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Abstract

In this study, the singlet oxygen photosensitization potential of three natural African plant
extracts was investigated using the photooxygenation of a-terpinene (1). Utilizing visi-
ble light, the Carpolobia lutea extract achieved high conversions towards the anthelmintic
ascaridole (2) of >60% after 90 min of irradiation, while the extracts of Hibiscus sabdar-
iffa and Justicia secunda failed to induce significant photoreactivity. Quenching using
1,4-diazabicyclo[2.2.2]octane (DABCO) confirmed a singlet oxygen pathway for irradiation
with the C. lutea extract. Further separation of the C. [utea extract and subsequent photooxy-
genation screening established several active fractions for ascaridole generation. Advanced
HPLC-MS analyses of these active fractions revealed several photosensitizing constituents.
These findings establish C. [utea extract as a sustainable and effective photosensitiser with
comparable performance to commercial dyes.

Keywords: Carpolobia lutea; Hibiscus sabdariffa; Justicia secunda; photooxygenation;
singlet oxygen; a-terpinene; ascaridole

1. Introduction

African plants represent a rich resource for natural dyes, pharmaceuticals, and health-
care products [1-3]. Likewise, natural dyes and pigments are known for their biodegradable
and non-toxic properties and thus offer a diverse range of applications across industries [4].
Furthermore, many natural dye materials show phototoxic and photosensitizing properties,
which makes them interesting for photochemical and -medicinal processes [5]. Of these,
photooxygenations involving singlet oxygen (10,) represent attractive transformations in
organic synthesis [6-10], medicine [11,12], and environmental remediation [13-15]. These
reactions generally involve the excitation of a photosensitiser molecule (Sens) by visible or
ultraviolet light, enabling the transfer of energy to molecular oxygen to generate singlet
oxygen that reacts with a variety of functional groups (Scheme 1) [16,17].

Numerous organic photosensitisers with advantageous physicochemical properties
and high quantum yields for 'O, generation have become commercially available [18,19].
Immobilized solid-supported photosensitizing materials have likewise been developed
and allow for rapid removal and recycling [20,21]. Despite these advantages, synthetic
dyes possess significant environmental, health, and cost-related threats [22,23]. In contrast,
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natural plant-derived dyes are readily available from renewable resources and have found
widespread utilization in photodynamic therapy [24,25], dye-sensitized solar cells [26],
and photoinitiation [27]. Natural dyes have also been used historically in preparative
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Scheme 1. Photosensitized generation of singlet oxygen and common photooxygenation reactions.

As part of a completed PhD investigation [30], this study investigated the photosensi-
tizing ability of three African plant extracts for the synthesis of the anthelmintic ascaridole
from «-terpinene [31]. Hibiscus sabdariffa (roselle), Carpolobia lutea (cattle stick), and Justicia
secunda (blood root) were chosen due to their widespread occurrence in West Africa and
the deep colours of their extracts. H. sabdariffa is a flowering plant of the genus Hibiscus, ex-
tensively used as food or beverage, and it shows potential for medical applications [32,33].
Similarly, C. lutea is a plant species of the Polygalaceae family and it is used as food and
in traditional medicine [34,35]. J. secunda belongs to the family of Acanthaceae and finds
broad applications in traditional folk medicine [36,37].

2. Materials and Methods
2.1. General Information

The «-Terpinene (>89%) was purchased from Merck Life Science Pty Ltd. (Bayswater,
VIC, Australia). Gas chromatographic analysis revealed p-cymene (3), o-cymene, m-cymene,
a-phellandrene, 1,4-cineole, and ascaridole (2) as major impurities [38].

Irradiations were carried out in a Rayonet RPR-200 chamber reactor (Southern New
England Ultraviolet Company, Brandford, CT, USA) equipped with 16 x 8 W cool white
fluorescent tubes (FSW/TS/33-640; Feilo Sylvania International Group Kft., Budapest,
Hungary) and in Pyrex Schlenk flasks. Oxygen gas was supplied through a gas-inlet tube.

Column chromatography was carried out in Pyrex glass columns using Scharlau silica
gel 60 (0.06-0.2 mm, 70-230 mesh ASTM; Merck Life Science Pty Ltd., Bayswater, VIC,
Australia) and gradient elution with ethyl acetate and cyclohexane.

Nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker
400 AscendTM (*H: 400 MHz and !C: 100 MHz). Samples were prepared in CDCl;
(6=7.26/77.3 ppm), and the residual solvent peak was used as a reference.

