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A blue-LED-driven two-liquid-phase system has been set up for
the in situ activation of horseradish peroxidase avoiding the use
of hydrogen peroxide and drawbacks related to enzyme
denaturation and undesired radical side-reactions. The photo-
biocatalytic system was applied for the oxidative coupling of
natural and synthetic coumarins to bicoumarins, allowing to
obtain homodimers in only one step, avoiding the use of
tedious protecting groups. Two natural C-2 symmetric bicou-

marins derived from the coupling of scopoletin were synthe-
sized for the first time. UV-visible spectrophotometry analysis
confirmed the radical-free and blue-LED-driven in situ oxidation
of the green solvent 2-methyltetrahydrofuran to the corre-
sponding hydroperoxide, which in turn oxidizes the ferric heme
of horseradish peroxidase to ferryl intermediate, triggering the
oxidative coupling reaction.

Introduction

The activation of horseradish peroxidase (HRP) involves the
heterolytic cleavage of hydrogen peroxide (H2O2) with the
concomitant two-electron oxidation of the heme prosthetic
group to ferryl intermediate (FeIV) and the porphyrin radical
cation (Ferryl route). The FeIV active intermediate is then
converted back to the resting state by sequential oxidation of
two molecules of substrate.[1–3] The use of HRP in catalytic
oxidation has been deeply investigated in the presence of
stoichiometric amount of H2O2, showing critical limitations due
to the inactivation of the enzyme as a consequence of
undesired side-reactions.[4–9] This drawback can be avoided by
slow micro-addition or by in situ generation of H2O2.

[10–14]

Unfortunately, slow micro-addition requires stock solutions and
vigorous mixing, increasing enzyme deactivation rates, while
unfavorable E-factor (mass of total waste/mass of products) and
poor atom-economy were detected by in situ generation of
H2O2 with the traditional glucose/glucose oxidase (GOx)
system.[15–17] Alternative electrochemical and photochemical
procedures for the controlled generation of H2O2 are reported,
involving sacrificial electron donors.[18–25]

Another hurdle to overcome is related to the reaction
medium. Indeed, HRP works in buffered aqueous media and it
is usually denatured in common organic solvents.[26] Conversely,
organic substrates are characterized by hydrophobic properties.
The use of neat reaction conditions, or two-liquid-phase
systems (2LPs), involving H2O and a water immiscible solvent,
represent a promising strategy to overcome above mentioned
drawbacks, increasing reagent loading and simplifying products
recovery.[27–31] The application of ethereal solvents in organic
and bioorganic catalyzed oxidation has been widely
described,[32,33] and 2-methyltetrahydrofuran (2-Me-THF) 1 (Fig-
ure 1) received a growing interest in recent years being a
greener water-immiscible alternative to toxic THF.[34,35] In
addition, compound 1 is oxidized to the corresponding hydro-
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Figure 1. Schematic representation of blue-LED-driven 2LPs concerning the
radical-free oxidation of 2-Me-THF (1) to hydroperoxide (2). This latter
compound triggers the HRP-catalyzed oxidative coupling of coumarins to
bicoumarins.
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peroxide 2 under blue-LED driven condition by direct insertion
of singlet oxygen at the tertiary α-ethereal carbon atom
(Figure 1), without formation of radical species.[36] The applica-
tions of blue-LED in photochemistry has been reported, and the
role of photosensitizers, such as meso-tetraphenylporphyrin
(meso-TPP) and iridium derivatives, adequately discussed.[37–39]

Inspired by the ability of HRP to catalyze oxidative reactions
using organic peroxides as alternative to H2O2,

[40] we set up a
novel blue-LED driven 2LPs for the selective coupling of
coumarins to bicoumarins.

Bicoumarins are characterized by several biological proper-
ties such as anticancer, antiviral and anti-inflammatory
activity.[41–43] Their synthesis usually requires multistep proce-
dures associated to the use of tedious protecting groups, as
well as hazardous reaction conditions.[44]

Previous synthesis of bicoumarins by a traditional HRP� H2O2
approach showed poor yield and unspecific adsorption phe-
nomena of both starting material and products on the surface
of the enzyme, favored by the monophasic conditions.[45]

Here we report that bicoumarins can be efficiently synthe-
sized in a protective group-free procedure involving the blue-
LED (wavelength 470 nm) driven 2LPs, based on the radical-free
in situ oxidation of 1 to 2 in the presence of meso-TPP as
photosensitizer, followed by activation of HRP (Figure 1). UV-
visible data confirmed the role played by blue-LED and meso-
TPP in the formation of 2 which in turn interacts with HRP to
yield the active ferryl intermediate. This procedure allowed to
obtain a panel of bicoumarins in only one step avoiding
unselective radical pathway, as well as the use of H2O2 and
radical scavengers, in higher total yields than previously
reported HRP� H2O2 based procedure.

