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Abstract

An efficient synthesis of phytotoxin (±)-3-deoxyradicinin was developed from commer-
cially available 4-hydroxy-6-methyl-2H-pyran-2-one. The propenyl side chain was in-
troduced through regioselective bromination followed by Horner–Wadsworth–Emmons
olefination, while the second pyranone ring was constructed via a Lewis acid-catalyzed
reaction with crotonic acid. The synthetic route was designed according to the principles
of operational simplicity, with the aim of minimizing the use of hazardous reagents and
solvents, as well as demanding purification procedures and cryogenic conditions. These
objectives were successfully achieved for most of the synthetic sequence, with the use of
CCl4 in the bromination step representing the main remaining limitation. Four of the six
steps were successfully performed on a gram scale, demonstrating the practical potential of
the route for a possible scale-up. In addition, a practical synthesis of the natural product 5,6-
dehydrokawain was established. Overall, 319 mg of (±)-3-deoxyradicinin were obtained
in 23% overall yield, providing a practical approach with reduced reliance on hazardous
reagents and low-temperature conditions. This synthetic strategy therefore represents a
useful platform for further scale-up of 3-deoxyradicinin preparation and for the synthesis
of structurally related analogues.

Keywords: fungal phytotoxins; α-pyrones; total synthesis; process optimization; gram-scale
synthesis; bioherbicides

Key Contribution: A practical synthesis of phytotoxin (±)-3-deoxyradicinin is described.
The use of hazardous reagents, solvents, and demanding purification procedures has been
limited, opening the way to potential scalability of the procedure.

1. Introduction
Fungal phytotoxins are low-molecular-weight secondary metabolites produced by

plant-pathogenic fungi that play a central role in the pathogenesis of numerous economi-
cally significant crop diseases [1,2]. They constitute a structurally diverse class of natural
products, encompassing a wide range of polycyclic and heterocyclic scaffolds, many of
which display potent biological activities toward host plants and other organisms. The
isolation and characterization of fungal phytotoxins have therefore been a longstanding
focus of natural products chemistry, driven not only by their relevance to plant pathology
and agriculture but also by their potential applications in biotechnology, pharmaceutical
research, and agrochemical development. In agriculture, particular attention has been
devoted to their potential use as selective herbicides and biocontrol agents [3–5]. The
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inherent selectivity of many host-selective toxins toward particular plant species makes
them attractive candidates for the development of natural herbicides that may pose fewer
environmental and health risks than conventional synthetic herbicides. Beyond their agri-
cultural applications, many phytotoxins exhibit potent activity in mammalian or microbial
assay systems, suggesting potential pharmaceutical uses [6,7]. Indeed, some host-selective
toxins have been reported to display cytotoxic activity against mammalian cancer cell lines
or antimicrobial activity against clinically relevant pathogens. The structural complexity
and potent bioactivity of many fungal phytotoxins have made them attractive targets
for synthetic and biosynthetic investigations. Furthermore, the development of efficient
synthetic routes to these compounds facilitates both mechanistic studies on their biological
activity and the creation of structural analogs with potentially improved properties for
agricultural or pharmaceutical applications. Although fermentation-based production of
phytotoxins is theoretically feasible and may be economically favorable for large-scale
synthesis, several challenges limit its practical application [1,8]. These include the vari-
able and often low titers achieved in liquid culture, the self-toxicity of some metabolites
toward the producing organism, metabolic instability under standard fermentation condi-
tions, and difficulties in achieving consistent product quality and purity. These limitations
have motivated extensive research into the chemical synthesis of phytotoxins and their
structural analogs. In this framework, radicinin (1) (Figure 1) can be considered one of
the most promising fungal phytotoxins for both agricultural and pharmaceutical appli-
cations. It was first isolated in 1953 from the fungus Stemphylium radicinum [9], and later
from many other pathogenic fungi [10–16]. The structure of radicinin was determined
in 1964 by Grove et al. [17] whereas its absolute configuration was later inferred by ECD
spectroscopy [11] and supported by X-ray crystallographic analysis of the corresponding
4-O-p-bromobenzoyl ester [10]. In the agricultural field, radicinin (1) has demonstrated
high potential as a target-specific bioherbicide against buffelgrass (Cenchrus ciliaris), a
highly invasive perennial grass-weed in North America and Australia [18], as well as
phytotoxic activity against the radicle growth of Amaranthus retroflexus [19], antifungal
activity [20], and antibacterial activity against Xylella fastidiosa, the causal agent of many
devastating plant diseases [21]. Notably, radicinin (1) demonstrated high target-specific
toxicity on buffelgrass, low toxicity to native plants, and no teratogenic, sub-lethal, or lethal
effects on zebrafish (Brachydanio rerio) embryos [18]. The potential of 1 for pharmaceutical
applications is also noteworthy, as it exhibits antibiotic activity against Gram-positive
bacteria [19,20], antiviral activity [14], and anticancer activity against human cancer cell
lines derived from non-small-cell lung carcinoma, oligodendroglioma, and melanoma [22].
We recently reported a novel synthesis of racemic 3-deoxyradicinin (2) (Figure 1) [23], the
immediate biosynthetic precursor of 1 [24]. Compound 2 displayed activity comparable to
that of naturally occurring radicinin (1), both as a herbicide against buffelgrass [23] and
as an anticancer agent [22]. Moreover, (±)-2 and 1 showed comparable inhibitory activity
against the Gram-negative bacteria X. fastidiosa and Liberibacter crescens [25]. Notably, the
enantioenriched (−)-2 and (+)-2 samples also exhibited comparable bactericidal activity,
suggesting that the mechanism of action of this compound is not stereospecific [25]. These
findings indicate that neither the hydroxy group at C-3 of 1 nor the absolute configuration
of the methyl-substituted stereogenic center at C-2 plays a major role in determining its
biological activity. Therefore, (±)-3-deoxyradicinin (2), which is considerably easier to
prepare than optically active radicinin (1), represents a practical alternative to the natural
phytotoxin and is thus a valuable synthetic target. Indeed, the use of racemic mixtures or
achiral compounds instead of enantiopure chiral substances offers considerable advantages
when producing the large quantities required for extensive field trials in agriculture and/or
preclinical studies in medicine.
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Figure 1. Structures of radicinin (1) and (±)-3-deoxyradicinin (2).