GC-FID analyses were conducted using a 7890A GC system by Agilent Technologies
(Santa Clare, CA, USA) equipped with an 7683B auto-injector and an Agilent J&W GC column
(DB-5ms Ultra Inert, model 122-5532U1, 30 m length, 0.25 mm ID x 0.25 um film thickness).
UV-Vis spectra were recorded in acetonitrile (HPLC grade) within the wavelength range
of 200-800 nm on a Cary 60 UV-Vis Spectrometer (Agilent Technologies).

Advanced LC-MS analyses were performed at the Analytical Research Laboratory
of Southern Cross University in Lismore, NSW, Australia. An Agilent Technologies
1260 infinity HPLC system coupled with a 6120 Single Quad mass spectrometer was
utilized. A Phenomenex Kinetex Cig HPLC column (5 pm, 100 x 4.6 mm) and Milli-Q
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water and acetonitrile (HPLC grade), both with 0.005 vol-% trifluoroacetic acid, were used.
UV-Vis spectra in the range of 190-600 nm were recorded by a diode array detector (DAD).

Pictures of the photochemical reactor and additional technical and analytical details
can be found in the Supplementary Materials.

2.2. Treatment of Plant Materials
2.2.1. Collection, Treatment, and Initial Extraction

All plant materials (Figure 1) were sourced within the Federal Republic of Nigeria
in West Africa. Calyces of H. sabdariffa were purchased at the Mile 3 market in the local
government area of Obio-akpor in Rivers State. The C. lutea plant was gathered in Amaranze
in the local government area of Isiala Mbano in Imo State. J. secunda shrubs were obtained
in Orhuwhorun in the Udu local government area of Delta State. H. sabdariffa (UPH /P /245)
and J. secunda (UPH /P /244) were subsequently identified at the herbarium of the University
of Port Harcourt, and C. Iutea (UNN/04/0355D) at the Nsukka herbarium of the University
of Nigeria, respectively. Calyces and leaves were carefully collected, cleaned, air dried to a
constant weight, and ground using a hand mill.

Figure 1. Collected H. sabdariffa calyces (left), C. lutea plant (centre), and J. secunda shrub (right).

Initially, TLC analyses were conducted with n-hexane, ethyl acetate, and methanol
as mobile phases to determine the most suitable solvent for the extraction of dye content.
H. sabdariffa and C. lutea were sequentially extracted following the maceration and J. secunda
using the microwave-assisted methods [39].

Ground calyces of H. sabdariffa (492 g) were defatted twice for 24 h using ethyl acetate
(2 x 2000 mL), followed by subsequent double extraction for 48 h each with methanol
(2 x 2000 mL). Similarly, ground C. lutea leaves (432 g) were defatted with n-hexane
(2 x 2000 mL) and extracted with ethyl acetate (2 x 2000 mL). J. secunda (30 g)
ground leaves were defatted using n-hexane (2 x 250 mL) and extracted twice using
35 vol-% water /methanol (2 x 250 mL) upon microwave heating (750 W; medium-low) for
3 min. The extracts from the defatting processes were discarded, whereas the combined
extracts were filtered through a cotton plug and evaporated on a rotary evaporator at 45 °C.
The remaining residues were stored in the dark at +3 °C.

2.2.2. Fractional Extraction by Vacuum Liquid Chromatography (VLC)

A dry ethyl acetate extract of C. lutea (1.5 g) and 3 g of silica gel 60 (0.06-0.2 mm,
70-230 mesh ASTM) were thoroughly ground together in a mortar. The mixture was
carefully transferred to a sintered glass funnel packed to a height of 4.5 cm with 45 g of
dry silica gel (grain size 5-40 pm). The content was covered with a layer of dry sand, and
the column was connected to a vacuum pump. Gradient elution was sequentially carried
out with n-hexane, n-hexane/ethyl acetate mixtures, ethyl acetate, ethyl acetate/ methanol,
and methanol. Volumes and ratios are provided in the Supporting Materials. The fractions
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collected were carefully evaporated to dryness using a rotary evaporator at 45 °C. The
residues obtained were stored in the dark at +3 °C.

2.3. Irradiation Procedures
2.3.1. General Photooxygenation Procedure

The a-Terpinene (1.75 mmol) and photosensitizing material (rose bengal disodium:
0.033 mmol; methylene blue: 1 mmol; ANT-COOH: 0.03 mmol; C. [utea extract: 10 mg) were
combined with acetonitrile (50 mL) in a Schlenk flask (capacity: 60 mL) and the mixture
was sonicated for 5 min. The solution was subsequently irradiated while a gentle stream
of oxygen gas was passed through it. After 90 min of irradiation, a sample of the reaction
mixture (ca. 1.5 mL) was rapidly analysed by GC analysis. Selected photooxygenations
were conducted in triplicate to evaluate the reproducibility of the procedure. The reaction
mixtures from each of the triplicate studies were combined and the solvent was carefully re-
moved by rotary evaporation (200 mbar, <30 °C). Ascaridole was subsequently isolated by
column chromatography using a gradient of 0 — 2 — 5 vol-% ethyl acetate in cyclohexane.