Results and Discussion

We started our investigation selecting 7-hydroxycoumarin
(umbelliferon) 3a as a model substrate. Compound 3a
(0.2 mmol) was dissolved in 2-Me-THF 1 (4.0 mL) in the
presence of meso-TPP (1.0 mol%) followed by the addition of
2.0 mL of HRP solution (252 U/mL) in potassium phosphate
buffer (PBS; 0.1 M, pH 6.0). The solution was gently stirred
(200 rpm) under blue-LED irradiation (blue-LED stripes, 470 nm)
and air atmosphere at 27 °C for 24 hrs. The photobioreactor was
composed by a jar equipped with a liquid cooling system to
stabilize the temperature at 27�1 °C (for operative details see
Supporting Information SI#1). After simple work-up (Materials
and Methods section), 7,7’-dihydroxy-3,8’-bicoumarin 4a, de-
rived by the selective 3,8’ oxidative C� C coupling (NMR spectra
of products are in SI#2), was recovered in 80% yield, with 40%
conversion of substrate 3a (Table 1, entry 1). Compound 4a
was obtained in yields higher than previously reported for the
oxidation of 3a with traditional monophasic HRP� H2O2 system,
in which case a large amount of the converted substrate
afforded no isolable oligomeric derivatives.[45] In accordance
with the literature, the absence of C� O coupling products was
probably due to adsorption phenomena of the O-centered
phenolic radicals to the surface of the enzyme, affecting their

concentration in the bulk of the reaction.[45] In addition,
adsorption phenomena leads to HRP denaturation, limiting
substrate conversion and low mass balance of the reaction.[45]

The C� C coupling occurred selectively at C-3 and C-8’ position,
corresponding to the energetically most stable C-centered
radicals of 7-hydroxycoumarin 3a.[46–48] To investigate the
presence of oxidative side-processes related to the excitation of
meso-TPP and the evolution of singlet oxygen, the reaction was
performed under the same conditions without HRP. In this latter
case no conversion of substrate was detected, highlighting that
no collateral reactions, related to singlet oxygen, are involved in
the blue-LED 2LPs (Table 1, entry 2). Compound 4a was not
synthesized in the absence of blue-LED irradiation or under
anaerobic conditions (Table 1, entry 3 and 4 respectively),
confirming the key role of blue-LED in catalyzing the formation
of hydroperoxide 2. To further confirm the ability of 2 in
oxidizing HRP and triggering the oxidative homocoupling
reaction, hydroperoxide 2 was synthesized (1H NMR spectrum is
in SI#2),[36] and added to the reaction mixture containing HRP
and 3a, stirred under dark condition (Table 1, entry 5). The use
of alternative ethereal solvents, such as tetrahydrofuran (THF)
and 1,4-dioxane afforded compound 4a in very low yield
(Table 1, entries 6 and 7 respectively), as a consequence of the
monophasic behavior of the system and the lower stability of
1,4-dioxane and THF hydroperoxides with respect to 2-Me-THF
counterpart.[36] In addition, no conversion of 3a was detected
with non-ethereal water-immiscible organic solvents, such as
ethyl acetate (AcOEt) and dichloromethane (CH2Cl2) (Table 1,
entry 8 and 9 respectively).

Table 1. Control experiments for the validation of blue-LED driven 2LPs in
the HRP catalyzed coupling of 3a to 4a.[a]

Entry Solvent Light Conversion[b] Yield[c]

[%] [%]

1[a] 2-Me-THF Blue-LED 40 80
2[a,d] 2-Me-THF Blue-LED – –
3[a] 2-Me-THF dark – –
4[a,e] 2-Me-THF Blue-LED – –
5[a,f] 2-Me-THF dark 10 42
6[a,g] THF Blue-LED 2 trace
7[a,g] 1,4-dioxane Blue-LED 5 trace
8[a] AcOEt Blue-LED – –
9[a] CH2Cl2 Blue-LED – –