Although several syntheses of racemic 3-deoxyradicinin (2) have been reported, a
truly efficient, safe, and sustainable route suitable for large-scale production is still lacking.
Existing procedures typically involve a large number of steps, low overall yields, and
the use of difficult to handle organometallic reagents, making them unsuitable for scale-
up [23–26] (vide infra). This limitation highlights the need for new, cost-effective synthetic
strategies that comply with green chemistry principles and can be potentially translated
into industrial applications. Therefore, we undertook a study aimed at defining a practical
synthetic route to (±)-3-deoxyradicinin (2) which could, in principle, be amenable to scale-
up. Our goal was then to develop a procedure which avoids dangerous and/or toxic
reagents, limits the use of solvents, employs easy purification steps, and provides a good
overall yield. A further goal was to design a strategy also versatile for the synthesis of
analogues of 2 bearing different side-chains at C-7.

2. Results and Discussion
To achieve the targets outlined in the Introduction, we designed the synthetic route

to (±)-3-deoxyradicinin (2) depicted in Scheme 1, in which the non-toxic and inexpensive
commercially available 4-hydroxy-6-methyl-2H-pyran-2-one (3), already containing the
α-pyrone core of 2, was selected as the starting material. Notably, several steps in this
route were performed under mild conditions, often avoiding the use of solvents and costly
purification procedures. Moreover, four of the six steps were successfully carried out on a
gram scale, demonstrating the scalability and practical feasibility of the proposed route for
future scale-up.

 

Scheme 1. General overview of the small-scale synthetic methodology for preparation of (±)-3-
deoxyradicinin (2).

https://doi.org/10.3390/toxins18100412

https://doi.org/10.3390/toxins18100412


Toxins 2026, 18, 412 4 of 14

2.1. Optimization of Alkenyl Pyrone 7 Synthesis

Initially, the acidic hydroxyl group of 3 was protected by methylation to prevent
interference during subsequent transformations. The methylation was performed using
the mild base K2CO3 and trimethyl phosphate [27], a well-established benign methylating
agent [28,29], affording the methyl-protected compound 4 in 90% yield. This procedure
offers several notable advantages because the high solubility of starting material 3 in
trimethyl phosphate eliminates the need for additional solvents. Moreover, the use of
hazardous conventional methylating agents, such as dimethyl sulfate or methyl iodide, is
avoided. Product isolation and purification were also straightforward and were achieved
through precipitation with water, filtration, and crystallization from ethanol.

The introduction of the peripheral propenyl chain was initially attempted through two
different approaches. First, direct access to the unsaturated compound 7 from α-pyrone 4
was investigated. This approach involved deprotonation of the lateral methyl group of 4,
followed by nucleophilic addition to acetaldehyde. The resulting aldol product was then
subjected to dehydration to afford the desired unsaturated compound (Scheme 2). Several
reaction conditions were screened using different bases, including Mg(OMe)2, NaHMDS,
MeONa, t-BuONa, as well as various solvents (Table S1 in the Supplementary Materials),
but no formation of product 7 was detected under the conditions reported in entries 1–3,
and the starting material was quantitatively recovered. In contrast, under the conditions de-
scribed in entry 4, product 7 was obtained in trace amounts, indicating that these conditions
were only marginally effective in promoting the desired transformation. The failure of these
attempts was attributed to the propensity of acetaldehyde to undergo self-condensation
under the basic reaction conditions. Evidence supporting this hypothesis was obtained
by employing non-enolizable aromatic benzaldehyde in reactions with the carbanion of
methyl ether 4. Treatment of methyl ether 4 with benzaldehyde in the presence of t-BuONa
in DMF at room temperature (Table S1, entries 5 and 6) afforded 5,6-dehydrokawain (9) in
57% yield [30] (Scheme 2), a naturally occurring kavalactone isolated from the roots of kava
(Piper methysticum) as well as from other plant species, including Alpinia zerumbet [31,32].
The present procedure allows compound 9 to be obtained in only two steps, thus providing
a more convenient approach than those previously reported [33,34].