Following the general photooxygenation procedure, solutions of «-terpinene (1.75 mmol)
and VLC-fraction material (10 mg) in acetonitrile (50 mL) were irradiated independently
for 90 min. A sample of the product mixture (ca. 1.5 mL) was subsequently analysed
by GC.

2.3.2. Other Irradiation Procedures

To determine possible autooxidation, -terpinene was further irradiated as described
in Section 2.3.1 in the absence of any sensitizing material. A quenching experiment was
likewise conducted with C. lutea extract (10 mg) and 1,4-diazabicyclo[2.2.2]octane (DABCO;
0.3 mmol) following a slightly modified procedure that uses a mixture of acetonitrile and
chloroform (9:1 vol-%) to dissolve DABCO.

The general procedure was further modified to evaluate the photostability of C. lutea
extract in the absence of 1. A solution of the extract (5 mg) in acetonitrile (100 mL) was
transferred to a larger Schlenk tube (capacity: 150 mL) and irradiated upon O, purging
for 24 h. Aliquots (ca. 2 mL) of the reaction mixture were taken every 2 h for UV-Vis
spectrophotometric analysis.

2.4. Spectroscopic Details

Ascaridole (2) and p-cymene (3) were identified by NMR spectroscopy, and their
spectroscopic details matched previously described data [38,40].

Ascaridole (2) [38]. Yellowish liquid. 'H-NMR (400 MHz, CDCl3): § (ppm) = 0.87
(d,3] =6.8 Hz, 6 H,2 x CHj), 1.24 (s, 3 H, CH3), 1.40 (m, 2 H, CH}), 1.79 (sept, 3] = 6.8 Hz,
1H, CH), 1.89 (m, 2 H, CH,), 6.28 (d, 3] = 8.4 Hz, 1 H, =CH), 6.37 (d, 3] = 8.4 Hz, 1 H, =CH).
13C-NMR (100 MHz, CDCl3): § (ppm) = 16.8 (q, 1 C, CH3), 16.9 (q, 1 C, CH3),21.1(q, 1 C,
CH3),25.4 (t,1C, CHj),29.2 (t,1 C,CH,),31.8(d, 1 C,CH), 74.0 (s, 1 C, COO), 794 (s, 1 C,
C0O0), 132.7 (d, 1 C,=CH), 136.1 (d, 1 C, =CH).

p-Cymene (3) [40]. In mixture with 2. TH-NMR (400 MHz, CDCl3): & (ppm) =1.25
(d, 3] =6.8Hz, 6 H,2 x CHj), 2.34 (s, 3 H, CHj), 2.89 (sept, °] = 6.8 Hz, 1 H, CH), 7.14 (m,
4 H, CHarom)-

3. Results and Discussion
3.1. Extraction of Plant Materials

After the initial defatting process, extractions of the plant materials gave biomass
yields of 29% (140.8 g; reddish purple resin) for H. sabdariffa, 2% (8.5 g; dark brown viscous
oil) for C. lutea, and 23% (7.0 g; deliquescent reddish-brown resin) for J. secunda. Alarcén-
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Alonso et al. and Banwo and co-workers obtained similar yields of 28.3% and 32.2% from
the extraction of H. sabdariffa with water and methanol, respectively [41,42]. The percentage
amount of the ethyl acetate extract of C. [utea was likewise comparable to the reported value
of 3.5% by Nwindu et al. [43], but higher than that of 0.3% described by Akpan and co-
workers [44]. In contrast, the biomass yield obtained for J. secunda was larger than the 10.7%
by maceration with 80 vol-% MeOH/H,O reported by Onoja et al. [45], and 10.2% with
70 vol-% MeOH/H,O described by Anyasor and co-workers [46]. These variations may be
explained by differences in extraction techniques, solvents, or plant materials used.

3.2. Photosensitiser Study

All photooxygenation experiments followed modified batch procedures reported
in the literature [38,47]. Irradiations of x-terpinene (1) in acetonitrile (Scheme 2) were
conducted in a Pyrex vessel in a photochemical chamber reactor equipped with fluorescent
tubes. The reaction mixture was constantly purged with a gentle stream of O, to deliver
the reagent gas and to provide mixing.

0,, hv (vis)
_— +
photosensitizer
MeCN
1 2 3

Scheme 2. Photooxygenation of o-terpinene (1).