[a] The reaction was performed starting from 3a (0.2 mmol) and HRP
(454 U) in 4.0 mL of organic solvent and 2.0 mL of PBS (0.1 M, pH 6.0), in
the presence of meso-TPP (1.0 mol%). The reaction was gently stirred
(200 rpm) under air atmosphere at 27 °C for 24 h. [b] Conversion was
calculated on the basis of mmol of starting material recovered after
purification. [c] Yield was calculated on the basis of mmol of converted
starting material. [d] Reaction performed in absence of HRP [e] Reaction
performed under argon atmosphere. [f] Reaction performed by manually
adding hydroperoxide 2 prepared under Blue-LED conditions.[36] [g] Re-
eaction performed in monophasic system. All the reactions were
conducted in triplicate.
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To evaluate the stability of HRP, the enzyme was incubated
under the conditions previously reported for the oxidative
coupling in the absence of substrate (Table 1, entry 1). The
reaction was stirred under inert atmosphere (Argon) to limit the
presence of oxygen and to avoid the potential contribution of
hydroperoxide 2 in the activation of HRP. At intervals, samples
were taken, and the activity was evaluated spectrophotometri-
cally by ABTS assay (Materials and Methods). The extrapolated
half-life time of the enzyme was 11 h (Figure 2, green line), a
value higher than that previously reported for other 2LPs.[27]

The influence of blue-LED light alone on the enzyme was
also evaluated. HRP (252 U/mL) was dissolved in 2.0 mL of PBS
(0.1 M, pH 6.0) and stirred under blue-LED irradiation for 24 hrs.
The decreasing of activity of HRP was comparable to that of the
control (dark conditions) reaching about 20% after 24 h
(Figure 2, blue and black lines, respectively). This data suggests
that blue-LED has no role in the deactivation of HRP and that
the slow decrease of HRP activity under the blue-LED driven
2LPs was probably due to the interaction of the enzyme with 1
at the interphase layer.[27]

UV-visible spectrophotometry (Materials and Methods and
SI#3) confirmed the role of 2 in the oxidation of ferric heme

(FeIII) to ferryl intermediate (FeIV), a critical step for the oxidative
coupling reaction. Native HRP (FeIII) is characterized by the Soret
band at 402 nm and Q-band at 497 nm (Figure 3, red line).
Conversely, the oxidized state (FeIV) showed a red shift of the
Soret band from 402 nm to 418 nm, and the appearance of two
Q-bands at 527 nm and 557 nm, respectively.[49–52] We found
that the addition of 2-Me-THF, previously stirred under blue-
LED/aerobic conditions in the presence of meso-TPP, to a HRP
buffer solution (PBS; 0.1 M, pH 6.0), effectively led to the
expected red shift of the Soret band, with the concomitant
appearance of the two Q-bands (Figure 3, green line). The red
shift, as well as additional Q-bands, were not detected after the
addition of 2-Me-THF previously stirred under blue-LED/anaero-
bic and dark/aerobic conditions (Figure 3; blue and violet lines,
respectively). These data confirmed the relevance of 2 in the
activation of HRP.

To exclude the specific presence of ·OH radicals in the blue-
LED driven oxidation of 1 to hydroperoxide 2, the reaction was
repeated in the absence of HRP using coumarin 3b as a well-
recognized ·OH acceptor (“coumarin method”) (Figure 4).[53,54] In
accordance with the literature, 3b invariably reacts with ·OH at
the C-7 position of the aromatic ring to yield fluorescent
derivative 3a.[55] Under our experimental conditions no traces of
3a were detected by HPLC analysis (Materials and methods and
SI#4). confirming the absence of ·OH radicals in the reaction
mixture. Thus, the blue-LED driven HRP catalyzed oxidation was
a useful tool in the oxidation of suitable natural substances
prone to undesired side-processes in the presence of ·OH
radicals.

A tentative description of the reaction pathway for the
homocoupling of 3a is described in Figure 5. In accordance
with data previously reported, histidine (His) plays a key role in
the formation of the ferryl intermediate by a nitrogen assisted
proton transfer process.[40] In this latter case, the neighboring
group participation of endocyclic oxygen of 2 in the oxidation
of ferric heme (FeIII) cannot be completely ruled-out. After the
delivery of the oxygen atom to HRP, hydroperoxide 2 was
transformed into 5-hydroxy-pentan-2-one 5 as evaluated by GC-
MS analysis (GC-MS analysis is in SI#5). Ferryl intermediate is
then reduced to ferric heme by two sequential one-electron
transfer steps involving HRP and two molecules of 3a with
concomitant formation of bicoumarin 4a (Figure 5).

To generalize this procedure, the blue-LED driven 2LPs was
successively applied for the oxidative coupling of a panel of

Figure 2. Percentage of retained activity (Ret. Activity %) of HRP at different
intervals, in the blue-LED driven 2LPs (green line), under blue-LED irradiation
in PBS (0.1 M, pH 6.0) in the absence of 2-Me-THF (blue line), and in dark
condition as control (black line). All measurement were conducted in
triplicate and expressed as average values.

