*" Indeed, the reduction of free hydroxyl groups is responsi-
ble for the loss of antioxidant activity.*¢"

We decided to perform the selective acetylation of aliphatic
hydroxyl groups, leaving the phenolic counterpart free for the
immobilization of porphyrins. Briefly, lignin (0.3 g) was dissolved
in sulfuric acid and acetic acid (0.33:1.0 v/v) at 60 °C for 20 min
(SI#7). Selective acetylation was confirmed by *'P NMR analysis
to afford EHLAc. Then, TCPP and MCPP were immobilized on
EHLAC to yield EHLAc/TCPP and EHLAc/MCPP (Figure 1) by using
the previously reported procedure. 3'P NMR was used to evaluate
the loading factor (Table 2, entries 8 and 9). The ®'0, of EHLAc/
TCPP and EHLAc/MCPP (Table 2) was higher than EHL/TCPP and
EHL/MCPP confirming the beneficial role played by acetylation in
the generation of '0,. Accordingly, EHLAc/TCPP and EHLAc/MCPP
demonstrated enhanced photocatalytic activity, resulting in
increased conversion of trans-1 and higher yield of 4 compared
to their un-acetylated counterparts (Table 2, entries 8 and 9).
Benzaldehydes 2 and 3 were again detected as by-products in
very low amount. These findings agree with those reported in
the literature for acetylated lignin.>>%6 The turnover number
(TON) of photosensitizers is also reported in Table 2. EHLAc/

ChemPhotoChem 2025, 9, 202500073 (4 of 6)

OR

(0]

X

EHL/TCPP: R= -H
EHLAC/TCPP: R= -COCH3

MCPP showed the highest TON. In addition, the most active
EHLAc/MCPP retained appreciable reactivity for at least 4 runs
(Table 2, entries 10-13).

3. Conclusion

The impact of the photosensitizer and the effect of the nominal
capacity of blue-LED photons at 450 nm in the selectivity of the
photo-oxidation of resveratrol was described. Irradiation with
metal-free porphyrins at 450 nm revealed a reaction profile sig-
nificantly different from those previously observed with blue-
methylene at wavelengths above 493 nm and in the absence
of photosensitizer at 350 nm, respectively. Experimental condi-
tions were identified to synthesize specific reaction products in
the presence of homogeneous (meso-TPP, TCPP, and MCPP) and
heterogeneous (EHL/TCPP, EHL/MCPP, EHLAc/TCPP, EHLAc/
MCPP) photosensitizers. They include meso-TPP and blue-LED
photons at 450 nm (P 18 W) for the C=C bond scission and
formation of benzaldehydes 2 and 3, and EHLAc/MCPP and
blue-LED photons at 450nm (P 14.4W) for the 6-electron
electrocyclic ring closure to 2,4,6-trihydroxyphenanthrene 4.
Irrespective of the experimental conditions, cyclic endoperoxide
5 was observed in a very low yield in the presence of porphyrins.
Immobilization of the porphyrins on the surface of lignin
enhanced the photocatalytic activity, especially in the case of
acetylated lignin. The sustainability of the process was docu-
mented by the recyclability of the most active EHLAc/MCPP
for more runs.
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4. Experimental Section

Materials

Commercially available reagents were used without further purifica-
tion. Chromatographic separations were performed on Merck silica
gel 60 (230-400 mesh). R; values are referred to as TLC carried out
on 0.25 mm silica gel plates (F254) using the eluent indicated for col-
umn chromatography. All products were dried in a high vacuum
(103 mbar) before characterization. '"H NMR, *C NMR, and *'P
NMR were recorded on a Bruker Avance DRX400 (400/100 MHz) spec-
trometer. UV/Vis spectra were recorded on a Shimadzu UV-2600i
spectrophotometer equipped with ISR-2600 integrating sphere
and using 1 cm light path quartz cuvettes.