3.2.1. Initial Photosensitiser Study

Initially, screening experiments very conducted with the plant extracts in comparison
with common sensitizing materials. Photooxygenations were stopped after 90 min, i.e.,
before initial GC analysis confirmed complete conversion of 1. The compositions of each
reaction mixture at the beginning (tp) and after 90 min of irradiation (tgy) were subsequently
determined by GC (see Supplementary Materials for analytical details). Assignments
of the main components were based on the relevant retention times in comparison with
pure reference compounds (1: 7.08 = 0.03, 3: 7.22 £ 0.03, and 2: 10.97 £ 0.03 min). The
differences in amounts (tgp—ty) were calculated, and the results are summarized in Table 1
together with the experimental details.

Table 1. Experimental details and results (1: 89%, 0.267 g, 1.75 mmol; cool white; Pyrex; 90 min).

Ent Sensitizer Changes in Composition !
n
v Type Amount (mg)  Activity 1 (%) 2 (%) 3 (%)
1 Rose bengal 33 ++ —69.4 +59.6 +4.0
2 Methylene blue 33 ++ —65.8 +59.9 +2.5
3 ANT-COOH 8 + —-37.7 +3.3 +19.7
4 H. sabdariffa 10 - ~3.6 +2.8 +0.6
extract
5 C. lutea extract 10 ++ —65.3 +62.3 +4.3
6 J. secunda extract 10 — —8.8 +5.0 +0.2
7 None - —49 +0.8 +2.6
8 C. lutea extract 2 10 (34 %) + -32.3 +12.4 —0.6

! Determined by GC analysis (0.5%). 2 With 10 vol-% chloroform. 3 Amount of DABCO added.
Ascaridole (2) is known to be generated through [4+2]-cycloaddition with singlet

oxygen [31,38]. Under all irradiation conditions, however, the formation of 2 was accom-
panied by p-cymene (3) in varying amounts. Its formation has been suggested to occur
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through thermal autoxidation of 1 [48], breakdown of intermediary hydroperoxides [49],
decomposition of ascaridole (2) [50], or photoinduced electron-transfer [51].

The use of rose bengal and methylene blue as established sensitizers furnished con-
sumptions of 1 of 69.4 and 65.8% (entries 1 and 2), respectively. In both cases, the amounts
of ascaridole (2) increased significantly by 59.6 and 59.9%, while those of p-cymene (3) rose
slightly by 4.0 and 2.5%. As is supported by many studies [31,38,40,47,52], these sensitizers
generate ascaridole through the addition of 'O, to 1. For example, with rose bengal under
comparable conditions, Ronzani et al. reported amounts of ascaridole and p-cymene of
78 and 14%, respectively [38].

Irradiation in the presence of anthraquinone-2-carboxylic acid (ANT-COOH) resulted
in a low conversion of a-terpinene (1) of approx. 38% (entry 3). The reaction proceeded
more sluggishly with increases in ascaridole (2) of 3.3% and, more significantly, of p-cymene
(3) of 19.7%, respectively. Ronzani and co-workers also observed predominant photodehy-
drogenation of 1 to p-cymene (3) and further identified several major side products [38]. In
contrast to 'O, photosensitisers, ANT-COOH is known to initiate photooxidations via an
electron transfer mechanism, which subsequently leads to the formation of 3 as the main
photoproduct [53,54].

H. sabdariffa extract failed to induce any significant transformations. At the end of the
irradiation, a neglectable conversion of 1 of <4% was noted, accompanied by the formation
of products 2 and 3 in very low amounts (entry 4).

When using C. lutea extract, photooxygenation went smoothly instead and a conver-
sion of 1 of ca. 65% was reached (entry 5). The proportion of ascaridole (2) significantly
increased by 62.3%, thus resulting in a selectivity of 95%. In contrast, the amount of
p-cymene (3) rose only slightly by 4.3%. These values are comparable to those obtained
with the traditional sensitizers rose bengal and methylene blue (entries 1 and 2), suggesting
efficient 'O, generation by C. lutea extract.

In contrast, the use of |. secunda extract resulted in a low conversion of x-terpinene
(1) of just about 9% (entry 6). The amount of ascaridole (2) increased by 5%, while that of
p-cymene (3) remained almost constant.

To evaluate the potential formation of 2 and 3 by autooxidation or self-sensitization, an
irradiation experiment was conducted in the absence of any sensitizing material (entry 7).
After 90 min, the amount of x-terpinene (1) had dropped marginally by just about 5%, with
the proportions of ascaridole (2) and p-cymene (3) increasing by 0.8 and 2.6%, respectively.
This low conversion suggests that alternative (photo)oxidation processes play only a very
minor role. However, more dramatic autooxidations involving «-terpinene (1) have also
been described [38,48]. In particular, Ronzani and co-workers achieved a conversion of
49% after 150 min of irradiation under sensitizer-free conditions and found an increase in
p-cymene (3) of 35% with no formation of ascaridole (2) [38].