Figure 3. The UV-visible analysis of HRP after the addition of 2-Me-THF
previously stirred under blue-LED/aerobic (green line), blue-LED/anaerobic
(blue line), and dark/aerobic (violet line) conditions. The adsorption of native
HRP is reported as red line.

Figure 4. Synthesis of umbelliferon 3a from coumarin 3b as a specific
detection method for ·OH radicals. The reaction was performed with
0.2 mmol of 3b dissolved in 4.0 mL of 2-Me-THF and 2.0 mL of PBS (0.1 M,
pH 6.0), in the presence of meso-TPP (1.0 mol%) under blue-LED irradiation
and air atmosphere at 27 °C for 96 hrs.
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natural and synthetic coumarins, including umbelliferon 3a,
coumarin 3b, 7-hydroxy-6-methoxy-coumarin (scopoletin) 3c,
4-methylumbelliferon (hymecromon) 3d, 4-(trifluoromethyl)
umbelliferon 3e, 7-amino-4-methylcoumarin 3f and 6-hydrox-
ycoumarin 3g. As described above, the reaction of 3a with HRP
in the blue-LED driven 2LPs led to 40% conversion of substrate,
affording 4a as the only recovered product in 80% yield.
(Table 2, entry 1). As expected, coumarin 3b was not converted
under similar conditions being deprived of required hydroxyl
group on the aromatic ring.

The absence of conversion of 3b was a further confirmation
of the absence of ·OH radicals in the photobiocatalytic system.
Compound 3c, bearing an additional methoxyl group in C-6
position, showed a different regioselectivity with respect to 3a.
In this latter case, two C-2 symmetrical bicoumarins, com-
pounds 4c (52%) and 4c’ (31%), were obtained as a
consequence of 3-3’ and 8-8’ C� C coupling, respectively
(numbering of compounds is reported in Table 1). At difference
of 3a, the 3-8’ C� C coupling product was not recovered
(Table 2, entry 3).

To the best of our knowledge, this is the first synthetic
procedure for the synthesis of 4c and 4c’ which were recently
identified in Erycibe obtusifolia Benth (Convolvulaceae), which
extracts showed strong anti-inflammatory and antiviral
activity[56,57]. Compound 3d bearing an additional methyl
substituent in C-4 position showed a regioselectivity similar to
3a, affording 4d as the only recovered product (Table 2,
entry 4).

No reaction was observed in the presence of an additional
trifluoromethyl substituent in C-4 position (compound 3e;
Table 2, entry 5), probably due to the high unfavorable electron
withdrawing effect of the substituent.[45] The absence of
reactivity was also detected in the case of 7-amino-4-meth-
ylcoumarin 3f (Table 2, entry 6). Finally, 6-hydroxycoumarin 3g
afforded 7-7’ C� C (compound 4g) and C� O coupling (com-
pound 4g’) products, respectively (Table 2, entry 7). The for-
mation of 4g’ was in accordance with the regioselectivity
previously reported for the oxidation performed with HRP� H2O2

in monophasic condition[45]. Again, the blue-LED driven 2LPs led
4 g’ in yields higher than previously obtained with the tradi-
tional HRP� H2O2 procedure. In this latter case, the absence of
reactivity in the 3-position of the pyran-2-one ring was a
consequence of the lack of mesomeric stabilization forms when
the OH moiety is localized in the 6-position of the aromatic
ring.

Conclusion

In conclusion, we developed a novel photobiocatalytic 2LPs
involving the radical-free and blue-LED driven oxidation of 2-
Me-THF 1 to hydroperoxide 2 for the activation of the heme
prosthetic group of HRP, from ferric to ferryl intermediate. The
activation of HRP by 2 was confirmed using UV-visible
spectrophotometry analysis. The ferryl intermediate of HRP was
then used as a catalyst in the regioselective coupling of
hydroxyl substituted coumarins to corresponding bicoumarins.
The nature of the substituent in the aromatic and pyran-2-one
rings deeply influenced the regioselectivity of the coupling. As
a general trend, we observed a selective coupling at C-3 and C-
8 positions of the pyran-2-one and aromatic rings, respectively,
in the presence of the OH moiety at C-7 position. This selectivity
was lost moving the OH moiety from the C-7 to C-6 position,
probably due to the absence of mesomeric stabilizing forms.
Note that the prevalence of bicoumarins derived from the
coupling of C-centered radicals with respect to the O-centered
counterparts, may be due to the reported selective adsorption
phenomena and lower stability of the latter species. This
procedure led to the one-pot synthesis of bicoumarins, avoiding
the use of tedious protecting group and the occurrence of
undesired radical side-reactions. The unprecedented synthesis
of natural bicoumarins 4c and 4c’ from Erycibe obtusifolia Benth
(Convolvulaceae) was also reported. Bicoumarins were obtained
in high yield despite of uncomplete conversion of substrates
probably due to the slow inactivation of the enzyme caused by
interaction with the organic layer and adsorption phenomena.