Photo-Oxidation of Resveratrol (Trans-1): General Procedure

Trans-1 (65 mM) and the photosensitizer (0.5 mol% with respect to
substrate) were solubilized in 2-MeTHF (2 mL) in a photoreactor con-
sisting of a 4.5 cm diameter glass vessel placed inside an additional
7.5cm diameter glass container and illuminated with blue strip
(450 nm; nominal power/m 14.4 W). The solution was gently stirred
(200 rpm) under blue-LED irradiation at 28 °C. After 24 h, the reaction
mixture was evaporated and the crude product was analyzed by
"H-NMR (acetone-de) to estimate the yield of 4 and 5 by quantitative
comparison with trans-1 as a reference. The crude product was puri-
fied by column chromatography (CH,Cl,: MeOH 25:1).

4-Hydroxybenzaldehyde (2): Re=0.67 (CH,Cl,: MeOH 25:1); '"H NMR
(400 MHz, CD50D): 6=9.78 (s, 1H), 7.79 (d, J=8.6Hz, 2H), 6.93
(d, J=8.6Hz, 2H)ppm. *C NMR (100 MHz, CD;OD): §=1914,
163.8, 132.0, 127.6, 115.5 ppm.

3,5-Dihydroxybenzaldehyde (3): Rs = 0.61 (CH,Cl,: MeOH 25:1); '"H NMR
(400 MHz, CD;0D): 6 =9.79 (s, 1H), 6.81 (d, J=2.1Hz, 2H), 6.56
(t, J=19Hz, 2H)ppm. C NMR (100 MHz, CD5OD): §=192.7,
159.1, 138.7, 108.4, 107.3 ppm.

Synthesis of 5-(4-Carboxyphenyl)-10,15,20-Triphenylporphyrin
(MCPP)

The 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin  (MCPP) was
prepared by a slight modification of the procedure reported in
the literature.®" 4-Formylbenzoic acid (1.90 mmol) was dissolved
in 270mL of propionic acid in a 5mL microwave vessel.
Subsequently, benzaldehyde (5.80 mmol) and fresh distilled pyrrole
(770 mmol) were added dropwise, as well as nitrobenzene
(11.3 mmol). The reaction mixture was magnetically stirred at r.t. until
complete dissolution of the reagents, followed by heating under
microwave irradiation (250 W) at 120°C for 30 min. After cooling,
the crude mixture was precipitated in distilled water, filtered off,
and dried under vacuum. The product was purified by flash chroma-
tography (CH,CI,/EtOH 97:3) as a purple solid in 36% yield.

4-(10,15,20-Triphenylporphyrin-5-yl) benzoic acid (MCPP): R=0.3. 'H
NMR (DMSO-dy): 6=8.85 (s, 8H), 840-8.33 (g, 4H), 823 (dd,
J=57, 1.9Hz, 6H), 7.88-7.81 (m, 9H), —2.92 (s, 2H, NH) ppm. *C
NMR (100 MHz, DMSO-dg): 6 =167.9, 1459, 141.6, 1349, 1347,
132.2, 129.7, 129.0, 128.6, 128.3, 127.5, 120.8, 120.6, 119.3 ppm.
The spectral data were in accordance with the literature.'?

Preparation of Heterogeneous Photosensitizers

Heterogeneous photosensitizers were prepared by adapting a previ-
ously described method.®® 200 mg of the selected lignin (EHL or
EHLAc) and selected porphyrin (0.18 mmol) were solubilized in
THF (10mL) in the presence of triphenylphosphine (0.36 mmol)

ChemPhotoChem 2025, 9, 202500073 (5 of 6)

and left under vigorous stirring for 15 min at r.t. DIAD (0.36 mmol)
in ethyl acetate (2.5 mL) was added dropwise and the mixture was
kept at 65°C for 24h. EHL/TCPP, EHL/MCPP, EHLAc/TCPP, and
EHLAc/MCPP were purified by dialysis bag (MW = 1000 Da) using
THF as solvent (300 mL for 24 h, twice) and dried under vacuum.
The loading factor of heterogeneous photosensitizers was calculated
by 3'P NMR.
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