To further verify the photooxygenation reactivity of natural C. lutea extract,
a 10, quenching experiment was performed using 1,4-diazabicyclo[2.2.2]octane (DABCO,
entry 8) [55,56]. Irradiation in the presence of 0.07 mmol of DABCO for 90 min resulted
in a drop in conversion to approx. 32%, accompanied by a significantly reduced increase
in ascaridole (2) formation by 12.4%. In contrast, the amount of p-cymene (3) remained
almost unchanged with only a slight decrease of 0.6%. Similar reductions in photooxygena-
tion efficiencies have been described for other reactions [56]. The retarded formation or
even slight degradation of 3 may suggest competing electron-transfer processes involving
DABCO and subsequent degradation [57].
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3.2.2. Reproducibility Study and Isolation of Ascaridole

All photooxygenations were repeated in triplicate to confirm reproducibility. The
amounts of 2 after each irradiation were initially determined by GC analysis (Table 2).
From the most effective experimental series, photoadduct 2 was subsequently obtained
by chromatography. While the photooxygenation of «-terpinene is widely used as a
test reaction for developing new photochemical technologies incl. sensitizers, ascaridole
(2) is rarely isolated in pure form. As an example, the pioneering study of Schenck and
co-workers reported isolated yields of just 25-31% after careful distillation [52]. Instead,
the “yield’ of the endoperoxide 2 is typically determined by analytical techniques.

Table 2. Experimental details and results (1: 89%, 0.267 g, 1.75 mmol; cool white; Pyrex; 90 min).

Sensitizer Proportion Isolated Yield

Entry o)1 o/) 2
Type Amount (mg) of 2 (%) of 2 (%)

1 Rose bengal 33 745+ 4.9 71 (95 3)

2 Methylene blue 33 69.5 + 0.7 43 (62 3)
3 ANT-COOH 8 5.5+ 0.7 nd. *
4 H. sabdariffa extract 10 40+0.2 nd. 4

5 C. lutea extract 10 61.5 £ 2.1 60 (98 3)
6 J. secunda extract 10 20+ 1.4 nd.*?
5 C. lutea extract 10 (34 ©) 33£28 nd.*

1 Mean value & SD by GC analysis (£0.5%) of the crude reaction mixture. 2 By column chromatography.
3 Recovery of 2. 4 not determined. > With 10 vol-% chloroform. ® Amount of DABCO added.

Acceptable-to-high reproducibility rates were achieved in all cases. The larger fluctua-
tion in the case of rose bengal (entry 1) may have been caused by the simple gas feeding
mechanism, which impacted oxygen saturation. The need to remove unreacted 1, major
by-product 3, and other minor impurities by chromatography lowered the isolated yields
of 2 to 43-71% (entries 1, 2, and 5) [58]. Most importantly, the experiments involving
C. lutea extract furnished a good yield of ascaridole (2) of 60% (entry 5), corresponding to
an excellent recovery of 98%.

3.3. Photostability Testing of C. lutea Extract

The photodecomposition, -oxidation, or -bleaching of dyes are common and thus
limit their usability as photosensitisers [59,60]. The photostability of the C. lutea extract
was thus evaluated under simulated photooxygenation conditions. A greenish-golden
solution of the extract (5 mg) in acetonitrile (100 mL) was irradiated for 24 h. Samples
were taken every 2 h and were analysed by UV-Vis. Initially, C. [utea extract showed a
broad absorption between 625 and 724 nm with a maximum (Amax) at 662 nm. Over the
course of the experiment, a significant drop in absorbance to 34% and a slight Apax shift to
665 nm were noted (see Supplementary Materials). Although the solution retained a strong
golden colour, partial photooxidation of individual C. [utea constituents is assumed. Schenk
et al. used spinach leaves as photosensitisers for ascaridole production and reported their
complete bleaching in sunlight [52]. During solar photooxygenations, photobleaching has
been compensated for by the regular refeeding of sensitizer materials [61,62].