Figure 5. Proposed reaction pathway for the HRP catalyzed homocoupling of 3a to 4a in the blue-LED driven 2LPs.

ChemCatChem
Full Papers
doi.org/10.1002/cctc.202100753

4154ChemCatChem 2021, 13, 4151–4158 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 05.10.2021

2119 / 215502 [S. 4154/4158] 1

https://doi.org/10.1002/cctc.202100753


In this context, further studies are ongoing with the aim to
improve the efficacy of the blue-LED 2LPs by using specific HRP
stabilization procedure.[58,59] It is noteworthy that, the blue-LED
driven 2LPs allows the activation of HRP by the radical-free and
in situ generation of hydroperoxides 2 from the bio-renewable
and ecofriendly organic solvent 2-Me-THF 1, opening up the
entry for the selective HRP functionalization of hydrophobic
substrates, as well as the scaling up at industrially relevant
concentration. In addition, the application of this photobiocata-
lytic system to chloroperoxidase and peroxygenase, are moving
forward.

Experimental Section

Materials

Horseradish peroxidase (EC 1.11.1.7), reagents and solvents were
obtained from commercial supplier Merck KGaA, Darmstadt,
Germania. UV-visible (UV-vis) spectra were recorded using Cary 60
UV-Vis spectrophotometer, Agilent, Santa Clara, USA. Chemical
Reactions were monitored using thin layer chromatography on
precoated aluminium silica gel Merck 60 F254 plates and a UV lamp

(λmax=254 nm) was used for visualization. Merck silica gel 60
(230–400 mesh) was used for flash chromatography applying the
indicated mobile phase. All products were dried in high vacuum
(10-3 mbar). 1H NMR and 13C NMR were recorded on a Bruker
Avance DRX400 (400 MHz/100 MHz) spectrometer. Chemical shifts
for protons and carbons are reported in parts per million (δ scale)
and internally referenced to DMSO-d6 signal at δ 2.50 and 39.5�
0.5 ppm respectively. Coupling constants (J) are reported in Hz.
Multiplicities are reported in the conventional form: s= singlet, d=

doublet, t= triplet, td= triplet of doublets, q=quartet, m=multip-
let, br s=broad singlet. Mass spectra (MS) data were obtained
using an Agilent 1100 MSD VL system (G1946 C) interfaced with an
ESI source (spray voltage of 4.5 kV and nitrogen as sheath gas).
Mass spectra were acquired in positive mode scanning over the
mass range from 100 to 1500 m/z, using a voltage of 70 mV. High-
Resolution Mass Spectra (HRMS) were recorded on a LC-MS/MS
system (Q Executive Plus; Thermo Scientific, MA, USA). HPLC
analysis were performed by Ultimate 3000 Rapid Resolution UHPLC
system (ThermoFisher scientific) equipped with Alltima C18
(250 mm×4.6 mm, 5 mm) column and a multi wavelength detector.
Blue-LED apparatus consisted in a 1.0 m blue-LED strip (wavelength
470 nm, nominal capacity/ m 14.4 W) ‘LEDXON MODULAR 9009083
LED.

Table 2. Substrate scope of HRP catalyzed homocoupling of coumarins to bicoumarins in the blue-LED driven 2LPs[a]

Entry[a] Cpd Structure Conversion[b] Product(s) (yield [%])[c]

1 3a 40

4a (80)

2 3b No –

3 3c 38

4c (52) 4c’ (31)

4 3d 45

4d (75)

5 3e No –

6 3f No –

7 3g 49

4g (37) 4g’ (40)

[a] General experimental conditions: substrate (0.2 mmol), meso-TPP (1.0 mol%) and HRP (454 U) were dissolved in 4.0 mL of 2-Me-THF and 2.0 mL of PBS
(0.1 M, pH 6.0). The reaction was gently stirred (200 rpm) under blue-LED irradiation and air atmosphere at 27 °C for 24 hrs. [b] The conversion of substrate
was calculated on the basis of mmol of starting material recovered after purification. [c] Yield was calculated on the basis of mmol of converted starting
material. All reactions were conducted in triplicate.
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HRP activity assay

The enzymatic activity of HRP was determined spectrophotometri-
cally by 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS) assay.[60] The assay mixture contained ABTS
(1.6 mM), phosphate buffer (0.1 M, pH 6), H2O2 (0.8 mM) and a
suitable amount of enzyme. The oxidation of ABTS was followed by
an absorbance increase at 405 nm (ɛ405=36,000 M� 1 cm� 1). One
unit activity of HRP is the amount of enzyme that transforms
1.0 μmol of ABTS per minute at pH 6 at 25 °C.