Scheme 2. Synthesis of 6-alkenyl pyran-2-ones by 6-methyl deprotonation and condensation
with aldehydes.

Following the unsuccessful attempts to directly obtain olefin 7, an alternative strategy
based on Wittig olefination was investigated. Accordingly, compound 4 had to be converted
into brominated intermediate 5, a suitable substrate for the subsequent transformations.
Initially, the development of a green bromination protocol for compound 4 was explored.
To this end, N-bromosaccharin [35], a non-conventional and non-hazardous brominating
agent reported to be effective in benzylic bromination reactions [36], was selected. However,
under various reaction conditions (Table S2 in the Supplementary Materials, entries 1–5),
ring bromination rather than allylic bromination occurred, consistently affording only
regioisomer 5a. Additional attempts to develop a greener bromination protocol employed
tribromoisocyanuric acid (TBCA) as the halogenating agent [37] (Table S2 entries 6 and 7).
However, no halogenated products were obtained, even when the reaction was performed
in different solvents (Table S2 in the Supplementary Materials). These unsuccessful attempts
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prompted us to adopt a classical Wohl-Ziegler radical bromination approach. The use of
N-bromosuccinimide (NBS) in carbon tetrachloride (CCl4) represents a well-established
protocol for benzylic/allylic radical bromination and requires the presence of a radical
initiator, such as visible-light irradiation, dibenzoyl peroxide, or a combination of both [38].
In our case radical initiation was achieved by irradiation with a 60 W visible-light lamp
and the crude product was purified by column chromatography, affording bromopyrone
5 in 66% yield (Table S2 entry 10). A concentration-dependent effect was also observed:
higher concentrations of substrate 4 resulted in lower ratio of compound 5, accompanied by
increased formation of the 3-bromo regioisomer 5a. Notably, the highest relative proportion
and isolated yield of compound 5 were obtained under the selected 0.04 M concentra-
tion, while the use of only a slight excess of NBS (1.1 equiv) significantly suppressed the
formation of the methyl-dibrominated byproduct 5b. Although this protocol was rather
efficient in providing 5, the use of toxic CCl4 severely limited its environmental compat-
ibility and its potential for large-scale application. Therefore, we screened several safer
and more environmentally friendly solvents for the bromination with NBS, carrying out
the reaction in dimethyl carbonate, methyl acetate, acetonitrile, methyl tert-butyl ether,
and water (Table S2, entries 12–16). However, in all cases bromination of 4 exclusively
occurred at the 3-position of the ring instead of at the allylic methyl group, providing
only 5a. Even the attempt to carry out the bromination in solvent-free mechanochemical
conditions, grinding both solid 4 and NBS in a mortar, was unsuccessful (Table S2, entry
17). Thus, the NBS/CCl4 bromination protocol was the only one affording bromopyrone
5. Compound 5 was then converted into phosphonate 6 via a Michaelis-Arbuzov reaction
performed under solvent-free conditions. The transformation was achieved simply by
dissolving compound 5 in trimethyl phosphite, heating the mixture at 60 ◦C for 5 h. After
chromatographic purification product 6 was recovered in 93% yield. Notably, traces of
by-products 5a and 5b, present in the crude mixture of 5, remained unreacted and were
easily separated from 6 during the purification step. Phosphonate 6 was subsequently
subjected to a Horner-Wadsworth-Emmons (HWE) reaction [39] with acetaldehyde (1.0 M
in THF) to afford alkene 7 (Scheme 3). Several reaction conditions were screened to identify
the optimal protocol (Table 1). In all cases, alkene 7 was obtained, albeit, depending on
the reaction conditions employed, in varying yields and different E:Z ratio of the newly
formed double bond.

Scheme 3. HWE reaction on phosphonate 6.

Table 1. Experimental conditions and results for the synthesis of 7 via the HWE reaction.

Entry Base Solvent Temperature
(◦C) Time (h) Yield (%) a E:Z Ratio b

1 NaH THF 0 1 86 77:23
2 MeONa DMF 0 1 86 77:23
3 NaHMDS THF RT 1 36 80:20
4 NaH THF RT 0.5 93 83:17
5 MeONa DMF RT 0.5 76 96:4
6 NaH THF RT 1 80 80:20

a Isolated yield after column chromatography. b Determined by 1H-NMR and GC-MS analyses.
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Reactions performed at 0 ◦C using NaH in anhydrous THF or MeONa in DMF (entries
1 and 2) provided complete conversion within 1 h, affording alkene 7 in high yield. In
both cases, a 77:23 E:Z ratio of the double bond was observed. The use of the sterically
hindered base sodium bis(trimethylsilyl)amide (NaHMDS) (entry 3), performed at room
temperature, resulted in a marked decrease in yield with only a marginal improvement
in E:Z selectivity. The first two sets of conditions were then repeated at room temperature
under otherwise identical conditions (entries 4 and 5), resulting in shorter reaction times,
although yield and stereoselectivity differed substantially. NaH in THF (entry 4) afforded an
excellent yield with only a slight increase in the E:Z ratio relative to entry 1. However, these
conditions, employing pyrophoric NaH in the flammable THF, appeared quite problematic
for a possible scale up. In contrast, safer MeONa in DMF (entry 5) provided excellent
stereoselectivity (E:Z = 96:4) at the expense of a somewhat reduced, but still acceptable,
76% yield. Extending the reaction time with NaH at room temperature led to deterioration
of both yield and E selectivity (entry 6). To improve the E:Z ratio of alkene 7 isomerization
was attempted by dissolving the compound in toluene in the presence of molecular iodine
and heating at 100 ◦C for 1 h. This treatment raised the E:Z ratio to 99:1, albeit reducing
the yield to 60%. Therefore, conditions reported in entry 5 were chosen as optimal in
terms of both yield and stereoselectivity. Notably, the subsequent transformation of 7 into
(±)-3-deoxyradicinin (2) (vide infra) also led to complete isomerization of the alkene to
the E configuration, as revealed by 1H-NMR analysis. This installation of the unsaturated
side chain on the α-pyrone ring via the HWE approach, allowing the use of variously
substituted aliphatic, olefinic, or aromatic aldehydes, also appears to be a versatile strategy
for preparing derivatives of 2 bearing different substituents at C-7.