3.4. Further Studies on C. lutea Extract

Due to the remarkable photosensitization efficiency of C. lutea extract, further frac-
tionation by vacuum liquid chromatograph (VLC) was conducted to obtain fractions
with fewer chemical components [63]. The photoreactivities of these were then tested
and the main constituents of the most active fractions were determined by advanced
HPLC-MS analyses.
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3.4.1. Fractionation of C. lutea Extract

Applying increasing solvent polarities, VLC produced a total of 13 main fractions
(F1-F13) in various amounts. Subfractions were further obtained with 10 vol-% of ethyl
acetate in n-hexane (F2a-F2d), 50 vol-% of ethyl acetate in n-hexane (F4a,F4b), and neat
ethyl acetate (F6a,F6b). The lowest recovery of 2% was obtained with 15 vol-% methanol
in ethyl acetate (F10), while the highest of 16% was achieved with 20 vol-% ethyl acetate
in n-hexane (F3). The colours ranged from different shades of yellow to gold and brown.
More experimental details are provided in the Supplementary Materials.

3.4.2. Photosensitizing Study

The various fractions obtained by VLC were subsequently tested using the photooxy-
genation of «-terpinene (1). After 90 min of irradiation, the changes in product compositions
(tgo—to) of 1, ascaridole (2), and p-cymene (3) were again determined by GC analyses using
their corresponding retention times (Table 3).

Table 3. Experimental details and results (1: 89%, 0.267 g, 1.75 mmol; VLC fraction material: 10 mg;
cool white; Pyrex; 90 min).

Changes in Composition 2

Entry VLC Fraction !

1 (%) 2 (%) 3 (%)
1 F1 (hex) ~38 124 +5.3
2 F2a (hex, 10 vol-% EA) —33.3 +20.1 +7.0
3 F2b (hex, 10 vol-% EA) ~553 +31.5 +9.7
4 F2c (hex, 10 vol-% EA) —50.1 +36.7 +2.9
5 F2d (hex, 10 vol-% EA) —58.2 +45.1 +2.7
6 F3 (hex, 20 vol-% EA) —40.2 +31.7 +0.2
7 F4a (hex, 50 vol-% EA) —43.3 +36.8 +0.2
8 F4b (hex, 50 vol-% EA) —50.5 +37.6 +0.4
9 F5 (hex, 70 vol-% EA) —47.4 +35.1 +0.3
10 F6a (EA) —50.7 +46.3 +1.5
11 Fé6b (EA) —54.9 +45.5 +0.7
12 F7 (EA, 2 vol-% MeOH) —50.9 +40.4 +0.5
13 F8 (EA, 5 vol-% MeOH) —48.6 +41.2 +1.4
14 F9 (EA, 10 vol-% MeOH) —452 +38.2 +0.1
15 F10 (EA, 15 vol-% MeOH) —29.8 +16.8 +0.4
16 F11 (EA, 20 vol-% MeOH) —30.6 +16.6 +1.5
17 F12 (EA, 25 vol-% MeOH) —16.6 +9.2 —0.8
18 F13 (MeOH) 06 +0.2 02

1 Fractions’ solvents (hex = n-hexane; EA = ethyl acetate; MeOH = methanol). 2 Determined by GC analysis (0.5%).

The most nonpolar (F1; entry 1) and polar fractions (F13; entry 18) showed the lowest
photochemical reactivities with low consumptions of 1 of <4%. Moderate photoactivities
with decreases in 1 of <34% were instead obtained for the subsequent fractions F2a (entry
2) and F10-F12 (entries 15-17). While fraction F2b (entry 3) furnished a higher conversion
of starting material 1 of approx. 55%, it also gave the highest increase in p-cymene (3) of
almost 10%. The subsequent fractions F2c and F2d (entries 4 and 5) behaved similarly but
produced less by-product 3 with <3%. In contrast, the moderately polar fractions F3-F9
(entries 6-14) achieved good consumptions of 1 of up to 55% with high preferences for the
desired endoperoxide 2.

3.4.3. Analyses of the Most Photoactive Fractions

The most photoactive fractions of F3-F9 as well as F2d were selected to determine
their chemical compositions. Advanced HPLC-MS analysis revealed a variety of major con-
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stituents (Table 4 and Scheme 3). Characteristic or distinctive UV-Vis and MS spectra were
checked against the Dictionary of Natural Products database for compound identification
and verification, respectively [64].

Table 4. Results from HPLC-MS analysis.