UV-visible spectrophotometric analyses of the retained
activity % of HRP

The percentage of retained activity of HRP at different intervals (0,
1, 2, 4, 8, 12, 18 and 24 h) was evaluated spectrophotometrically by
the ABTS assay. All analysis were conducted in triplicate and
reported as average values. For the retained activity % of HRP in
the blue-LED driven 2LPs, 2.0 mL of HRP solution (252 U/mL) in PBS
(0.1 M, pH 6.0) was added to 2-Me-THF (4.0 mL) containing meso-
TPP (0,002 mmol, 1.2 mg) and the mixture was gently stirred
(200 rpm) under blue-LED irradiation and air atmosphere at 27 °C,
for 24 hrs. At indicated intervals, samples of the buffered solution
containing HRP were withdrawn and analyzed. For the retained
activity % of HRP, in blue-LED alone condition, 2.0 mL of HRP
solution (252 U/mL) in PBS (0.1 M, pH 6.0) was gently stirred
(200 rpm) under blue-LED irradiation and air atmosphere at 27 °C,
for 24 hrs. At indicated intervals, samples were withdrawn and
analyzed. For the retained activity % of control HRP, 2.0 mL of HRP
solution (252 U/mL) in PBS (0.1 M, pH 6.0) was gently stirred
(200 rpm) under air atmosphere at 27 °C, for 24 h, and the flask was
covered by aluminium foil. At indicated intervals samples were
withdrawn and analyzed.

UV-visible spectrophotometric analyses of the oxidation of
the HRP ferric heme to the ferryl intermediate by 2

UV-visible spectrophotometric analyses were performed in the scan
range of 250–700 nm. For the UV-visible spectrum of HRP treated
with 2-Me-THF under blue-LED/aerobic condition, a solution of 2-
Me-THF (2.0 mL) containing meso-TPP (0,002 mmol, 1.2 mg), was
previously stirred for 5 min under blue-LED irradiation and air
atmosphere at 27 °C. After this time 50 μL of this solution was
added to HRP in PBS (0.1 M, pH 6.0), and the analysis was recorded
immediately. For the UV-visible spectrum of HRP and 2-Me-THF
under blue-LED/anaerobic condition, a solution of 2-Me-THF
(2.0 mL) containing meso-TPP (0,002 mmol, 1.2 mg), was previously
stirred for 5 min under blue-LED irradiation and argon atmosphere,
at 27 °C. After this time 50 μL of this solution was added to HRP in
PBS (0.1 M, pH 6.0), and the analysis was recorded immediately. For
the UV-visible spectrum of HRP and 2-Me-THF under dark/aerobic
condition, a solution of 2-Me-THF (2.0 mL) containing meso-TPP
(0,002 mmol, 1.2 mg), was previously stirred for 5 min in a flask
covered with aluminium foil, under air atmosphere at 27 °C. After
this time 50 μL of this solution was added to HRP in PBS (0.1 M,
pH 6.0), and the analysis was recorded immediately.

Coumarin methods for specific detection of ·OH radicals

Coumarin 3b (0.2 mmol) and meso-TPP (1.0 mol%) were dissolved
in 2-Me-THF (4.0 mL), then 2.0 mL of PBS (0.1 M, pH 6.0) has been
added and the mixture was stirred under blue-LED irradiation, air
atmosphere, at 27 °C, for 96 hrs. The organic phase was then
separated by the aqueous one, washed with brine (3×4 mL), dried
over sodium sulfate, and evaporated under vacuum. The crude

sample, standard references 3b and 3a, were analyzed by HPLC
following the absorbance at 254 nm, using the following con-
ditions: column temperature 30 °C, flow rate 1.0 mL/min, isocratic
mobile phase composed by 60% of A (H2O) and 40% of B (MeOH),
run time 30 minutes.

General procedure for the synthesis and characterization of
bicoumarins 4a, 4c–c’, 4d–d’ and 4g–g’

Coumarin 3a–g (0.2 mmol) and meso-TPP (1 mol%) were dissolved
in 2-Me-THF (4.0 mL), then 2.0 mL of a PBS solution of HRP (252 U/
mL) was added and the mixture was gently stirred (200 rpm) under
blue-LED irradiation and air atmosphere at 27 °C, for 24 hrs. The
organic phase was then separated by the aqueous one, washed
with brine (3×4 mL), dried over sodium sulfate and evaporated
under vacuum. The crude product was purified by flash column
chromatography.