2.2. Scale-Up of Alkenyl Pyrone 7 Synthesis

To carry out a gram scale procedure to obtain pyrone 7, 4.0 g of hydroxy pyrone 3
were methylated by heating at reflux in trimethyl phosphate, used as both a reagent and
a solvent, in the presence of potassium carbonate. After quenching with cold water, the
resulting precipitate was filtered and washed with cold ethanol, affording 4 in 90% yield.
The latter was dissolved in carbon tetrachloride, treated with NBS and dibenzoyl peroxide
heating at reflux. After quenching and treatments, bromopyrone 5 was recovered together
with small impurities of 5a and 5b. Crude 5 was then dissolved in trimethyl phosphite,
used as both a reagent and a solvent, and heated at 60 ◦C for 5 h. After filtration of the
crude on a silica plug, compound 6 was obtained in 60% overall yield over the last two
steps. Subsequently, phosphonate 6 was reacted with sodium methoxide in anhydrous
DMF and a THF solution of acetaldehyde was added. After stirring at room temperature,
the mixture was quenched and treated. The crude product was purified by silica gel
column chromatography, providing olefin 7 in 37% overall yield from 3. Notably, this route
requires only one chromatographic purification (the last) over four steps, two of which are
carried out in bulk, with no solvents added, thus making the overall procedure simple and
cost-effective.

2.3. Synthesis of (±)-3-Deoxyradicinin (2)

Finally, the formation of the second pyrone ring of (±)-3-deoxyradicinin (2) was
investigated. Preliminary attempts to directly cyclize methoxy alkene 7 in the presence
of either crotonic acid or crotonyl chloride and Lewis acids failed, probably because of
the low reactivity of the methoxy substituent. Therefore, the methyl protecting group
at C-4 was first removed. Several reported O-demethylation methods for compound 7
were evaluated; however, only the thermally induced pyrolytic protocol [40], consisting
of heating 7 at 70–80 ◦C for 3 h in the presence of aluminum trichloride and sodium
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iodide under solvent-free conditions, afforded the demethylated product 8, as revealed
by comparison of 1H-NMR of crude with spectrum of pure 8 [23]. Compound 8 was not
isolated, but subsequently converted as crude into (±)-3-deoxyradicinin (2) by treatment
with crotonic acid and phosphorus oxychloride in the presence of ZnCl2 under solvent-free
conditions (Scheme 1). Compound 2 was thus obtained in 54% yield over the two steps
and with >97% purity, as determined by 1H-NMR spectroscopy (Figure S10) and GC–MS
analysis (Figure S12). Notably, as determined by 1H-NMR and GC-MS analyses, the double
bond configuration in the final compound 2 is exclusively E, indicating that under the
reaction conditions also the minor Z isomer of 8 undergoes double bond isomerization to the
E configuration [25]. The procedure described herein then provides (±)-3-deoxyradicinin
(2) from α-pyrone 3 in six steps and 23% overall yield, thus being significantly more efficient
than previously reported syntheses (vide infra).

2.4. Comparison with Literature Syntheses of (±)-3-Deoxyradicinin (2)

To evaluate the efficacy of the newly developed protocol for the synthesis of 2 a com-
parison with the previously reported literature procedures is described in Table 2. The
first synthetic approach to 2 was reported in 1969 by Yamamura and coworkers [26]. This
synthesis affords 2 in 10% overall yield after five steps starting from a not commercially
available precursor. The major drawbacks are the use of toxic carbon disulfide and carcino-
genic tetrachloroethane as solvents and the use of difficult to handle TiCl4, thus hampering
its scalability. In a second approach described in 2012 by Nakajima and coworkers [24] the
synthesis of 2 was achieved in four steps from 4 in a few mgs scale and the yields were not
reported. Moreover, this method employs the air-sensitive NaHMDS and corrosive TiCl4
and involves out one step at high temperature in a sealed tube, conditions which hamper its
application on a large scale. In 2019 our research group described a more straightforward
approach which led to 2 in five steps and a 16% yield [23]. The major drawbacks of this
synthesis were again the use of air sensitive TiCl4, TMSCl, and LDA as well as the need
of very low temperatures in two steps, thus limiting its large-scale use. This synthetic
procedure was further optimized by Lockner and coworkers [25], who reduced the number
of steps, but at the expense of the overall yield. All these procedures, including the one
reported in the present study, afforded less than one gram of the final product 2. However,
the present procedure enables the gram-scale preparation of 7, the immediate precursor
of 2.