VLC Constituents !
Entry Fraction .
Rt (min) M+H Compound Class
53 575,592 Phenolic, possibly phloroglucinol, derivative
6.5 289 Flavanone derivative
79,81,8.3 213,243,273 Phenolic, including possible xanthone, derivatives
9.6,9.8 238, 257,403, 289 Xanthone derivatives
114 445, 423 Anthraquinone derivative, possibly emodin
1 F2d 12.3,12.6 403, 421, 439 Anthraquinone or dianthrone derivatives
12.9,13.2 507, 421,437 Dianthrone derivatives
14.4,14.8 421, 439 Dianthrone derivatives
15.6 390, 421 Anthraquinone or dianthrone derivative
16.0 390, 407, 424 Anthraquinone and methoxy or prenyl flavone derivatives
24 — Protocatechuic acid
4.1 — Phenolic derivative
4.8 — Flavonone derivative
5.3 179 Phenolic, possibly phloroglucinol, derivative
6.5 289, 287 Flavonone derivative
) F3 75,78, 82 275, 243, 273, 303 Xanthone, possibly mangiferin tyPe, a'nd flavonone, possibly
chromone, derivatives
11.2,114 423,445 Xanthone or chromone and anthraquinone derivatives
12.9 507 Triterpene derivative
14.5,14.8, . . .
15.0 405, 423 Dianthrone and anthraquinone derivatives
15.6,16.0 405, 421, 423, 651 Dianthrone and anthraquinone derivatives
24 — Protocatechuic acid
4.8 301 Flavonone derivative
6.5 289 Flavonone derivative
5 6.8,7.2 287,105, 238, 256 Flavone and terpenoid derivatives
3 Fda/b 8.8,9.5 301, 385, 403 Flavonoid and triterpenoid derivatives
11.2,114 445, 423 Xanthone and anthraquinone derivatives
12.6,12.8 105, 238, 256, 507 Dianthrone and triterpene derivatives
13.5,14.2 599, 629 Anthraquinone and possibly dianthrone derivatives
24 — Protocatechuic acid
4.8 303 Flavonone derivative
gz’, gg’ 289 Phenolic and flavonone derivatives
4 F5 6.2,6.5,6.8 289, 287 Phenolic, flavonone and flavone (flavonoid) derivatives
7.2-7.9 407,377,419 Phenolic and possibly phenolic acid derivatives
8.7,9.5 385, 403 Phenolic and possibly triterpene derivatives
13.3 — Phenolic derivative
17.6,17.9 593 Chlorophyll derivatives
1.8 — Gallic acid derivative
2.5 — Protocatechuic acid
38,42 449, 433 Flavonoid C-glycosides orientin and vitexin
4.8,5.0 359, 417, 491 Flavonone and flavonoid glycosides
5.5 475 Flavonone C-glycoside
5 Fé6a/b 2 65 6.8 87 Flavonone glycoside and flavonoid aglycone (tetrahydroxy
R flavone)
9.3 349, 362, 380 Terpenoid or amine derivative
14.3 — Phenolic derivative
16.7,17.1 609 Chlorophyll derivatives
17.4-18.4 535, 593 Chlorophyll derivatives
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Table 4. Cont.

Constituents 1

VLC
Entry Fraction .
Rt (min) M+H Compound Class
1.8 — Gallic acid derivative
25 — Protocatechuic acid
3.8,4.2 449, 433 Flavonoid C-glycosides orientin and vitexin
4.8,5.0 359, 417, 491 Flavonone and flavonoid glycoside
5.5 475 Flavonone C-glycoside
6 7 6.5. 6.8 087 Flavonone glycoside and flavonoid aglycone (tetrahydroxy
’ flavone)
12.1 447, 629 Phenolic derivative
14.3 — Phenolic derivative
16.7-17.7 593, 609 Chlorophyll derivatives
1.8 — Gallic acid derivative
2.5 — Protocatechuic acid
3.8,4.2 449, 433 Flavonoid C-glycosides orientin and vitexin
4.8,5.0 359,417,491 Flavonone and flavonoid glycoside
55 475 Flavonone C-glycoside
7 F8 6.5. 6.8 287 Flavonone glycoside and flavonoid aglycone (tetrahydroxy
R flavone)
7.8 270, 275 Phenolic derivative
12.1 447, 629 Phenolic derivative
14.3 — Phenolic derivative
16.7-17.7 593, 609 Chlorophyll derivatives
1.8 — Gallic acid derivative
2.5 — Protocatechuic acid
3.6,3.8 449 Flavonoid C-glycosides orientin and isomer
42,43 433 Flavonoid C-glycoside vitexin and isomer
4.8,5.0 359,417,491 Flavonone and flavonoid glycoside
8 Fo 65,68 287 Flavonone glycoside and flavonoid aglycone (tetrahydroxy
flavone)
7.8 270, 275 Phenolic derivative
8.7 301, 318 Phenolic derivative, possibly lignan
12.7 507,573 Methoxy flavone derivative
14.3 — Phenolic derivative
16.7-17.7 593, 609 Chlorophyll derivatives

1 Determined by HPLC-MS coupled with UV-Vis (see Supplementary Materials for analytical
details). 2 Mixed samples.

OH OH
OH O OH CO,H
L0, O, w
(e} OH
OH O OH O
Emodin Protocatechuic acid Orientin Vitexin

Scheme 3. Examples of proposed constituents of C. lutea extracts.