Bicoumarin 4a: Rf=0.18 (CH2Cl2/MeOH 25 :1); yellow amorphous
powder (80%). 1H NMR (400 MHz, [D6]DMSO): δ=8.00 (s, 1H,
CH=C� C=O), 7.94 (d, JH,H=9.6 Hz 1H, CH=CH� C=O), 7.60 (d, JH,H=

8.4 Hz, 1H, Ar� H), 7.58 (d, JH,H=8.4 Hz, 1H, Ar� H), 6.83–6.71 (m, 3H,
Ar� H), 6.20 (d, JH,H=8.4 Hz, 1H, CH=CH� C=O) ppm.13C NMR
(100 MHz, [D6]DMSO): δ: 161.5 (Ar), 160.2 (C=O), 159.3 (Ar), 159.2
(C=O), 155.2 (Ar), 153.2 (Ar), 144.8 (CH=CH� C=O), 144.7
(CH=C� C=O), 129.7 (Ar), 129.2 (Ar), 114.7 (CH=CH� C=O), 113.3 (Ar),
112.5 (Ar), 111.6 (Ar), 111.1 (CH=C� C=O), 111.0 (Ar), 110.2 (Ar),
102.0 (Ar) ppm. MS (ESI): m/z calcd for C18H11O6=323.05 [M+H]+;
found: 323.09; HRMS (ESI): m/z calcd for C18H9O6=321.0405
[M� H]� ; found: 321.0407; elemental analysis calcd (%) for C18H10O6:
C 67.09, H 3.13, O 29.79; found : C 67.06, H 3.17, O 29.84. (for the
full characterization of compound 4a see ref. [45]).

Bicoumarin 4c: Rf=0.22 (CH2Cl2/MeOH 30 :1); yellow amorphous
powder (52%). 1H NMR (400 MHz, [D6]DMSO): δ=8.29 (s, 2H,
CH=CH� C=O), 7.28 (s, 2H, Ar� H), 6.82 (s, 2H, Ar� H), 3.83 (s, 6H,
� OCH3) ppm.

13C NMR (100 MHz, [D6]DMSO): δ=159.6 (C=O), 151.0
(Ar), 148.9 (Ar), 145.5 (Ar), 142.8 (CH=C� C=O), 116.8 (CH=C� C=O),
110.4 (Ar), 109.6 (Ar), 102.3 (Ar), 55.9 (� OCH3) ppm. MS (ESI): m/z
calcd for C20H15O8=383.07 [M+H]+; found: 383.03; HRMS (ESI): m/z
calcd for C20H13O8=381.0616 [M� H]

� ; found: 381.0615; elemental
analysis calcd (%) for C20H14O8: C 62.83, H 3.69, O 33.48; found:
C 62.81, H 3.72, O 33.47 (for the full characterization of compound
4c see ref. [56]).

Bicoumarin 4c’: Rf=0.19 (CH2Cl2/MeOH 30 :1); yellow amorphous
powder (31%). 1H NMR (400 MHz, [D6]DMSO): δ=7.99–7.96 (dd,
JH,H=9.2, 2.0 Hz, 2H, CH=CH� C=O), 7.33 (d, JH,H=4.4 Hz, 2H, Ar� H),
6.20 (d, JH,H=9.2 Hz, 2H, CH=CH� C=O), 3.90 (s, 6H, � OCH3) ppm.
13C NMR (100 MHz, [D6]DMSO): δ=160.5 (C=O), 151.5 (Ar), 148.9
(Ar), 145.4 (Ar), 144.8 (CH=CH� C=O), 111.5 (CH=CH� C=O), 110.4
(Ar), 109.6 (Ar), 108.5 (Ar), 55.9 (� OCH3) ppm. MS (ESI): m/z calcd for
C20H15O8=383.07 [M+H]+; found: 383.09; HRMS (ESI): m/z calcd for
C20H13O8=381.0616 [M� H]

� ; found: 381.0617; elemental analysis
calcd (%) for C20H14O8: C 62.83, H 3.69, O 33.48; found: C 62.84,
H 3.70, O 33.46. (for the full characterization of compound 4c’ see
ref. [56]).