Table 2. Comparison of yields and operation conditions with literature procedures.

Starting
Material N. Steps

Overall
Yield
(%)

Amount of 2
Obtained

Toxic or
Air Sensitive
Reagents or

Solvents

Comments Ref.

6 23

319 mg
(1.94 g for

intermediate
7)

CCl4, AlCl3,
POCl3

No low temperatures,
some steps in bulk and

without
chromatography

this
study

5 10 500 mg CS2, TiCl4
CHCl2CHCl2

Not commercially
available starting

reagent
[26]
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Table 2. Cont.

Starting
Material N. Steps

Overall
Yield
(%)

Amount of 2
Obtained

Toxic or
Air Sensitive
Reagents or

Solvents

Comments Ref.

4 Not
reported <10 mg NaHMDS,

TiCl4, CH2Cl2
Reaction in sealed tube

at 160 ◦C [24]

5 16 130 mg LDA, TMSCl,
TiCl4, CH2Cl2

Low temperature
(−78 ◦C) in two steps [23]

3 7.5 91 mg LiHMDS,
Et2Zn, POCl3

Low temperature
(−78 ◦C) in one step [25]

Comparison of these former synthetic procedures with the one reported in this paper
highlights that the latter provides a higher overall yield, avoids low temperatures and, in
most steps, the use of additional solvents and chromatographic purifications, making the
overall procedure potentially scalable to the gram scale. Only the bromination step remains
to be improved because, despite many attempts to change the solvent and/or brominating
agent, the best results were still obtained with the use of toxic CCl4.

3. Conclusions
In conclusion, a practical synthetic route to (±)-3-deoxyradicinin (2) was developed

starting from the inexpensive and commercially available α-pyrone 3. As an additional
outcome of this study, the structurally interesting natural product 5,6-dehydrokawain
(9) was also obtained. Compound 2, a biosynthetic precursor of the naturally occurring
phytotoxin radicinin (1), was selected as the synthetic target because it exhibits biological
activity comparable to that of 1 while being considerably easier to prepare. Therefore, 2
may represent a more accessible alternative to naturally occurring radicinin (1) for potential
applications in both agriculture and medicine.

The overall synthetic strategy was designed according to principles of operational
safety and simplicity, with the aim of minimizing the use of hazardous reagents and solvents
and avoiding laborious purification procedures. Notably, four of the six synthetic steps
were successfully performed on a gram scale, demonstrating the practical applicability of
the methodology and its potential for further scale-up. Particular attention was devoted to
developing a more environmentally sustainable protocol for the allylic bromination of 4.
However, none of the greener conditions investigated afforded satisfactory results, making
it necessary to employ a Wohl–Ziegler radical bromination mediated by NBS. This reaction
provided bromopyrone 5 with satisfactory regioselectivity; nevertheless, its reliance on
toxic CCl4 remains a major limitation to the environmental sustainability of the overall
synthetic procedure.

The successful preparation of (±)-3-deoxyradicinin (2) in 23% overall yield establishes
the feasibility of the proposed synthetic strategy. Further improvements could be achieved
by developing a greener bromination protocol and a practical procedure for scaling up
the final two steps involved in constructing the second 4-pyranone ring. Overall, this
work provides a practical route to 2 and lays the groundwork for the future preparation of
structural analogues and for larger-scale production aimed at biological and agrochemical
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investigations. The increased accessibility of 2 could also facilitate further comparative
studies of its biological activity and that of naturally occurring radicinin (1), as well as more
detailed investigations into its mechanism of action [41].

4. Materials and Methods
4.1. General Experimental Procedures

Melting points were determined with a Kofler hot-stage apparatus and are reported
uncorrected. 1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded using a Varian
(Palo Alto, CA, USA) INOVA 400 spectrometer. GC-MS spectra were obtained using a
Hewlett-Packard (Palo Alto, CA, USA) HP 6890 gas chromatograph equipped with an
HP-5975 mass spectrometric detector. HRESI mass spectra were obtained by direct injection
into an Agilent Technologies (Santa Clara, CA, USA) 1100 LC/MS TOF instrument in
positive mode. Analytical TLC was carried out on Macherey–Nagel (Dueren, Germany)
silica gel 60 sheets. The spots were visualized by exposing the plates to UV radiation
(254 nm) and/or by spraying them with a potassium permanganate solution. Column
chromatography was performed using Merck (Darmstadt, Germany) silica gel Kieselgel 60,
60–230 mesh. All analytical-grade solvents and reagents, including starting compound 3
(98% purity), were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without
further purification. NBS was recrystallized from water and dried before use. THF was
freshly distilled before use over sodium benzophenone ketyl under a nitrogen atmosphere.
The completion of the reactions was assessed by monitoring the reaction mixture by TLC
and, when possible, by GC–MS analysis. The E:Z ratio of compound 7 was determined
by comparing the integrals of the 1H-NMR vinyl signals of this compound at 5.97 ppm
(E isomer) and at 5.89 ppm (Z isomer) and confirmed by GC-MS. The conversions and the
product ratios reported in Table S2 were first determined by monitoring the reaction by GC-
MS analysis and then confirmed by 1H NMR signals integration on the crude. The reported
isolated yields represent single experiments. The radical bromination was performed in a
well-ventilated fume hood with appropriate PPE due to the hazards associated with CCl4
and NBS. Moisture-sensitive AlCl3 and POCl3 were handled with appropriate PPE under a
well-ventilated fume hood.