The main constituents detected comprised phenols incl. phloroglucinols, xanthones,
anthraquinones and dianthrones, flavonone, flavones and flavonoid derivatives incl. gly-
cosides and aglycones, chromones, and terpenoids. The quinonoid compounds predomi-
nantly accumulated in the less polar fractions. In contrast, di- and trihydroxylated benzoic
acid and chlorophyll derivatives were identified mainly in the more polar fractions.

So far, only limited isolation attempts and phytochemical profiling have been con-
ducted with C. lutea [34]. Alkaloids, saponins, and cardenolides were detected in its plant
extracts [65], while the ethyl acetate extract of its roots indicated the occurrence of saponins,
anthraquinones, flavonoids, cardiac glycosides, terpenes, and simple sugars [66]. For
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the extraction of C. lutea leaves with ethyl acetate, Nwidu et al. confirmed the presence
of significant phenolic and flavonoid contents [43], whereas Akpan and co-workers re-
ported traces of flavonoids and saponins, moderate amounts of tannins, and high levels
of cardiac glycosides, terpenes, and steroids [44]. However, since these analogue studies
used chloroform prior to the extraction with ethyl acetate, less-polar compounds such as
anthraquinones and dianthrone were likely removed beforehand and hence, could not be
detected in significant amounts. Phytochemical screening of ethanolic leaf extracts further
revealed saponins, tannins, anthraquinones, cardiac glycosides, and flavonoids as major
constituents [67,68]. The essential oil of C. [utea leaves has also been analysed and contained
terpenoids, hexahydrofarnesyl acetone, (E)-geranyl acetone, (E)-2-decenal, farnesyl acetone,
germacrene B, and «-calacorene [35].

Anthraquinones are widely used as photocatalytic materials that can induce electron-
transfer or sensitisation processes [69]. Ntufiez Montoya et al., for example, studied the
photosensitization properties of six natural anthraquinones, of which five effectively gen-
erated singlet oxygen [70]. Comini and co-workers also demonstrated that the natural
anthraquinone parietin has a high 'O, quantum yield [71]. Likewise, the natural dianthrone
hypericin and its derivatives are considered to be highly effective singlet oxygen photosen-
sitisers [72]. Flavonoids are also known for their broad photochemical activity [73,74]. In
particular, Suginome and co-workers studied photochemical transformations of flavonoid
dehydrorotenoids and postulated the formation of intermediary hydroperoxides via
10, self-sensitization [75]. Furthermore, Lv et al. investigated the flavonoid-sensitised
photolysis of the fungicide chlorothalonil, and all six flavonoids examined enhanced pho-
todegradation [76]. Porphyrins are well established photosensitisers and have been widely
employed in photooxygenation reactions [77,78]. The original ascaridole (2) synthesis proto-
col developed by Scharf, for example, utilized chlorophyl contained in spinach or stinging
nettle leaves [9,52]. Additional studies reported on the use of chlorophyll for the pho-
tooxygenation of pinenes [79], or the synthesis of the antimalarial agent artemisinin [80].
Phenolic derivatives such as resveratrol and quercetin may also serve as 'O, genera-
tors [81,82]. Lagunes and co-workers, for instance, showed that red wine extracts can act as
weak photosensitisers in the photooxidation of ergosterol, which may consequently impact
wine-making processing and storage [83]. Shin and co-workers also used octyl gallate as
an effective generator of reactive oxygen species in photodynamic therapy [84]. These
examples show that the confirmed presence of these photoactive materials contributed to
the observed photooxygenation activities of the C. lutea extract and its fractions.

4. Conclusions

This study demonstrates that the ethyl acetate extract of C. lutea leaves represents an
effective natural photosensitiser for the photooxygenation of «-terpinene to the anthelmintic
ascaridole with visible light. Fractionation, photochemical screening, and advanced HPLC-
MS analyses identified a variety of potent photosensitizing agents. Quenching with DABCO
and comparison studies with ANT-COOH confirmed that C. [utea extract predominantly
functioned as a singlet oxygen generator. C. lutea extract may thus serve as a sustainable
and renewable photosensitiser for preparative photooxygenations, solar manufacturing, or
continuous-flow operations [85-87].

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/0rg7010003 /s1. This includes experimental and technical
details, analytical data [88], NMR spectra of 2, and Identification Vouchers. Figure S1. Rayonet
chamber reactor during irradiation. Figure S2. Absorbance changes during photostability testing of
C. lutea extract in acetonitrile. Figure S3. HPLC chromatograms of active C. lutea subfractions and
UV-Vis spectra of individual components. Table S1. Experimental results of VLC fractionation.
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