Bicoumarin 4d: Rf=0.19 (CH2Cl2/MeOH 30 :1); yellow amorphous
powder (75%). 1H NMR (400 MHz, [D6]DMSO): δ=7.71 (d, JH,H=

8.8 Hz, 1H, Ar� H), 7.68 (d, JH,H=8.8 Hz, 1H, Ar� H), 6.97 (d, JH,H=

8.8 Hz, 1H, Ar� H), 6.87–6.84 (dd, JH,H=8.4, 2.4 Hz, 1H, Ar� H), 6.78 (d,
JH,H=2.4 Hz, 1H, Ar� H), 6.14 (s, 1H, C=CH� C=O), 2.41 (s, 3H, CH3),
2.12 (s, 3H, CH3) ppm.

13C NMR (100 MHz, [D6]DMSO): δ=161.2 (C=
O), 160.0 (Ar), 159.1 (C=O), 158.9 (Ar), 154.2 (C=CH� C=O), 153.8 (Ar),
152.6 (Ar), 151.0 (C=C� C=O), 127.0 (Ar), 126.1 (Ar), 113.9 (Ar), 113.1
(Ar), 112.5 (Ar), 112.1 (Ar), 112.0 (C=C� C=O), 110.1 (Ar), 109.5
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(C=CH� C=O), 102.0 (Ar), 18.2 (CH3), 16.0 (CH3) ppm. MS (ESI): m/z
calcd for C20H15O6=351.08 [M+H]+; found: 351.11; HRMS (ESI): m/z
calcd for C20H13O6=349.0718 [M� H]

� ; found: 349.0716; elemental
analysis calcd (%) for C20H14O6: C 68.57, H 4.03, O 27.40; found:
C 68.56, H 4.04, O 27.41 (for the full characterization of compound
4d see ref. [45]).

Bicoumarin 4g: Rf=0.20 (CH2Cl2/MeOH 25 :1); yellow amorphous
powder (37%). 1H NMR (400 MHz, [D6]DMSO): δ=9.86 (br s, 2H,
OH), 7.37 (d, JH,H=8.8 Hz, 2H, CH=CH� C=O), 7.26 (d, JH,H=7.2 Hz,
2H, Ar� H), 7.24 (d, JH,H=6.8 Hz 2H, Ar� H), 6.35 (d, JH,H=10.0 Hz, 2H,
CH=CH� C=O) ppm. 13C NMR (100 MHz, [D6]DMSO): δ=159.7 (C=O),
151.4 (Ar), 147.1 (CH=CH� C=O), 142.2 (Ar), 119.8 (Ar), 118.5 (Ar),
117.3 (Ar), 117.0 (Ar), 116.1 (CH=CH� C=O) ppm. MS (ESI): m/z calcd
for C18H11O6=323.05 [M+H]+; found: 323.06; HRMS (ESI): m/z calcd
for C18H9O6=321.0405 [M� H]

� ; found: 321.0408; elemental analysis
calcd (%) for C18H10O6: C 67.09, H 3.13, O 29.79; found: C 67.13,
H 3.17, O 29.82 (for the full characterization of compound 4g see
ref. [45]).

Bicoumarin 4g’: Rf=0.23 (CH2Cl2/MeOH 25 :1); yellow amorphous
powder (40%). 1H NMR (400 MHz, [D6]DMSO): δ=10.01 (br s, 1H,
OH), 7.99 (d, JH,H=9.6 Hz, 1H, CH=CH� C=O), 7.88 (d, JH,H=9.6 Hz,
1H, CH=CH� C=O), 7.40 (d, JH,H=8.6 Hz, 1H, Ar� H), 7.26–7.22 (m, 3H,
Ar� H), 7.10 (d, JH,H=2.8 Hz, 1H, Ar� H), 6.48 (d, JH,H=9.6 Hz,
CH=CH� C=O), 6.44 (d, JH,H=9.6 Hz, CH=CH� C=O) ppm. 13C NMR
(100 MHz, [D6]DMSO): δ=159.8 (C=O), 159.5 (C=O), 154.1 (Ar), 148.6
(Ar), 146.7 (Ar), 145.9 (Ar), 143.6 (CH=CH� C=O), 137.9
(CH=CH� C=O), 135.9 (Ar), 121.0 (Ar), 119.7 (Ar), 119.2 (Ar), 117.5
(Ar), 116.77 (CH=CH� C=O), 116.73 (CH=CH� C=O), 114.0 (Ar), 113.7
(Ar), 112.5 (Ar) ppm. MS (ESI): m/z calcd for C18H11O6=323.05 [M+

H]+; found: 323.03; HRMS (ESI): m/z calcd for C18H9O6=321.0405
[M� H]� ; found: 321.0407; elemental analysis calcd (%) for C18H10O6:
C 67.09, H 3.13, O 29.79; found: C 67.07, H 3.13, O 29.80 (for the full
characterization of compound 4 g’ see ref. [45]).
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