4.2. 4-Methoxy-6-methyl-2H-pyran-2-one (4) [42]

To a solution of 4-hydroxy-6-methyl-2H-pyran-2-one 3 (1.00 g, 7.93 mmol) in trimethyl
phosphate (3.8 mL), potassium carbonate (1.3 g) was added. The reaction mixture was
heated to reflux under vigorous stirring for one hour. Upon complete consumption of
the starting material the reaction was quenched by the addition of water (20 mL). The
resulting precipitate was filtered and recrystallized from ethanol, affording 435 mg of pure
compound 4 as white crystals. The mother liquors were concentrated again under reduced
pressure, obtaining a white precipitated which was collected by vacuum filtration and
washed with a small amount of cold ethanol, providing an additional 560 mg of purified
product. In total, 995 mg (7.10 mmol, 90% yield) of compound 4 were isolated. M.p.
85–88 ◦C (lit. [43] m.p. 89 ◦C). 1H-NMR (400 MHz, CDCl3) δ (ppm) 2.21 (s, 3H), 3.80 (s, 3H),
5.42 (d, J = 1.6 Hz, 1H), 5.79 (d, J = 1.6 Hz, 1H). 13C-NMR (100 MHz, CDCl3) δ (ppm) 20.0,
56.0, 87.5, 100.5, 162.2, 165.2, 171.5. MS (EI) m/z 140 (M+, 54), 125 (52), 112 (100), 69 (73), 43
(36). HRESIMS (+) m/z 141.0555 [M + H]+ (calcd for C7H9O3 141.0552).

4.3. 6-(Bromomethyl)-4-methoxy-2H-pyran-2-one (5) [44]

To a solution of compound 4 (330 mg, 2.36 mmol) in carbon tetrachloride (59 mL), NBS
(460 mg, 2.6 mmol) was added. The reaction mixture was heated to reflux, irradiated with
a visible-light lamp (60 W), and stirred under these conditions for one hour. The reaction
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was then stopped by removing the solvent under reduced pressure. The crude product
was purified by silica gel column chromatography (n-hexane/ethyl acetate 6:4), affording
340 mg (1.55 mmol, 66% yield) of bromopyrone 5 as a dark liquid. 1H-NMR (400 MHz,
CDCl3) δ (ppm) 3.83 (s, 3H), 4.13 (s, 2H), 5.51 (s, 1H), 6.11 (s, 1H). 13C-NMR (100 MHz,
CDCl3) δ (ppm) 26.7, 56.3, 89.6, 102.4, 158.6, 163.6, 170.5. MS (EI) m/z 220 (M+, 15), 218 (M+,
15), 125 (76), 111 (100), 69 (37), 59 (21). HRESIMS (+) m/z 218.9654 [M + H]+ (calcd for
C7H8BrO3 218.9657).

4.4. Dimethyl ((4-Methoxy-2-oxo-2H-pyran-6-yl)methyl)phosphonate (6) [44]

Bromopyrone 5 (340 mg, 1.55 mmol) was dissolved in trimethyl phosphite (320 µL).
The reaction mixture was heated at 60 ◦C for 5 h. Upon completion of the reaction the crude
product was purified by silica gel column chromatography using a gradient of elution:
ethyl acetate/n-hexane 2:1, then ethyl acetate and finally ethyl acetate/methanol 96:4. This
procedure afforded 358 mg (1.44 mmol, 93% yield) of compound 6 as a deliquescent solid.
1H-NMR (400 MHz, CDCl3) δ (ppm) 3.06 (d, 2JH-P = 21.6 Hz, 2H), 3.80 (s, 3H), 3.81 (s,
3H), 3.83 (s, 3H), 5.46 (s, 1H), 6.02 (s, 1H). 13C-NMR (100 MHz, CDCl3) δ (ppm) 31.3 (d,
1JC-P = 140.3 Hz), 53.3 (d, 2JC-P = 6.7 Hz), 56.0, 88.3, 102.7, 155.7 (d, 2JC-P = 9.8 Hz), 164.0,
170.8. MS (EI) m/z 248 (M+, 39), 220 (100), 125 (63), 111 (62), 109 (24), 69 (28), 59 (13).
HRESIMS (+) m/z 249.0528 [M + H]+ (calcd for C9H14O6P 249.0533).

4.5. (E)-4-Methoxy-6-(prop-1-en-1-yl)-2H-pyran-2-one (7) [24]

Sodium methoxide (17 mg) was dissolved in anhydrous DMF (700 µL) under a nitrogen
atmosphere, then substrate 6 (72 mg, 0.29 mmol) was added. After five minutes, 400 µL of a
1 M solution of acetaldehyde in anhydrous THF were added and the reaction mixture was
stirred at room temperature for 30 min. Upon completion, the reaction was quenched with
cold water (2 mL) and extracted three times with ethyl acetate. The combined organic layers
were washed with brine, dried over anhydrous sodium sulfate, and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography
(n-hexane/ethyl acetate 1:1), affording product 7 (36.6 mg, 0.22 mmol, 76% yield) as a
yellow solid with a 96:4 E:Z ratio. M.p. 72–75 ◦C. E isomer: 1H-NMR (400 MHz, CDCl3) δ
(ppm) 1.90 (d, J = 6.8 Hz, 3H), 3.80 (s, 3H), 5.44 (s, 1H), 5.75 (s, 1H), 5.97 (d, J = 15.6 Hz, 1H),
6.71 (m, 1H). 13C-NMR (100 MHz, CDCl3) δ (ppm) 18.7, 57.4, 89.5, 93.8, 122.5, 137.3, 159.1,
160.2, 167.1. MS (EI) m/z 166 (M+, 61), 138 (100), 125 (18), 109 (15), 95 (31), 69 (56). Z isomer:
1H-NMR (400 MHz, CDCl3) δ (ppm) 2.13 (d, J = 7.2 Hz, 3H), 3.81 (s, 3H), 5.46 (s, 1H), 5.86 (s,
1H), 5.89 (d, J = 12.0 Hz, 1H), 6.02 (m, 1H). MS (EI) m/z 166 (M+, 82), 138 (100), 125 (20),
109 (20), 95 (31), 69 (72). HRESIMS (+) m/z 167.0708 [M + H]+ (calcd for C9H11O3 167.0704).

4.6. Large-Scale Synthesis of Pyrone (7)

A solution of compound 3 (4.0 g, 31.7 mmol) in trimethyl phosphate (7.4 mL) was
treated with potassium carbonate (5.2 g). The reaction mixture was heated at reflux for one
hour. Upon completion, the reaction was quenched with cold water (10 mL) to dissolve
the remaining carbonate. The resulting precipitate was collected by vacuum filtration
and washed with cold ethanol (5 mL). This procedure afforded 4.0 g (28.5 mmol, 90%
yield) of compound 4. A solution of 4 (4 g, 28.5 mmol) in carbon tetrachloride (640 mL)
was treated with NBS (5.20 g, 29.2 mmol) and dibenzoyl peroxide (692 mg, 2.9 mmol) as
a radical initiator. The reaction mixture was heated at reflux for 3 h. The reaction was
then quenched with cold water (160 mL). After phase separation, the aqueous layer was
extracted three times with dichloromethane. The combined organic phases were dried over
anhydrous sodium sulfate, filtered, and concentrated under reduced pressure, providing
bromopyrone 5 (3.96 g, 18.1 mmol). Crude 5 was dissolved in trimethyl phosphite (5 mL)
and the reaction mixture was heated at 60 ◦C for 5 h. Upon completion of the reaction, the
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crude product was filtered through a silica plug by eluting with ethyl acetate:n-hexane 2:1,
then with ethyl acetate and finally with ethyl acetate:methanol 96:4, affording compound
6 (4.20 g, 16.9 mmol) in an overall 60% yield over the last two steps. To a stirred solution
of sodium methoxide (1.0 g, 18.5 mmol) in anhydrous DMF (45 mL), mantained under
nitrogen atmosphere, substrate 6 was added. To this mixture, 12.5 mL of a 2 M solution of
acetaldehyde in THF was added. The reaction was stirred at room temperature for 30 min.
Upon completion, the mixture was concentrated under reduced pressure, diluted with cold
water (40 mL), and extracted three times with ethyl acetate. The organic layer was washed
with brine, dried over anhydrous sodium sulfate and the solvent was evaporated under
reduced pressure. The crude product was purified by silica gel column chromatography,
eluting first with n-hexane/ethyl acetate (1:1) and then with pure ethyl acetate, affording
olefin 7 (1.94 g, 11.7 mmol) in 69% yield with a 96:4 E:Z ratio. Olefin 7 was obtained in 37%
overall yield from 3.

4.7. (±)-3-Deoxyradicinin (2) [23]

Alkene 7 (450 mg, 2.71 mmol), AlCl3 (720 mg, 2 eq.) and NaI (812 mg, 2 eq.) were
mixed for a few minutes under vigorous stirring. The resulting solid mixture was heated
at 70–80 ◦C for 3 h. Afterwards, the mixture was cooled and treated with a 5% aqueous
solution of sodium metabisulfite (7.5 mL). The aqueous layer was extracted three times with
chloroform. The organic layer was dried over anhydrous sodium sulfate, filtered under
vacuum, and the solvent was removed under reduced pressure. The resulting demethylated
olefin 8 was used directly in the subsequent reaction without any chromatographic purifi-
cation. Crude compound 8 was treated with phosphorus oxychloride (POCl3, 2.00 mL) and
zinc chloride (ZnCl2, 1.45 g). Subsequently, crotonic acid (242 mg, 2.8 mmol) was added.
The reaction mixture was refluxed for approximately 4 h and, after cooling, was quenched
with a 1.0 M aqueous solution of sodium carbonate (70 mL) and ice. The aqueous layer was
extracted three times with dichloromethane. The organic layer was dried over anhydrous
sodium sulfate, filtered under vacuum, and the solvent removed under reduced pressure,
yielding 800 mg of crude product, which was purified by silica gel column chromatogra-
phy, eluting with dichloromethane and then with dichloromethane:MeOH 10:1. Racemic
deoxyradicinin (2) was thus obtained (319 mg, 1.45 mmol, 54% yield over two steps). The
purity of isolated 2 was estimated to be >97% based on its 1H-NMR spectrum (Figure S10)
and GC–MS chromatogram (Figure S12). M.p. 143–145 ◦C. 1H-NMR (400 MHz, CDCl3) δ
(ppm) 1.54 (d, J = 6.4 Hz, 3H), 1.95 (d, J = 6.8 Hz, 3H), 2.61 (m, 2H), 4.75 (m, 1H), 5.83 (s,
1H), 6.02 (d, J = 15.6 Hz, 1H), 6.92 (m, 1H). 13C-NMR (100 MHz, CDCl3) δ (ppm) 18.8,
20.4, 43.9, 76.7, 98.3, 100.3, 122.8, 140.2, 157.4, 163.6, 176.1, 186.6. MS (EI) m/z 220 (M+,
42), 205 (100), 179 (21), 69 (79), 41 (28). HRESIMS (+) m/z 221.0811 [M + H]+ (calcd for
C12H13O4 221.0814).

4.8. 5,6-Dehydrokawain (9) [30,31]

Methyl ether 4, (50 mg, 0.36 mmol) was dissolved in 900 µL of anhydrous DMF.
Subsequently, sodium t-butoxide (38 mg, 1.1 eq) and benzaldehyde (40.2 µL, 1.1 eq) were
added to the solution. The latter was stirred at room temperature for 30 min. Upon
completion, the reaction was quenched by the addition of 3.5 mL of cold water. The
obtained precipitate was filtered and washed, in turn, with cold water and petroleum
ether providing compound 9 (47 mg, 0.21 mmol, 57% yield). M.p. 138–139 ◦C (lit. [30]
m.p. 137–138 ◦C). 1H-NMR (400 MHz, CDCl3) δ (ppm) 3.82 (s, 3H), 5.49 (d, J = 2.0 Hz,
1H), 5.94 (d, J = 2.4 Hz,1H), 6.58 (d, J = 16.0 Hz, 1H), 7.36 (m,3H), 7.50 (m,3H). 13C-NMR
(100 MHz, CDCl3) δ (ppm) 56.0, 88.9, 101.4, 118.6, 127.4, 128.9,129.5, 135.2, 135.8, 158.6,
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164.0, 171.1. MS (EI) m/z 228 (M+,100), 200 (32), 185 (16), 157 (47), 129 (22), 103 (18), 77 (19).
HRESIMS (+) m/z 229.0861 [M + H]+ (calcd for C14H13O3 229.0865).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins18100412/s1, Table S1: Conditions for screening the direct
side-chain elongation of compound 4; Table S2: Conditions for screening the benzylic bromina-
tion of 4; Figure S1: 1H-NMR spectrum (400 MHz, CDCl3) of 4-methoxy-6-methyl-2H-pyran-2-one
(4); Figure S2: 13C-NMR spectrum (100 MHz, CDCl3) of 4-methoxy-6-methyl-2H-pyran-2-one (4);
Figure S3: 1H-NMR spectrum (400 MHz, CDCl3) of 6-(bromomethyl)-4-methoxy-2H-pyran-2-one (5);
Figure S4: 13C-NMR spectrum (100 MHz, CDCl3) of 6-(bromomethyl)-4-methoxy-2H-pyran-2-one
(5); Figure S5: 1H-NMR spectrum (400 MHz, CDCl3) of dimethyl ((4-methoxy-2-oxo-2H-pyran-
6-yl)methyl)phosphonate (6); Figure S6: 13C-NMR spectrum (100 MHz, CDCl3) of dimethyl ((4-
methoxy-2-oxo-2H-pyran-6-yl)methyl)phosphonate (6); Figure S7: 1H-NMR spectrum (400 MHz,
CDCl3) of (E)-4-methoxy-6-(prop-1-en-1-yl)-2H-pyran-2-one (7); Figure S8: 13C-NMR spectrum
(100 MHz, CDCl3) of (E)-4-methoxy-6-(prop-1-en-1-yl)-2H-pyran-2-one (7); Figure S9: GC-MS chro-
matogram of olefin 7. Peak 1 corresponds to the Z isomer, while peak 2 corresponds to the E isomer.
The E:Z ratio was determined to be 96:4; Figure S10: 1H-NMR spectrum (400 MHz, CDCl3) of (±)-
3-deoxyradicinin (2); Figure S11: 13C-NMR spectrum (100 MHz, CDCl3) of (±)-3-deoxyradicinin
(2); Figure S12: GC-MS chromatogram of (±)-3-deoxyradicinin (2); Figure S13: 1H-NMR spectrum
(400 MHz, CDCl3) of 5,6-dehydrokawain (9); Figure S14: 13C-NMR spectrum (100 MHz, CDCl3) of
5,6-dehydrokawain (9).
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